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Concrete is susceptible to cracking due to both autogenous and drying shrinkage. Nevertheless, most of
these types of cracks occur before 28 days. Because fly ash continues to hydrate after 28 days, it is likely
that hydrated products from fly ash may modify microstructure, seal these cracks, and prolong the ser-
vice life. This research investigates the self-healing ability of fly ash-cement paste. Compressive strength,
porosity, chloride diffusion coefficients, hydration reactions and hydrated products were studied. The
research focuses on behavior after 28 days. According to the experimental results, the fly ash-cement
system has the self-healing ability for cracks that occur from shrinkage. The self-healing ability increased
when the fraction of fly ash increased.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The self-healing ability of concrete has been researched for
over a decade. Jacobsen and Sellevold [1,2] reported the self-heal-
ing of concrete after deterioration: concretes that lost as much as
50% of initial relative dynamic modulus during freeze/thaw cy-
cling could recover almost completely during subsequent storage
in water. Edvardsen [3] has reported autogenous healing of
cracks in concrete during water flow: the experimental studies
showed the formation of calcite in the crack to be the main rea-
son for the autogenous healing. Reinhardt and Jooss [4] have re-
ported permeability and self-healing of cracked concrete as a
function of temperature and crack width. The mechanism in-
volved water flow from an external supply. Neville [5] has re-
ported that there are two major hypotheses regarding the
reactions in self-healing mechanisms: the hydration of anhydrous
cement available in the microstructure of hardened concrete and
the precipitation of calcium carbonate CaCOs. Granger et al. [6]
have reported that the self-healing of cracks in an ultra high-per-
formance cementitious material by mechanical tests and acoustic
emission analysis.

From the literature review, in all cases, additional water is
essential for the self-healing mechanism. This is not a problem
for underground structures where water saturation generally ex-
ists. However, for aboveground structures, the availability of water
is limited.

* Corresponding author. Tel.: +33 4 74 82 83 87; fax: +33 4 74 82 80 11.
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Meanwhile, fly ash is a pozzolanic material that reacts with
Ca(OH), from cement hydration and produces C-S-H gel. In fact,
this reaction is less influenced by the availability of free water than
the hydration reaction of cement [7].

Fly ash is also effective for improving various properties of con-
crete such as long term compressive strength, permeability and
resistance to chloride diffusion. The C-S-H gel produced by the
pozzolanic reaction of fly ash may seal micro cracks, and accord-
ingly it is expected that the concrete made with cement and fly
ash may show self-healing ability.

The objective of this research is to investigate the self-healing
possibility of fly ash-cement systems. The factors in this study
are compressive strength, chloride diffusion, the cracks and/or
the porosity formation, the hydration of cement and fly ash and hy-
drated products such as C-S-H gel and Ca(OH),.

As for the hydration analysis, the individual hydrations of fly
ash and cement were estimated by combination of selective disso-
lution and XRD-Rietveld analysis [7]. As for the cracks and/or the
porosity formation, it is difficult to precisely measure the position
and width of cracks in concrete because a multitude of factors
influence the crack formation. In particular, in the case of a very
small crack, the crack widths measured externally are not constant
over the complete specimen height [4]. On the other hand, pore-
structure modification can be detected by the mercury intrusion
porosimetry. Jacobsen and Sellevold [1] have investigated the
self-healing effects of conventional concrete by mercury intrusion
porosimetry. Therefore, in this study, the pore modification mea-
sured by mercury intrusion porosimetry was used to analyze the
cracks and the pore formation.

0958-9465/$ - see front matter Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.cemconcomp.2008.12.009


mailto:pipat.termkhajornkit@lafarge.com
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp

196 P. Termkhajornkit et al./ Cement & Concrete Composites 31 (2009) 195-203

2. Experiment

Ordinary Portland Cement (OPC) and fly ash type II following to
JIS R5210 and JIS A6201 are used in this study. The physical and
chemical properties of the fly ash and OPC are shown in Table 1.
Paste samples were prepared with the water-binder ratio of 1.45
by volume. The cement was replaced with fly ash. The replacement
ratios were 0%, 15%, 25% and 50% by volume, therefore, the water—
binder ratio by weight are 0.48, 0.49 and 0.53, respectively. Sam-
ples were cured with a sealed curing condition so that there is
no water exchange with the environment.

