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ABSTRACT

This article discusses the effects of self-healing on self consolidating concretes incorporating high vol-
umes of fly ash (HVFA-SCC) when subjected to continuous water exposure. For this purpose, self consol-
idating concretes with fly ash replacement ratios of 0%, 35%, and 55% were prepared having a constant
water-cementitious material ratio of 0.35. A uniaxial compression load was applied to generate micro-
cracks in concrete where cylindrical specimens were pre-loaded up to 70% and 90% of the ultimate com-
pressive load determined at 28 days. Later, the extent of damage was determined as percentage of loss in
mechanical properties (as determined by compressive strength and ultrasonic pulse velocity) and per-
centage of increase in permeation properties (rapid chloride permeability and sorptivity index). After
pre-loading, concrete specimens were stored in water for a month and the mechanical and permeation
properties are monitored at every two weeks. It was observed that HVFA-SCC mixtures initially lost
27% of their strength when pre-loaded up to 90% of their ultimate strength, and after 30 days of water
curing that reduction was only 7%, indicating a substantial healing. On the other hand, for SCC specimens
without fly ash that were pre-loaded to the same level, the loss in strength was initially 19%, and after a
month of moist curing it was only 13%. Similar observations were also made on the permeation proper-
ties with greater effects. As the HVFA-SCCs studied have an important amount of unhydrated fly ash
available in their microstructure, these observations are attributed to the self-healing of the pre-existing

cracks, mainly by hydration of anhydrous fly ash particles on the crack surfaces.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Increased durability of reinforced concrete is typically associ-
ated with a dense concrete matrix, i.e. a very compact microstruc-
ture is expected to lower permeability and reduce the transport of
corrosive agents to reinforcement [1,2]. Conceptually, a dense ma-
trix can be achieved by a well-graded particle size distribution [3],
by the use of mineral additives such as fly ash and silica fume [4],
or by the use of low water-to-cement ratios [5]. These concepts,
however, rely upon the concrete to remain uncracked within a
structure throughout its expected service life. In this presumed un-
cracked state, such concretes have proven to be durable in labora-
tory tests [6,7].

In reality however, cracking in concrete is inevitable. Interfacial
microcracks do exist at the aggregate-cement interface and further
cracking may occur during the service life of a concrete structure
due to external loading, intrinsic volumetric instability or deleteri-
ous chemical reactions [8,9]. The durability of concrete is inti-
mately related to its transport properties, particularly with
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respect to transport of moisture. This is because concrete is suscep-
tible to degradation through leaching, corrosion, sulfate attack,
freezing and thawing damage, and other mechanisms that necessi-
tate the ingress of water. Because cracks significantly modify the
transport properties of concrete, their presence greatly accelerates
the deterioration process.

Self consolidating concrete (SCC), one of the latest achieve-
ments of concrete technology, has been, first, introduced by Japa-
nese researchers with an intent to increase the durability of
reinforced concrete structures by increasing the workability of
concrete and thus by increasing the construction quality [10].
Numerous studies have examined the mechanical and permeation
properties of uncracked SCC [11-15]. The permeation of uncracked
SCC has been related principally to the particle density of the com-
posite, typically a function of water to cement ratio whose effect
was initially stated by the pioneering work of Powers et al. [16].
This relation of low permeability to high density is one of the rea-
sons that self consolidating concretes, with significantly higher
particle packing than normal concretes, are considered highly
durable. However, SCCs, in comparison to conventional concretes,
show much higher levels of thermal and autogenous shrinkage
due to the lower water to cement ratio and higher amount of
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binder content [13]. Together with a high Young’s modulus, low
creep coefficient and high brittleness, these high strength SCCs
are far more likely to crack at an early age than normal strength
concretes. Once cracked, the permeability of SCCs, regardless of
matrix density or compressive strength, will increase remarkably.
It was shown that by the use of fly ash, it is possible to improve
the performance of SCCs by reducing its shrinkage and modulus
of elasticity [14,15], and making them less vulnerable to cracking.
However there is still a need to further investigate the issue of
cracking in SCCs.

