
Discussion 

The effect of coarse aggregate on the mode of failure of concrete in compression 
and flexure* 

by R. Jones, B.Sc., Ph.D. 
and M. F. Kaplan, Ph.D., B.Sc.(Eng.), B.A., B.Com., A.M.I.Struct.E., A.M.(S.A.).I.C.E. 

Contribution by F. A. Blakey, B.E.(Hons.), Ph.D. 
(Division of Building Research, Commonwealth 

Scientific and Industrial Research Organization) 

The paper by Dr Jones and Dr Kaplan has been read 
with considerable interest. It is an important contribution 
to the understanding of the interaction of aggregate and 
matrix and the resulting effect on the properties of con­
crete. 

The problem is being studied at the Division of Build­
ing Research in Australia, but at this stage it is difficult 
to compare results because the authors used saturated 
specimens, following standard testing procedure, whilst 
the writer has used air-dried specimens in the hope of 
approaching a little closer to practical conditions. 

The authors have shown that pre-failure cracks in 
compression specimens form at a lower percentage of the 
ultimate load for concretes containing fairly smooth 
siliceous aggregate than for concretes containing more 
angular stone. They suggest that the pre-failure cracks 
are failures of adhesion between mortar and coarse 
aggregate, and that the adhesion is less for the smoother 
material. The writer has recently presented a very sim­
plified analysis'" of the stress distribution within con­
crete, between aggregate and matrix, and endeavoured to 
define the conditions under which cracking of concrete 
would begin either in the cement paste, the bond between 
paste and aggregate, or within the aggregate itself. Al­
though no very definite conclusions were reached, it 
appeared from this analysis that the most likely form of 
cracking, when shrinkage stresses could be ignored, was 
failure of adhesion or bond. The work of Farran (2, is of 
interest in relation to the importance of this bond between 
aggregate and cement. He has shown that a good bond 
may be expected between cement and calcareous aggre­
gates because of epitaxial growth in the cement of 
crystals of calcium hydroxide or carbonate out from the 
calcium carbonate in the aggregate. This may be relevant 
to the results obtained by the authors for concrete with 
aggregate F. 

The authors have considered concrete as composed of 
two phases, coarse aggregate and mortar. This is an 
idealization frequently made, with justification, but it 
might be more logical to make the division between 
cement paste and all aggregate. The adhesion must be 
between cement paste and coarse aggregate but, if this 
bond is likely to fail for smooth siliceous coarse aggre-
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gate, it ,eems likely that it would also fail for smooth 
siliceous fine aggregate or sand, although the cracks 
formed in the latter case may be too small to detect by 
the pulse technique. 

In Figure 2, the authors have shown the relation 
between flexural strength and the compressive stress at 
which pre-failure cracks form. The ratio of the flexural 
strength to compressive stress ranges from about 0·2 to 
0·125. This is roughly the range of Poisson's ratio for 
concrete and the results can be taken to show that the 
ultimate tensile strain in flexure is equal to the transverse 
tensile strain at which cracks form in compression speci­
mens. This point has been noted in earlier work by 
Blakey and Beresford Ill. 

It is implicit in the results presented by the authors 
that there was no evidence of cracking in flexure before 
the ultiI1late load was reached. The writer has found such 
evidence"', but the analysis mentioned earlier'" shows 
that the relative properties of aggregate and matrix will 
determine whether or not pre-failure cracks form in ten­
sion and that frequently failure may be instantaneous. 

The \\ork at present being done by the writer and others 
is conccl'ncd with the relation between set cement paste 
and sand in I1lortar which is allowed to dry normally in 
air at 70 'F and 50 or 65 0

0 relative humidity without 
any period of water curing. From this study it appears 
that the stresses set up in the cement paste as it shrinks 
around the aggregate will cause cracking of the paste, 
usually \vithin ten days. A theoretical analysis which has 
been made suggests that this behaviour will hold not only 
for the mortars studied but for all normal concretes in 
similar conditions. In support of this prediction it has 
been noted that both the modulus of rupture (Figure 1) 
and sonic modulus of elasticity (Figure II) of the mortars 
reach a maximum at an carly age, then decrease, and 
subsequently rise again. 

The hypothesis proposed is that the decrease in both 
these quantities is caused by the formation of shrinkage 
micro-cracks in the cement paste, and that the subsequent 
recovery is due to the action of atmospheric carbon 
dioxide or other forms of autogenous healing. If this 
hypothesis is valid, then with air-dried concrete it may 
be possible that pre-failure cracks could result not from 
the failure of the adhesion between paste and aggregate, 
but from the re-opening of the shrinkage micro-cracks, 
which may be expected to be weaker than the rest of the 
cement paste. The existence of such shrinkage cracks in 
the cement paste had been predicted by Carlson. (4, 
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Figure I: Relation between modulus of rupture and age of 
mortars. 

Contribution by Professor Henry J. Cowan 
(Department of Architectural Science, 

University of Sydney) 

Dr Jones was one of the first to demonstrate, in 1951, 
that cracking occurred in compression specimens at 
relatively low loads, and that this did not lead to im­
mediate fracture of the specimen. The present paper 
provides further valuable experimental data, and thus 
makes a notable contribution towards the development 
of a theory for the mechanism of the failure of concrete. 