The compressive strength of the hardened pastes was measured
until 182 days. The hydration degree and porosity were measured
until 365 days. The compressive strength was the average value
from three measurements and the porosity was based on one mea-
surement. The standard method for compressive strength mea-
surement in this study is JIS R5201. The effective chloride
diffusion coefficient was measured at 28 and 91 days by accelera-
tion method according to Japanese standard JSCE-G571-2003. This
standard applies to concrete materials, but was adapted to paste
specimens in this study. The paste was prepared in a cylinder mold
with height and diameter of 200 and 100 mm, respectively. At each
required age, the middle part of the specimens was cut. The thick-
ness of specimen was 50 mm. The specimen was pre saturated
with water for 24 h. The accelerated method was conducted under
an applied electric potential of 15V across samples. NaCl solution
and NaOH solutions were prepared at cathode and anode with con-
centration 0.5 and 0.3 mol/L, respectively. The concentration of CI

ion in the solution at cathode and anode were measured by an
ion chromatography. In this experiment, only FA 0% and FA 25%
were tested.

At the required age, the samples were broken into 2.5-5.0 mm
pieces by hammer, soaked in acetone to stop the hydration reac-
tion, and further dried at 105 °C. A part of each of the samples
was kept in a desiccator for mercury intrusion testing. The remain-
ing material was ground in a disc mill until particles smaller than
75 um were created. The determination of the amount of unhy-
drated fly ash was based on the selective dissolution method using
HCI and Na,COs solutions [8]. It should be noted that the different
cracking and drying methods can give the different results of the
porosity and the hydration degree; however, these matters are out-
side the scope of this study.

As for the XRD-Rietveld analysis, Cu Ko X-ray diffraction equip-
ment was used. The experiments were carried out in the range of
5-70° in 20 with 0.02 step scan and 1.00 s/step speed. The diver-
gence slit, scattering slit and receiving slit were 1/2°, 1/2° and
0.3 mm, respectively. 10% of corundum was used as an internal ref-
erence. The sample and the internal reference were carefully mixed
until a homogeneous color and texture were obtained. The Rietveld
analysis program used in this study was the SIROQUANT version 3
software [9]. The hydration degree of cement and fly ash were
measured until 365 days. The amount of C-S-H gel was calculated
by combined method between the selective dissolution and XRD-
Rietveld analysis [7,10,11].

An ignition loss was measured. The ignition loss of the sample is
expressed as the weight loss of the sample between 105 °C and

Table 1
Physical and chemical properties of fly ash and OPC.
Ignition Chemical composition from Mineral composition from Blaine Density
loss (%) XRF analysis (mass) XRD-Rietveld analysis (mass) surface (kg/
3
Si0,(%) AlLO;  Fe,03  CaO (%) MgO(%) Na0(%) K0 (%) TiO,(%) MnO(%) CiS(%) GS(%) CsA(%) CAAF(%) ?rrnef/kg) )
(%) (%)
OPC 0.77 20.84 5.95 2.62 63.63 1.79 0.18 0.33 0.34 0.10 63.09 1299 11.78 9.23 347 3150
Fly ash 0.90 59.90 29.60 4.80 1.30 0.60 0.00 0.70 0.00 0.00 - - - - 376 2290
]
L]
:
07 — OPC 22% —OPC 30% — PRBA 25%
H PRBA 50% — TU 50% —CA 25%
_-200 CA 50%
© H
& 400
< L
& -600 | i
4 -
£ =
£ -800 %
0 -
g
©-1000
c
9] e S
> |
£-1200
<
-1400
0 200 400 600 800 1000 1200

Age (days)

:> More than 70% of autogenous shrinkage occurs before 28 days

Fig. 1. Autogenous shrinkage of concretes.
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950 °C divided by the weight of the sample after being burned at
105 °C.