The effect of self-healing of cracks on permeation and mechani-
cal properties of conventional concrete has been widely investi-
gated by other researchers [17-24]. However, no information is
currently available on the self-healing of high volume fly ash SCC
(HVFA-SCC) subjected to mechanical loading. Thus, it may be signif-
icant to investigate the mechanical and permeation properties of
cracked and healed HVFA-SCC. In the present research, experimen-
tal work was conducted to explore and investigate the self-healing
potential of HVFA-SCCs that are subjected to mechanical loads. For
this purpose, two HVFA-SCC mixtures were prepared by keeping
the total mass of binder (Portland cement + fly ash) constant at
500 kg/m?, in which 35% and 55% of binder, by mass, was replaced
by a low-lime fly ash. For comparison, a control SCC mixture with-
out fly ash was also produced. The mechanical and permeation
properties of pre-loaded SCC specimens were monitored for 30
days. These properties included the compressive strength, ultra-
sonic pulse velocity, rapid chloride permeability and sorptivity.

2. Experimental program
2.1. Material properties of ingredients

The cement used in all mixtures was a normal Portland cement
(PC) CEM 1 42.5 R, equivalent to ASTM Type I Portland cement [25].
The low-lime fly ash (FA) with a lime content of 4.24% was used in
this study. Chemical composition and physical properties of PC and
FA are presented in Table 1. The particle size distributions of these
materials were also obtained, by a laser scattering technique and
are given in Fig. 1. As for the aggregates, crushed limestone with
the maximum aggregate size of 19 mm and crushed sand from
the same local source were used. Both the coarse and fine aggre-
gate had a specific gravity of 2.70, and water absorptions of 0.5%
and 1.2%, respectively. A polycarboxylic-ether type superplasticiz-
er (SP) (ADVA® Cast 570) with a specific gravity of 1.08, pH of 5.7
and a solid content of 40% was used in all concrete mixtures.

2.2. Mixture proportions, preparation and casting of test specimens

Three concrete mixtures were prepared with the proportions
summarized in Table 2. The control mixture included only PC as

Table 1

Properties of the Portland cement and fly ash

Chemical composition Cement Fly ash
Cao (%) 63.27 424
Si0, (%) 19.61 56.20
ALOs (%) 5.86 20.17
Fe,0; (%) 3.40 6.69
MgO (%) 0.95 1.92
SO; (%) 2.45 0.49
K0 (%) 0.54 1.89
Nay0 (%) 0.47 0.58
Loss on ignition (%) 3.02 1.78
Physical properties

Specific gravity 3.14 2.25
Blaine fineness (m?/kg) 362.9 287.0

a binder. Remaining mixtures had FA replacement ratios of 35%
and 55%, by mass of binder (PC + FA). For all mixtures, the total
amount of binder and the water-binder ratio (W/B), by mass, were
kept constant. SP was added to achieve similar slump flow for all
mixtures of 650 + 25 mm; therefore, the SP content was not kept
constant.

All of the concrete mixtures were mixed for 7 min with a 70-1
rotating planetary mixer. After the mixing procedure was com-
pleted, tests were conducted on fresh concrete to determine slump
flow diameter and V-funnel flow time. The results of fresh concrete
tests are also shown in Table 2. As seen in that table, the slump
flow diameters of all mixtures were in the range of 640-670 mm,
and the V-funnel flow times were in the range of 10.3-15.4 s. In
addition to the above properties, visual inspection of fresh concrete
did not detect any segregation or bleeding in any of the mixtures
during the slump flow test. Therefore, all concrete mixtures were
considered as SCC in accordance with EFNARC [26]. Also observed
in Table 2, is the change in SP content for the same workability
measure. The control mixture (without FA) had the highest SP con-
tent, but as part of the PC was replaced by FA, the SP content of
mixtures decreased. The smooth surface characteristics and spher-
ical shape of the FA (Fig. 2) improved the workability characteris-
tics of concrete mixtures, and similar workability properties were
achieved by using a lower SP content.

