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Abstract

In the previous studies on microcracks and rapid chloride permeability tests, microcracks were quantified in terms of total crack
length. This was carried out by examining concrete slices after compression tests. No attempts have been made to characterise the
microcracks during the compression test prior to the chloride permeability test. In the present study, concrete cylinders were loaded
under uniaxial compression between 30% and 95% of the ultimate strength. A non-destructive method of microcrack evaluation was
used to study the progressive microcracking in concrete cylinders during compression tests. After the compression test, a rapid
chloride permeability test (RCPT) (ASTM C1202) was carried out on a specimen cut from the same cylinder. The total crack length
was also determined from the same specimen to compare with the observed microcracking behaviour, assessed by the non-de-
structive testing. The characteristics of the microcracks in terms of the specific crack area are different when a concrete is under a
load and when it is completely unloaded. The chloride permeability of a concrete (after it was unloaded) appears to be influenced by
the occurrence of a certain stress level known as the critical stress. When the critical stress is exceeded in a concrete specimen, a
comparatively large chloride permeability was measured. Where the critical stress in a specimen is not exceeded, the increase in the
permeability is marginal in spite of the large increase in microcracks. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Microcracks are present in concrete due to several
causes such as bleeding, shrinkage, thermal gradients,
freeze-thaw and alkali-aggregate reaction [1]. Micro-
cracks in concrete can also be induced by external
loadings or as a result of the interaction of the concrete
with the environment. Microcracks, which originally
exist in the concrete, may propagate and become inter-
connected due to an applied stress [2]. These micro-
cracks may form potential flow channels which provide
easy access to aggressive salts and ions such as chloride
ions. The importance of microcracks on the transport
properties of concrete has been highlighted recently [3].
The effect of microcracking on permeability under uni-
axial compression has been studied by several re-
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searchers [4-6]. However, there are some conflicting
views pertaining to their findings.

Samaha and Hover [4] reported that microcracking in
concrete at stress levels below 75% of the compressive
strength did not affect the mass transport properties of
concrete. The microcracks were quantified in terms of
crack length by examining a concrete slice cut from a
cylinder after the compression test. The observed crack
length was then compared with the measured electrical
charge passed using a rapid chloride permeability test
(RCPT) carried out in accordance with ASTM C1202.
On the other hand, Saito and Ishimori [5] found the
chloride permeability of concrete that had been sub-
jected to 90% of the compressive strength to be nearly
equal to that of unloaded control specimens. However,
he did not carry out microcrack evaluation on his
specimens. He compared his permeability results with
the microcracking behaviour of concrete reported by
other researchers [8,16,17]. In this case, the interpreta-
tion of results may be dubious because of different mi-
crocracking conditions. Ludirdja et al. [6] reported that
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Table 1
Concrete mix proportions

Grade Mix proportions (kg/m?) wlc f7 at 28 days (MPa)
Cement Water Sand clagg
40 390 180 810 988 0.46 47.5

compressive loads had little effect on the water perme-
ability of concrete even though there were some indi-
cations of significant microcracking in the concrete. He
did not carry out crack measurements but used an ul-
trasonic pulse velocity method to detect microcracking
in concrete.

In the previous studies [4-6], no attempts had been
made to characterise the microcracks during the com-
pression test. It is evident that the characteristics of
microcracks after a concrete has been unloaded are
different from those while under load. Wang et al. [10],
for example, introduced a feedback controlled splitting
test to generate and characterise tensile cracks in a
concrete specimen. He found that the crack opening
displacement reduced after the load had been completely
removed from the specimen. Loo [12] reported similar
observations for concrete cylinders subjected to uniaxial
compression tests. Microcracks in concrete begin to
propagate under uniaxial compression between 15% and
45% of the compressive strength [7]. The microcracks
become unstable at stresses between 70% and 90% of the
compressive strength when they begin to propagate
rapidly under a load [8,9]. In view of the wide range of
stresses at which microcracks begin to propagate and at
which microcracks become unstable, microcrack evalu-
ation and RCPT shall ideally be carried out on the same
concrete specimen. Therefore, it would be more appro-
priate to characterise the microcracks during the com-
pression test so that a more realistic account of the
influence of microcracks on the permeability of the
concrete can be made.