3. Results and discussion
It must be noted that the artificial cracks were not generated in

the experiment plan. Therefore, first of all, it is necessary to specify
the meaning of self-healing in this study. In conventional con-
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Fig. 3. Increase of paste compressive strength after 28 days.

cretes, micro cracks are typically induced by drying shrinkage
[12,13]. On the other hand, high-performance concretes such as
the high-strength and the self-compacting concretes may contain
cracks due to autogenous shrinkage [14-17]. Many researchers
have investigated and confirmed the benefits of shrinkage-reduc-
ing admixtures [18-20]. Nevertheless, it is difficult to completely
avoid micro cracks in concretes. Holt and Leivo [13] have reported
that both drying and autogenous shrinkage could be significant in
certain early age scenarios.

In the author’s previous research [8], similar results have been
found. Fig. 1 elucidates the results of autogenous shrinkage. About
70% of the autogenous shrinkage occurred before 28 days. This
amount should be similar for drying shrinkage.

If there are enough cementitious particles that can hydrate after
28 days, the self-healing ability may appear. Therefore, the defini-
tion of self-healing in this research is the ability to heal the cracks
without extra treatment. Since the samples were prepared in a
sealed curing condition, the source of the cracks was expected to
be autogenous shrinkage. In this study, the changes of compressive
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Fig. 5. Decrease of total porosity after 28 days.
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strength, porosity, effective chloride diffusion coefficient, hydra-
tion reaction and hydrated products after 28 days are emphasized.

3.1. Compressive strength

Until now, the compressive strength is still the major factor to
control the quality of concrete in practice. The results in Fig. 2 con-
firm the known dependence of compressive strength as a function
of replacement ratio of fly ash and time. The compressive strength
decreased when cement was replaced by fly ash. However, the
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Fig. 8. Decrease of capillary porosity after 28 days.

increase in compressive strength after 28 days is notable. As shown
in Fig. 3, the increase of compressive strength after 28 days of FA
25% was highest, following by FA 50%, FA 15% and OPC, respec-
tively. It is expected that the increase of compressive strength after
28 days is mainly due to the hydration of fly ash, as described in
Section 3.4.
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3.3. Effective chloride diffusion coefficient

Figs. 9 and 10 show the concentration of Cl~ at the anode and
the effective chloride diffusion coefficients of OPC and FA 25% at
28 and 91 days, respectively. The effective chloride diffusion coef-
ficient was calculated as follows:

_ JaxRxTxL
= Za X FxV x Cypge < 100 (1)
Jo = s @)

In which D is an effective chloride diffusion coefficient (cm?/
year); J¢ is a flux of chloride ion (mol/cm? year); R is the gas con-
stant (J/(mol K)); T is absolute temperature (K); L is the length of
specimen (mm); Z ¢ is 1 for chloride ion; F is Faraday constant
(C/mol); V is electrical potential (V); Canoge is the concentration of
chloride ion at anode (mol/1); Vg4 is the average volume of solu-
tion at anode (1); A is cross-section of specimen (cm?); and S is a
slope of the curve between concentration of chloride ion at anode
and time (mol year/l).

At 28 days, the effective chloride diffusion coefficient of FA 25%
was slightly lower than that of OPC. The difference was greater at
91 days. At both ages, the effective chloride diffusion coefficients of
OPC are higher though the total porosity is lower.

From 28 to 91 days, the effective chloride diffusion coefficients
of OPC somewhat decreased, however, for those of FA 25%, a
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remarkable decrease was observed. Fig. 10 shows that for the 91-
day test, it took a long period of time before the concentration of
Cl™ at anode of FA 25% started to increase. It is likely that the dif-
ference between effective chloride diffusion coefficients of FA 25%
at 28 and 91 days came from the hydration of fly ash.

3.4. Hydration degree and hydrated products

Fig. 11 shows the hydration degree of the cement and fly ash as
functions of time. The hydration degree of cement increased rap-
idly until 28 days and then became almost constant.

Comparing between the cement paste and the fly ash-cement
paste, the hydration degree of cement in the cement paste was
slightly lower than those in the fly ash-cement paste. Neverthe-
less, the difference could be neglected at higher ages. In contrast,
the hydration degree of fly ash was very low before 28 days. How-
ever, from 28 days to 91 days, the hydration degree of fly ash in-
creased rapidly and was still gradually increasing at later ages.