From each concrete mixture, @100 x 200-mm cylinder speci-
mens were prepared for the determination of compressive strength
and permeation tests. All specimens were cast in one layer without
any compaction. At the age of 24 h, the specimens were removed
from the molds and stored in lime-saturated water at 23 + 2 °C
for 28 days.

Generally, microcracking steadily increases with applied com-
pressive loading. Bond cracking is shown to be predominant in
the early phases of loading while mortar cracks become abundant
near failure [27]. The permeation properties of concrete are not
usually affected from the bond cracking. Hence, an abundance of
load-induced microcracks alone does not necessarily increase the
rate at which substances move through the concrete. It is only
when the cracks begin to interconnect that change in mass trans-
port and liquid flow can be expected to occur [27]. At low levels
of applied load, most of the cracks are formed at discrete locations,
where the stress concentration is the highest and primarily at the
aggregate-paste interface. Mortar cracking increases only at higher
loads and near failure. In general, it was found out that load-in-
duced microcracks do not lead to an increase in permeability and
loss in compressive strength up to a load level of about 70% of max-
imum strength [28]. Therefore, after 28 days of moist curing, the
compressive strength of each mixture was determined, and the
remaining specimens were pre-loaded to 0%, 70% and 90% of their
corresponding compressive strength. When the compressive
strength reached the required pre-determined strength value, the
load was released. Later, the pre-loaded specimens are further
stored in lime-saturated water at 23 +2 °C for an additional 30
days.

For this experimental program, tests performed on hardened
concrete can be grouped into two; tests to determine the mechan-
ical properties and tests to determine the permeation properties.
As for the mechanical properties, the compressive strength and
ultrasonic pulse velocity (UPV) of the concrete specimens were
determined at 28, 28 + 15 and 28 + 30 days by using three speci-
mens at each age. The permeation properties were also determined
at 28, 28 + 15 and 28 + 30 days, using both the sorptivity and rapid
chloride permeability (RCPT) tests in accordance with the ASTM
C1585 and ASTM (1202 specifications, respectively. For the perme-
ation properties of pre-cracked concrete specimens, cylinders were
sawed into 50 mm thick slices and the two middle slices from each
specimen were used for testing.
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Fig. 1. Particle size distribution of Portland cement and fly ash.

Table 2
SCC mixture proportions

Mix ID W/B? Ingredient (kg/m?>) Fresh properties
Water PC FA Aggregate SP Slump flow (mm) V-funnel flow time (s)
Fine Coarse
Control 0.35 175 500 0 888 888 7.4 660 154
F_35 0.35 175 325 175 858 858 6.7 670 10.3
F_55 0.35 175 225 275 841 841 5.9 640 11.2

2 B: Binder (PC + FA).
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Fig. 2. Secondary electron images of the fly ash showing their particle morphology.

The two test procedures used to measure permeation proper-
ties, rapid chloride permeability and sorptivity test, predicted dif-
ferent performance of concrete. The sorptivity test method is
used to determine the rate of sorptivity of water by concrete by

measuring the increase in the mass of a pre-dried specimen result-
ing from absorption of water as a function of time, when only one
surface of the specimen is exposed to water [29]. The exposed sur-
face of the specimen is immersed in water and water ingress of
unsaturated concrete dominated by capillary suction during initial
contact with water. On the other hand, rapid chloride permeability
test (RCPT) is a measure of the concrete’s resistivity — an indirect
measure of chloride penetrability [30]. However, RCPT is a simple
index of chloride permeability which is reported to correlate with
the 90-day ponding test described by AASHTO T259 [31].