In the present study, a non-destructive method of
microcrack evaluation [7] is used to evaluate the pro-
gressive microcracking behaviour in the concrete cylin-
der under uniaxial compression test. The microcracks
are characterised in terms of specific crack area which is
defined as the increase in the crack area per unit cross-
sectional area of the specimen [7]. This is described
further in Section 2.2. After the compression test, an
RCPT (ASTM C1202) was carried out on a specimen
cut from the same cylinder. An estimate of the total
crack length from the same specimen was also carried
out to supplement the observed microcracking behav-
iour. Comparisons between the specific crack area, total
crack length and the electrical charge passed through the
specimen were made and discussed.

2. Experimental program
2.1. Preparation of specimens

Grade 40 concrete mix was designed using locally
available Nepean crushed gravel and Nepean sand as
coarse and fine aggregates, respectively. The concrete
mix was prepared in accordance with the Australian
Standard, AS1012. Both aggregates were pre-soaked in
water before batching so that the moisture content was
above the saturated-surface dry (SSD) condition. Gen-
eral Purpose cement (similar to ASTM Type I) com-
plying with AS3972 was used. A water reducing
admixture was added to achieve a slump of
100 + 20 mm. The quantities of the mix proportions per
cubic metre of concrete are shown in Table 1.

Concrete cylinders, ¢f100 mm x 200 mm, were cast
in two layers. Each layer was compacted using a vi-
brating table. After casting, the specimens were covered
with plastic sheets. All mixing and casting were carried
out in a standard laboratory condition at 23 + 2°C and
50+ 5% RH. The cylinders were demoulded on the fol-
lowing day and moist-cured in lime saturated water up
to the age of 28 days.

2.2. Non-destructive method of microcrack evaluation

The non-destructive method of evaluation developed
recently by Loo [7] was used to characterise the micro-
cracks during the uniaxial compression test. The method
provides a quantitative indication of the extent of mi-
crocracking in a concrete specimen during the test. The
formula was derived on the assumption that the change
in cross-sectional area of a prismatic concrete specimen
under uniaxial compression is equal to the sum of the
elastic change in cross-sectional area due to Poisson’s
ratio effects and the dilation due to microcracking,
hence,

AAr = Adc + Adpy, (i)

where AAr is the total change in cross-sectional area of
concrete, Adc the change in cross-sectional area due to
microcracking and A4pg is the change in cross-sectional
area due to Poisson’s ratio effects. Based on this as-
sumption, Loo [7] has shown that the specific crack area
(ecr) can be estimated from
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for = 2(& — ,uegy)7 (ii)
where ¢, and ¢, are the transverse and axial strains, re-
spectively, and p, is the elastic Poisson’s ratio. The
specific crack area has the same unit as the ¢, and ¢,, and
is expressed in microstrain. For a circular specimen, the
specific crack area is equal to Adc/nr?. Four electrical
strain gauges are required per specimen, two in each
axial and transverse directions. The two strain gauges in
the transverse direction are positioned at the mid-height
of the specimen. Strain gauges with a gauge length of
30 mm and a gauge factor of 2.13 £ 1% were used.
After 28 days of casting, concrete cylinders were tested
under uniaxial compression between 0.3f] and 0.95f.
Upon reaching the predetermined stress level, unloading
commenced immediately until the cylinder was completely
unloaded. Recording of the strain data was continued until
the recovery was negligible. A 2000 kN capacity Baldwin
closed-loop servo controlled hydraulic compression ma-
chine was used for this test. A ram displacement rate of
0.09 mm/min for loading and 2.0 mm/min for unloading
was adopted. All strain data from the electrical strain
gauges were logged. For each stress level, microcrack
evaluation was carried out on two concrete cylinders.