The hydration degree is defined as the amount of the hydrated
part divided by the total amount before the hydration reaction. It is

12
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u—y
o
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Hydrated cementitious particles during

OPC FA15% FA25% FA50%

14

useful to compare the hydration degree among samples if the
total amounts before the hydration reactions are equal. However,
if the total amounts before the hydration reactions are not equal,
comparing the amount of hydrated material may be more
convenient.

Fig. 12 shows the amounts of hydrated cement and fly ash as
functions of time. In Fig. 11, the hydration degree of fly ash in FA
15% was higher than those in FA 25% and FA 50%. In Fig. 12, how-
ever, the amount of hydrated fly ash in FA 50% was higher than
those in FA 25% and FA 15%. The total hydrated particles (cement
and fly ash) decreased when the replacement ratio of fly ash
increased.

Fig. 13 shows the amount of cementitious particles that hy-
drated after 28 days. At 91 days, the specimen that had highest hy-
drated fraction after 28 days was FA 50%, followed by FA 25%, OPC
and FA 15%, respectively. However, at 182 and 365 days, the se-
quence has changed corresponding to the replacement ratio of fly
ash. Fig. 14 shows the fraction of cementitious particles that hy-
drated after 28 days. As the replacement ratio of fly ash increases,
the hydrated fraction of fly ash increases.
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Fig. 15 shows the amount of hydrated products, C-S-H gel and
Ca(OH), as a function of time. The decreasing of Ca(OH), corre-
sponds to hydration of fly ash. Until 91 days, the amount of C-S-
H gel decreased as the replacement ratio of fly ash increased. How-
ever, after 91 days, the differences in OPC, FA 15% and FA 25% are
very small. Fig. 16 shows the amount of C-S-H gel that is produced
after 28 days. For greater amounts of fly ash, the amount of C-S-H
produced after 28 days increased.

One may ask how long fly ash-cement system can maintain the
self-healing ability. This should relate to how long fly ash can con-
tinue to hydrate. There are at least two factors: first, the available
space for the hydrated products and second, the essential com-
pounds for the self-healing reaction, anhydrate fly ash and
Ca(OH)z.
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For the first factor, it seems that the meso- and macro-pores are
the space for the hydrated products of fly ash. If there are no meso-
and macro-pores or their volume is very small, the hydration reac-
tion may stop. However, if there is space generated later by cracks,
there is possibility that the hydration reaction might restart again.

For the second factor, from Figs. 11 and 15, it confirmed that
anhydrate fly ash and Ca(OH), still left in every fly ash-cement
mixtures. As long as fly ash and Ca(OH), are still available, there
is good possibility for healing.

In very long term case, Ca(OH), may not exist anymore due to
carbonation. However, as long as anhydrate fly ash still exists,
the self-healing ability might be activated by painting concrete
with Ca(OH), solution. This part needs further research to verify.

All the results in this study showed that the self-healing ability
of fly ash-cement paste increased when the replacement ratio of
fly ash increased from 0% to 50% by volume. However, it should
be noted that when cement was replaced by fly ash, the compres-
sive strength decreased. In real concrete, this problem may be
overcome if fine aggregate instead of cement is replaced by fly ash.

4. Conclusions

This research has investigated the self-healing ability of fly ash-
cement systems considering compressive strength, porosity, chlo-
ride diffusion coefficient, hydration reactions and hydrated prod-
ucts. The research focused on behavior after shrinkage cracking
occurs or after 28 days. The amount of cracks was not measured di-
rectly but was implied by the amount of total porosity. The results
showed that the increase of compressive strength after 28 days of
samples containing fly ash was higher than those of ordinary ce-
ment paste. As for the porosity, the reductions of total capillary
pores after 28 days in fly ash-cement paste were higher than those
in cement paste. They increased with an increase of the replace-
ment ratio of fly ash. As for chloride diffusion, the effective chloride
diffusion coefficients of samples with 25% fly ash at 91 days were
significantly lower than those of cement paste. From the view
point of hydration, the amount of cementitious material hydrated
after 28 days increased when the replacement ratio of fly ash in-
creased. It can be concluded that fly ash-cement system has the
self-healing ability for micro cracks that occur from shrinkage. Fu-
ture directions of this work include a focus on larger cracks, which
may need to be artificially generated, and also on cracks that ap-
pear at later ages.
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