2.3. Sorptivity test

The sorptivity test was based on ASTM C1585 [29]. The sorptiv-
ity test consisted of registering the increase in mass of a prism
specimen (@100 x 50 mm) at given intervals of time (1, 2, 3, 4, 6,
8, 12, 16, 20, 25, 36, 49, 64, 81, 120 and 360 min) when permitted
to absorb water by capillary suction. The specimens were dried in
an oven at 50 + 5 °C for three days. Only one surface of the speci-
men was allowed to be in contact with water, with the depth of
water between 3 and 5 mm (Fig. 3). The sides of the specimen were
sealed with a silicone coating in order to have one-directional flow
through the specimen. The rate of absorption (mm), defined as the
change in mass (g) divided by the cross sectional area of the test
specimen (mm?) and the density of water at the recorded temper-
ature (g/mm?), was plotted against square root of time (min'/?),
The slope of the obtained line defines the sorptivity index (Sp) of
the specimen during the initial 6 h of testing. For all specimens,
this slope is obtained by using least-squares, linear regression
analysis of the plot of the rate of absorption versus the square root
of time. This test was chosen as it measures the rate of ingress of
water through unsaturated concrete.
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Fig. 3. Schematic diagram of sorptivity test.

2.4. Rapid chloride permeability test (RCPT)

This test was based on the ASTM C1202 [30] for determining the
chloride permeability of hardened concrete. In this test, a water
saturated 50 mm thick, 100 mm diameter concrete specimen was
subjected to a 60 V applied DC voltage for 6 h. One end of the spec-
imen is in contact with 0.3 M NaOH solution, the other end with
3.0% NaCl solution. The total charge passed during 6 h is then
determined. The total charge passed, in coulombs, is related to
the concrete’s ability to resist chloride ion penetration. As more
chloride ions migrate into the concrete, more current can pass
through, and the total charge passed during 6 h increases. A high
value for total charge passed indicates that the concrete is highly
penetrable.

3. Results and discussion
3.1. Unhealed specimens

Table 3 presents the mechanical and permeation properties of
concrete specimens at 28 days that were previously pre-loaded
to 70% or 90% of their compressive strength. As these specimens
were tested immediately after the release of pre-loading, they
had no time to undergo any crack healing. Properties of virgin
(pre-load level of 0%) specimens are also included in this table.

The results revealed that for specimens that are not pre-loaded,
the compressive strength and ultrasonic pulse velocity were af-
fected by FA replacement. As the FA replacement ratio was in-
creased to 55% there was a more noticeable reduction in the
mechanical properties, especially the compressive strength. As
for the permeation properties, despite its higher compressive

Table 3
Mechanical and permeation properties of unhealed specimens

Fly ash (%) Pre-load level

0% 70% 90%
Compressive strength, f . (MPa)
0 51.3 48.3 413
35 46.4 431 35.6
55 38.7 334 28.1
Ultrasonic pulse velocity, UPV (m/s)
0 4864 4767 4618
35 4932 4810 4698
55 4886 4701 4430
Rapid chloride permeability, RCPT (coulombs)
0 4444 5106 6229
35 1385 1835 2307
55 1542 2207 2675
Sorptivity index, Sp (mm/min’/?)
0 0.113 0.141 0.177
35 0.084 0.122 0.151
55 0.089 0.129 0.162

strength, undamaged control specimens had an average charge
passed of 4444 coulomb and average sorptivity index of
0.113 mm/min'/?, which are significantly higher than those of
SCC mixtures with FA. It, therefore, appears that the control mix-
ture (mixture without FA) was more permeable than the SCC con-
taining FA. The effect of FA on the permeation properties of
concretes was also studied by other researchers. For example, Shi
stated that the use of supplementary cementitious materials such
as FA may have a significant effect on the permeability of concrete
as measured by the RCPT [32]. The use of FA, even though it causes
lower compressive strength especially at earlier ages, generally,
improves the permeation properties of concrete by producing a
denser concrete, by reducing the pore sizes and microcracking in
the transition zone [33]. On the other hand, an increase in FA con-
tent from 35% to 55% showed no significant effect on permeation
properties.