2.3. Rapid Chloride Permeability Test (RCPT)

At the end of the compression test, the strain gauges
were removed from the concrete cylinder. A 50 mm-
thick specimen was cut from the mid-height of the cyl-
inder. This is shown schematically in Fig. 1. The speci-
men was air-dried before coating with epoxy on the
circumferential surface. It was then vacuum-saturated in
a vacuum desiccator. RCPT was carried out in accor-
dance with ASTM C1202 [11]. The current was recorded
every 15 min using a data logger. The chloride perme-
ability of the concrete was evaluated by the amount of
charge passing through the specimen.

2.4. Microscopy observation of microcracks

The 10 mm slice, cut just above the 50 mm thick
specimen shown in Fig. 1, was used for microcrack ex-

$100 mm
. ]
10mm thick slice for
100 microcrack examination
o =

50mm thick specimen for RCPT

Fig. 1. Schematic diagram showing the specimens taken from a con-
crete cylinder for microcrack examination and rapid chloride perme-
ability test.

bond crack

mortar

aggregate crack

mortar crack

coarse aggregate

Fig. 2. A sketch showing the types of microcracks in concrete.

amination under a microscope. It was stained with a red
dye on the cut surface adjacent to the 50 mm thick
specimen for RCPT. The specimen was subsequently
polished with silicon carbide paper and water, on a glass
plate, until the surface became pinkish in colour. At this
stage, some larger bond cracks at the aggregate-paste
interface were stained in deep red and could often be
seen by the naked eye.

Enlarged photographs of polished specimens were
taken. The specimen was then examined under an op-
tical microscope using a magnification of between 20
and 40 times to observe for microcracks. The search for
bond cracks was made using the microscope and the
observed bond cracks were mapped on the enlarged
photograph. After this, the same procedure was fol-
lowed to detect the mortar and aggregate cracks. The
crack length was estimated from the enlarged photo-
graph by dividing the crack length into several straight
segments. A sketch showing the types of microcracks in
a concrete is shown in Fig. 2.

3. Results and discussion
3.1. Evaluation of specific crack area

Some results from the non-destructive tests are shown
in Fig. 3. The initiation stress is the stress at which mi-
crocracks begin to propagate in concrete. This can be
determined from the graphs in Fig. 3 as the point when
the curve begins to deviate from the initial vertical line.
In the present study, the initiation stress is found to be
between 0.2f] and 0.4f;. Fig. 3(b) and (c) show the
characteristics of microcracks at 0.85f] in concrete
where the critical stress is not exceeded in one instance
and exceeded in the other, respectively.

In this series of tests, upon reaching the predeter-
mined stress level, the specimen was unloaded immedi-
ately. Up to 0.5f stress level, the specific crack area
recovery is almost 100% as shown in Fig. 3(a). It implies
that the microcracks close back almost completely upon
complete unloading. However, at 0.7f; and above, some
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Fig. 3. Typical characteristics of microcracks in concrete at different compressive stress levels.

residue specific crack areas are observed after the con-
crete has been unloaded completely. This implies only a
partial closure of the microcracks in the concrete. The
residue specific crack area was determined after three
days of the creep recovery.

The relationship between the specific crack area at
predetermined stresses and their recovery immediately
after complete unloading is shown in Fig. 4. The dif-
ference in the specific crack area between the two curves
is the immediate recovery. It indicates the reduction in
the area of microcracks per unit cross-sectional area of
the concrete when the concrete is unloaded immediately
from its predetermined stress level. This observation
shows that the characteristic of microcracks, in terms of
specific crack area, is indeed different from each other,
when a concrete is loaded and when it is completely
unloaded.