I would like to draw attention to the work of Rehbil1der 
et alia, which has been translated by the c.S.I.R.O.fSf 
This shows that the penetration of a liquid into a very 
fine crack in a natural stone greatly lowers the strength 
of the material. It would seem that molecular attractions, 
which are destroyed by the liquid film, can act across 
micro-cracks and this would explain the existence of 
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Figure I I: Relation between sonic modulus (If elasticity and 
age of mortars. 

stable cracks of the type observed by Dr Jones and 
Dr Kaplan_ 

The existence of stable micro-cracks at relatively low 
loads also serves to explain the high inelastic strains ob­
served in concrete. The observed ultimate concrete 
strains in a short-duration test are much too high to be 
explicable in terms of creep, and the conventional visco­
elastic model is therefore inadequate. Moreover, this 
model does not produce the declining portion of the 
stress-strain diagram commonly observed in compression 
tests ca rried out at a constant rate of strain. 

The writer has therefore suggested a model embodying 
a series of brittle springs to represent the stable micro· 
cracks fbi (Figure III). The springs are elastic until they 
fracture at the limiting strain corresponding to the 
formation of the micro-crack. This does not immediately 
result in failure of the concrete; however, as the number 
of springs is reduced, the remaining springs each carry 
a greater share of the load, and the deformation is in­
creased accordingly. The resulting load-deformation 
curve is shown in Figure IV. 

The writer therefore considers that Dr Jones's work 
will eventually contribute to the theory of the inelastic 
deformation of concrete, as well as to the theory of its 
ultimate strength. 
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Springs rupture on 
being compressed 

('I/.' /E, to pOints marked 

, ~·I~flc~l-tI· . 
Figure III: Comprehensive mechanical model for the 
elastic and inelastic deformation of concrete (E = modulus 
of elasticity, y = l'iscosity of dashpots, t = time). B(j,,,e 
rupture ee = flEe. Springs rupture on heing compressed to 
points marked by arrows. 
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Figure IV: Load-deformation CUrl'e produced hy the model 
shown in Figure 1// when it is deformed rapidly enough to 
produce negligible l'iscous deformation. (Expressed in 
terms of the maximum stress and strain.) 

Reply by the authors 
The authors were very pleased to receive the contribu­

tions from Dr Blakey and Professor Cowan, both of 
whom have made notable contributions to the study of 
the failure and fracture of concrete. 

The recent article by Dr Blakey!!) was not available 
until after the authors had submitted their manuscript, 
but it has since been read with great interest. The authors 
agree with Dr Blakey that cracks may also begin at 
interfaces between sand and cement paste as well as at 
the boundaries of the coarse aggregate. Indeed it could 
be inferred from the authors' results that cracks are 
initiated at these interfaces for those concretes with 
flexural strengths equal to the flexural strength of the 
comparable mortar and at the interfaces between coarse 
aggregate and mortar for those concretes with lower 
flexural strengths than the comparable mortars. 

The present article was based on a much fuller dis­
cussion given in an unpublished paper (7) • To concentrate 
attention on the main results, the discussion of pre-crack­
ing in flexure contained in the original note was omitted. 
The authors are well aware of the excellent work by 
Dr Blakey and M r Beresford (3) in this field and their 
results, among others, were quoted to suggest that the 
micro-cracks in flexure start at about 70% of the flexural 
strength: it is not known whether this value is influenced 
appreciably by the type of aggregate. Assuming the value 
of 70o~ in all cases, from Figure 2 of their paper the 
authors have deduced") that the static Poisson's ratio 
would range from 0·11 for the richer mixes to 0·21 for 
the leaner mixes. 

The results given by Dr Blakey for air-cured concrete 
are of great interest. Chefdeville '81 has shown that if air­
cured concrete is subsequently saturated with water, the 
dynamic modulus increases but never attains such a high 
value as that given by comparable concrete cured con­
tinuously in water: the presence of unhealed shrinkage 
cracks would explain this observation. Dr Blakey's con­
clusion that the re-opening of shrinkage cracks in the 
cement paste can precede bond failures between the paste 
and the aggregate has obvious practical implications, and 
it is to be hoped that his observations will stimulate 
further work on the failure of concrete under different 
curing conditions. 

Profes~or Cowan's comments on the stability of micro­
cracks in natural rock are of interest but do not explain 
fully the behaviour of concrete. For example, in the case 
of concrde in flexure, soaking a dry specimen in water 
produces an increase in the flexural strength possibly 
because of the healing of shrinkage micro-cracks as 
suggested by Dr Blakey. It may be that the more hetero­
geneous nature of concrete complicates the conditions for 
crack propagation and that a micro-crack becomes stable 
when its tip encounters a region of stronger material. 

The model suggested by Professor Cowan to take into 
account the formation of micro-cracks in concrete repre­
sents a considerable advance on the purely visco-elastic 
model. It would seem to be capable of explaining the 
steeper slope of the stress-strain curve during the un­
loading of a compression specimen in the measurement 
of the static Young's modulus. However, it would be 
necessary to allow some of the springs to re-form In 

order to correlate with subsequent loading cycles. 
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