A typical plot of the cumulative water absorption (normalized
per unit surface area) as a function of the square root of time is
shown in Fig. 4. It can be seen that the cumulative volume of water
absorbed per unit surface area (mm®/mm?) in the specimens in-
creased with the square root of time. The presence of microcrack-
ing in concrete significantly alters the transport properties
measured as a function of the pre-loading level. The water absorp-
tion rate is high when the pre-loading level applied on the speci-
mens increases. In particular, for the highly damaged concrete
specimen, the initial rate of water absorption (up to 36 min) was
very high thereby implying that the cracks and capillary pores
were saturated in a very short time. It was also observed from
Fig. 4 that for the highly damaged concrete specimens (e.g. pre-
loading level = 90%), the cumulative water absorption increased
nonlinearly with the square root of time. The highest nonlinearity
was obtained from the FA_55 specimens pre-loaded to 90% of their
compressive strength, and the minimum coefficient of correlation
value of 0.94 (from linear regression) was observed for these spec-
imens. The nonlinearity for the microcracked SCC specimens was
likely due to the fact that the capillary absorption into the crack
system is quite weak and reaches capillary rise equilibrium against
gravity in the course of the test [34]. In the case of cracked speci-
mens, therefore, the observed cumulative absorption arises from
the combination of two processes: the absorption into the un-
cracked matrix where the capillary forces are strong compared
with the opposing gravitational forces; while the absorption into
the crack system reaches a limiting equilibrium value. Another rea-
son of nonlinearity may be attributed to the fact that the water
may rapidly fill the microcracks due to the large capillary suction
forces and absorption may also occur from the crack surfaces,
and thus, the cross sectional area of the specimen used for the cal-
culation of water front is incorrect. This indicates that microcracks
induced by mechanical loading facilitated the water ingress in
concrete.

In order to visualize the extent of damage on the properties of
all mixtures, for each property measured the percent change in
the measured parameter is determined against pre-loading level
in Fig. 5. As seen from this figure, there was a reduction in the
mechanical properties and there was an increase in the permeation
properties. It can also be observed from Fig. 5 that the permeation
properties are much more affected from the pre-loading than the
mechanical properties. For example, at 90% pre-load level, the
highest effects were observed in the sorptivity index, So, which
exhibited an 82% increase when compared to that of the virgin
specimens. Moreover, it should also be mentioned that when the
FA is used in the production of SCC, the reduction in mechanical
properties and increase in permeation properties are more influ-
enced from the mechanical pre-loading. For example, as seen from
Fig. 5, a 15% increase in RCPT was observed when control speci-
mens were loaded to 70% of their ultimate load. This difference
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Fig. 5. Change in mechanical and permeation properties for unhealed specimens.

rose to a 40% increase in RCPT at 90% pre-load level. On the other
hand, the average increase in RCPT for SCC mixtures with FA varied
from 40% to about 73% between virgin and specimens pre-loaded
to 90%. Similar trends were also observed for the sorptivity test re-
sults of SCC mixtures with FA. Therefore, it could be stated that the
properties of newly damaged HVFA-SCC specimens are more af-
fected from the mechanical pre-loading than the control SCC spec-
imens. This may be attributed to the fact that an increase in the FA
content caused a reduction in the compressive strength and a
weaker paste-aggregate interfacial transition zone at the age of
the pre-loading.

As pointed above, in this study loading concrete specimens even
up to 70% of the ultimate load considerably influenced the strength
and permeation properties of the specimens when compared to the
virgin specimens. This may seem to be in disagreement with liter-
ature [28,35]. However, in those studies the rate of loading was
maintained as specified by ASTM standards for testing the speci-
mens in compression. In this study, however, the rate of loading
was kept constant at 0.06 MPa/s, and this rate of loading level

was significantly lower than that of specified by ASTM C39 stan-
dard (0.15-0.35 MPa/s) [36]. Therefore, this disagreement is attrib-
uted to the differences in loading rate, as it has been known that
the extent of damage into the internal structure of loaded
specimens is largely depended on how long the applied load was
maintained on the specimens during the compressive test [28].

3.2. Effects of self-healing

Table 4 presents the results of compressive strength, UPV, RCPT
and sorptivity tests from specimens that were subjected to pre-
loading and later stored up to 30 days in water in order to evaluate
the extent of self-healing.