3.2. Critical stress

The critical stress, o, represents the onset of unstable
microcrack propagation [7]. It corresponds to the max-
imum value of volumetric strain (&, = & + & + ¢&3), be-
yond which the specimen undergoes a volumetric
expansion. Fig. 5 shows some typical curves of the axial,
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Fig. 4. Average specific crack area in concrete during loading and
unloading in compression.

lateral and volumetric strains for specimens which have
been loaded up to 0.95f in the compression tests. In the
present study, the critical stress is found to be exceeded
in specimens that have been loaded between 0.8/ and
0.95f]. However, there are some concrete cylinders
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Fig. 5. Typical curves of axial, lateral and volumetric strains.

where the critical stress was not exceeded at 0.80f, and
0.85f]. The critical stress is indicated by a horizontal
arrow on the volumetric strain curve. Fig. 5(b) and (c)
show the typical strain curves of concrete loaded up to
0.85f7 where the o, is not exceeded in one instance but is
exceeded in the other.

3.3. Total crack length

Fig. 6 shows the relationship between the total crack
length and the stress level. Each result is an average of
observation made on two specimens. It is observed that
there is virtually no increase in the total crack length
below 0.3f7. A marginal increase in the crack length is
observed between 0.3f] and 0.5f. These are essentially
bond cracks as they occur at the aggregate-mortar in-
terface. Beyond 0.5/, the total crack length increases
significantly. On the other hand, mortar cracks become
noticeable above 0.7f]. They were found as isolated
cracks in the mortar at 0.7/, but become connected with
some bond cracks in the specimen loaded to 0.9 where
the critical stress was found to be exceeded. Bond cracks
were found to propagate into the mortar at 0.8f,. At any
stress level, the bond cracks are considerably more than
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Fig. 6. Relationship between total crack length and stress-strength
ratio.

the mortar cracks. Cracks through the aggregate were
found to be insignificant at all stages of loading. Al-
though some aggregate cracks were also observed, it was
not certain if they were true cracks developed during
loading or simply fissures. However, the quantity was
very small and was ignored.
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Some results of microcrack observations from the
previous studies [14,15] are replotted in Fig. 6 for
comparison. They are obtained from microcrack ex-
amination on normal strength concretes (33-41 MPa).
Ngab et al. [14] reported a significant increase in
cracking only at stress levels above 0.45f]. Smadi and
Slate [15] reported negligible increase in microcracking
below 0.40f] but became significantly large at stresses
above 0.70f. The total crack lengths are different

Fig. 7. Typical cracking maps: (a) 0.7f; (b) 0.95f.

among the various studies due to the different strength
of concrete, mix proportions and the size of specimens
used for crack count. The size of specimens used by
Ngab et al. [14] and Smadi and Slate [15] was 89x 89
mm? 102 mm, respectively. However, the microcrack
observation in the present study shows a similar trend
and is consistent with the previous works [13-15]. Typ-
ical cracking maps are shown in Fig. 7.

3.4. RCPT

The results of RCPTs at different stress-strength ratio
are shown in Fig. 8. The measured charge passed on all
the test specimens is normalised against the charge
passed through unloaded control specimens. Each result
being an average of two specimens.

At stress levels below 0.5/7, there is no apparent in-
crease in the charge passed when compared with the
unloaded control. This can be attributed partly to the
closure of the microcracks when the specimen was un-
loaded completely, as depicted in Fig. 3(a). The imme-
diate recovery from 0.3/, for example, was found to be
about 25 microstrain with zero residue specific crack
area (Fig. 4). This shows that the microcracks closed
back completely when the specimen was unloaded from
0.3f7. It is believed that there might not be any difference
in the crack length at 0.3f] and when unloaded com-
pletely. However, the specific crack area does in fact
vary. It appears that the influence of microcracks on
mass transport in concrete cannot be depicted by its
crack length only. Depending on the stress level at which
the concrete is subjected, microcracks can close back
partially or completely upon unloading. This is evident
from the immediate recovery in Fig. 4. The ability of the
microcracks to ‘open’ and ‘close’ may suggest that the

141 curve ‘abd’ - 6. not exceeded
131 curve ‘be’ - o, exceeded

Normalised charge passed

0.6 T T T T T T T T T

00 01 02 03 04 05 06 07 08 09 10
Stress-strength ratio

Fig. 8. Rapid chloride permeability results at different stress-strength
ratio.
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specific crack area is a more sensitive parameter to
consider than the crack length, when relating perme-
ability to stresses in concrete. The permeability of con-
crete can, thus, be influenced by the test condition i.e.,
whether the test was carried out under loading condition
or after removal of load. Further work is needed to
confirm this.

At 0.7f7, the increase in crack length is substantial at
125% when compared with that of the unloaded control.
However, the normalised charge passed (Fig. 8) appears
marginal. A possible reason for this would be that the
critical stress is not exceeded at 0.7f]. The inter-con-
nectivity of the microcracks in the concrete matrix ap-
pears to be another factor influencing the charge passed
in a RCPT. In the present study, when the critical stress
is exceeded, a comparatively large charge passed was
measured. There are two stress levels, beyond 0.7f,
where the critical stress was exceeded in some specimens
and not exceeded in other specimens. As shown in Fig. §,
a comparison between the charges passed at 0.80f, and
0.85f7 clearly shows the influence of the occurrence of
critical stress on the permeability of the concrete.

From the literature, there is conflicting evidence as to
how stress level affects chloride permeability of concrete.
Samaha and Hover [4], for example, reported a low
average charge passed for stress levels below 0.75f] de-
spite a considerable increase in the crack length at 0.75f]
when compared with the unloaded control. He found
the charge passed to be more pronounced when the
concrete was loaded to its full compressive strength. In
contrast, Saito and Ishimori [5] reported negligible in-
crease in the chloride permeability at 0.9f] when com-
pared with his unloaded control. In both studies, no
attempt was made to determine the critical stress oc-
currence in their test specimens.

Based on the observation made in the present study,
the conflicting views can be explained in terms of the
occurrence of the critical stress in the specimen. The
increment of stress level considered beyond 0.7/ is small
to ensure that useful observations are not eluded. In the
present study, the increase in the total crack length is
notably high at 0.80f] and 0.85f; although the critical
stress is not exceeded. However, a comparatively higher
charge passed is observed only when the critical stress is
exceeded at these stress levels. Therefore, the low
charges passed at 0.75f7 [4] and at 0.9f] [5] can be at-
tributed to the critical stress not being exceeded in the
specimens. The wide range of critical stress in concrete
should be considered in addition to the strength
variability.

The results of chloride permeability observed in the
present study are based on tests conducted on specimens
after it has been completely unloaded. Further research
is needed to study the chloride permeability through
concrete specimens under load.

4. Conclusions

1. In a uniaxial compression test, when a concrete spec-
imen is unloaded completely from 0.5f stress level,
the specific crack area recovery is 100% implying that
microcracks close back completely. However, when
unloaded between 0.7f] and 0.95f] stress level, some
residue specific crack areas are observed immediately
after complete unloading. This implies only a partial
closure of the microcracks.

2. It appears that the influence of microcracks on mass
transport in concrete cannot be depicted by its crack
length only. Depending on the stress level at which
the concrete was subjected, microcracks can close
back partially or completely upon unloading. The
ability of the microcracks to ‘open’ and ‘close’ may
suggest that the specific crack area is a more sensitive
parameter to consider than its crack length, when re-
lating permeability to stresses in concrete.

3. In the present study, the critical stress is found to be
exceeded when the concrete cylinders are loaded to a
stress level between 0.80/7 and 0.95f]. However, there
are some specimens where the critical stress is not ex-
ceeded when tested at 0.80f] and 0.85f].

4. The chloride permeability of a concrete (after it is un-
loaded) appears to be influenced by the occurrence of
the critical stress. When the critical stress is exceeded
in a concrete specimen, a comparatively large electri-
cal charge passed was measured. Where the critical
stress in a specimen is not exceeded, the increase in
the charge passed is marginal in spite of the large in-
crease in microcracks.

5. The chloride permeability of a concrete may be influ-
enced by the test condition, i.e., whether the test was
carried out under loading condition or after removal
of load. Further work is needed to confirm this.
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