For the virgin specimens, when the test results after 28 days are
considered (Tables 3 and 4), it could be seen that there is a steady
increase in the mechanical properties and a reduction in the perme-
ation properties. Therefore, comparing the properties of pre-loaded
specimens by age will not necessarily point out any self-healing, as
the hydration reactions continue even in the undamaged specimens.
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Table 4
Mechanical and permeation properties of self-healed specimens
Fly ash (%) After 15 days of self-healing After 30 days of self-healing

Pre-load level Pre-load level

0% 70% 90% 0% 70% 90%
Compressive strength, f . (MPa)
0 53.3 53.5 45.9 55.8 56.9 48.3
35 56.8 51.3 49.8 62.8 57.1 56.3
55 46.5 43.4 40.2 51.8 50.2 48.1
Ultrasonic pulse velocity, UPV (m/s)
0 4911 4810 4721 4950 4916 4887
35 4980 4901 4853 5006 4986 4910
55 4954 4887 4793 4948 4945 4875
Rapid chloride permeability, RCPT (coulombs)
0 3440 4440 5235 3421 3921 4640
35 1150 1282 1574 910 970 1170
55 1275 1386 1555 870 945 1046
Sorptivity index, Sy (mm/min'/?
0 4 0.118 0.139 0.102 0.108 0.120
35 4 0.097 0.105 0.056 0.067 0.078
55 @ 0.099 0.112 0.050 0.055 0.075

¢ Test could not be conducted for this series due to lack of specimens.

For this reason, the extent of any self-healing could be best detected,
by comparing the results of pre-loaded and virgin specimens’ prop-
erties ata particular age. As seen from Tables 3 and 4, the measurable
damage and healing were the least clear with the ultrasonic pulse
velocity and the most clear with the RCPT.

By comparing the plot of the cumulative water absorption of
healed specimens stored in water with that shown for the mechan-
ically pre-loaded specimens before exposure in Fig. 4, it can be ob-
served that a significant reduction of the nonlinearity of
cumulative water absorption with the square root of time has been
observed even after 15 days moist curing period. The minimum
coefficient of correlation value of 0.98 (from linear regression)
was observed for the healed specimens. This suggests that between
the time of inducing pre-cracking and the time of testing, after
immersion in lime-saturated water, healing of the microcracks
has occurred in the SCC specimens.

In order to draw a clearer picture only the compressive strength
and RCPT results are presented in Fig. 6 and the following discus-
sions are based on compressive strength as for the most clear
mechanical property, and RCPT as for the most clear permeation
property.

As presented in Fig. 6a, for the control SCC mixture (with 0% FA)
that did not go through any healing, pre-loading up to 70% caused a
strength reduction of about 6%. However, as observed in Fig. 6b and
¢, with subsequent curing in water, the strength reduction van-
ished even after 15 days of moist curing. For the same mixture,
when the amount of pre-loading was increased to 90%, the amount
of strength reduction came down from 19% to about 14% in the first
15 days, and later to 13% in the next 15 days. These amounts of
reduction, demonstrate the extent of self-healing on the control
mixture as detected by its strength. When the HVFA-SCC mixtures
are examined, for a FA replacement level of 35%, the compressive
strength reduction due to a pre-loading of 90% was 23% at 28 days
and with subsequent curing reduced to 12% in the first 15 days,
and later to 10% in the next 15 days. As the FA replacement level
increased up to 55%, the compressive strength reductions were
more visible. For 90% of pre-loading, the reduction amount reduced
from 27% to 14% in the first 15 days, and later to 7% in the next 15
days. From the above mentioned discussions, it was observed that
although the reduction in compressive strength of control SCC
mixture after pre-loading is less than that of SCC mixtures with
FA, the unhydrated cementitious material available for further
hydration is also lower. Therefore, it appears that the FA signifi-

cantly influences the self-healing of the mechanically pre-loaded
specimens even after 15 days moist curing. The C-S-H gels formed
through pozzolanic reactions developed a good bond within the
microcracks. Similar conclusions could also be made for UPV. How-
ever, it could be stated that among the mechanical properties, the
effects of self-healing can better be shown on strength rather than
UPV. As the specimens were tested when they are fully saturated,
the effects of humidity were clearer on strength. However, the
moisture in the cracks hindered the reduction in UPV [37,38].

As presented earlier in Table 3, pre-loading causes microcracks,
which effectively increase the overall porosity and permeability of
the system. The effects of self-healing on the permeation proper-
ties of SCC mixtures pre-loaded to a level of 70% and 90% could
again be followed by examining the test data presented in Table
4, The effects of self-healing are more visible on the permeation
properties when compared to the mechanical properties. There-
fore, by looking at the RCPT increase presented in Fig. 6a, it could
be observed that for the control SCC pre-loaded up to 70%, the in-
crease in RCPT was 15% at 28 days, and with 30 days of subsequent
curing it remained about the same. For the control SCC specimens
pre-loaded up to 90%, the increase in RCPT was 40% at 28 days, and
with 30 days of subsequent curing it remained about 36%. Similar
observations could also be made for the permeation properties as
determined by the sorptivity index. When the HVFA-SCC mixtures
are examined, for a FA replacement level of 35%, the increase in
RCPT due to a pre-loading of 70% dropped down from 32% to 11%
after a curing period of 15 days, and later to 7% in the next 15 days.
For 90% of pre-loading, however, the reduction amount reduced
from 67% to 37% in the first 15 days, and later to 29% in the next
15 days.

From the present study, self-healing of microcracks of HVFA-
SCC under water is evident from the mechanical and permeation
properties previously discussed. The mechanical and permeation
properties indicate that microcracks of HVFA-SCC exposed to
water showed significant self-healing in 30 days. This can be
attributed primarily to the high cementitious material content
and relatively low water to binder ratio within the HVFA-SCC
mixture. As a result of the formation of microcracks due to
mechanical loading, unhydrated cementitious particles (unhy-
drated fly ash) are easily exposed to the water, which leads to
development of further hydration processes. Therefore, in addi-
tion to water, the other essential requirement for self-healing
process is the presence of compounds capable of further reaction,
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Fig. 6. Change in strength (f.) and permeability (RCPT) of self-healed specimens: (a) before any healing, (b) after 15 days of healing, (c) after 30 days of healing.

such as unhydrated FA particles. When these requirements are
available, the structures where the self-healing may be beneficial
are culverts, piles, pipes, tunnels, water reservoirs, basements,
water retaining structures, pavements and marine structures. Fi-
nally microcracks under conditions of a damp environment were
closed by newly formed products, which can also reduce the
ingress of aggressive ions when compared to the unhealed
specimens.

4. Conclusions

In this article, the results of an experimental investigation on the
mechanical and permeation properties of self-healed SCC speci-
mens are presented. After a controlled pre-cracking phase up to
90% of the ultimate compressive strength, specimens are cured in
water for an additional 30 days. Pre-loading the concrete caused
anincrease in its total porosity and a loss in its ultimate compressive
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strength. As microcracks developed inside the concrete structure,
the pore structure was modified and the continuity of the cracks
was increased.

Internal cracking due to the mechanical loading initially re-
duced the compressive strength by about 6-27%, and increased
the average charge passed by 15-73%. Then the specimens were
stored in water for an additional month. It was observed that
HVFA-SCC mixtures initially lost 27% of their strength when pre-
loaded up to 90% of their ultimate strength, and after 30 days of
water curing that reduction was only 7% with respect to virgin
specimens at the same age, indicating a substantial healing. On
the other hand, for SCC specimens without FA that were pre-loaded
to the same level, the loss in strength was initially 19% and after a
month it was only 13%. Similar observations were also made on the
permeation properties with greater effects. This was explained to
be due to the fact that the HVFA-SCCs studied have an important
amount of unhydrated FA particles available in its microstructure,
and these observations are attributed to the self-healing of the pre-
existing crack, mainly by hydration of anhydrous FA on the crack
surfaces. Recovery of compressive strength and permeation prop-
erties can be related to the progressive filling of the crack by newly
formed C-S-H gels due to the pozzolanic reactions.
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