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This paper deals with the study of corrosion level of reinforcing steel bars embedded in Portland cement
mortars containing different types of fly ash. Fly ashes used were obtained by physico-chemical treat-
ments of an original F class fly ash to modify their magnetic properties and reduce their particle size.
An original fly ash (T0) and three types of modified ashes were tested according to treatment duration

and magnetic properties (T60, ground fly ash; TNM, non-magnetic fraction; TM, magnetic fraction). Cor-
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rosion tests on reinforced mortar specimens with and without different types of fly ashes, cured at 40 °C,
and under accelerated carbonation conditions and seawater immersion, have been performed in order to
obtain conclusions on durability. From the corrosion point of view the addition of TNM in mortars
showed to be much more effective than addition of the original TO fly ash.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Generally speaking, the utilization of fly ash in concrete and
mortar production brings economic benefits because it is usually
a low-cost material and it can be used to replace higher-cost mate-
rials [1]. Additionally, in some cases, the use of fly ash in concrete
and mortar mixes represents technological advantages, due to poz-
zolanic activity, workability of mixes and regularity of production
and composition. Finally, environmental aspects should be taken
into account when fly ash is used: for example, energy saving,
reduction of carbon dioxide emission, and lessened disposal prob-
lems [2-5]. More questions and factors arise when trying to make
these materials applicable to reinforced concrete structures be-
cause the protection of rebars from corrosion is essential.

At present, there are some references in the specialised bibliog-
raphy concerning the corrosion levels of reinforcing steel embed-
ded in these cement-fly ash mortar and concrete mixes [6-21].
The majority of research works assert that ash additions affect pos-
itively (less corrosion) the rebar corrosion state in the presence of
chloride ions [12,13,15-18,20,21], whereas other authors maintain
that such additions have a negative effect under carbonation con-
ditions [14,19]. The beneficial effects on chloride-induced corro-
sion are mainly related to the reduction in the permeability
properties of the cementing matrix, due to the improvement in
the workability and the densification by the pozzolanic reaction.
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Obviously, the pozzolanic effect of fly ash can reduce the alkaline
reserve of concrete and a reduction of the carbonation resistance
of the concrete cover is observed.

Some particles of fly ash have the ability to interact with a mag-
netic field, while some others do not have this property due to a
different proportion of iron oxides in each individual particle.
The influence of the different fly ash fractions, in terms of their dif-
ferent magnetic behaviour, on the corrosion of reinforcing steel has
not been previously reported. Several studies on alternative proce-
dures for modifying the nature of fly ash samples have been pre-
sented [22-27]. The spherical particles are broken down by
mechanical grinding and consequently the fineness and pozzolanic
reactivity is significantly increased. With the magnetic-extraction
treatment, an examination of particles where the spherical shape
is maintained provides fly ash fractions, magnetic and non-mag-
netic, differing in chemical composition.

An important research effort has been dedicated to analyse and
interpret the influence of this type of ash when used in the fabrica-
tion of mortar and concrete mixes [22-27]. These studies however
have concentrated on the changes that the presence of ashes pro-
duces in the properties of such mixes: workability, compressive
and flexural strengths, and lime fixation. This could be sufficient
for mass concrete constructions but the most used material in con-
struction is reinforced concrete in which there is another material
that must be taken into account: the reinforcing steel.

The main objective of the present paper is to study the effect of
modifying the nature of fly ash samples on the corrosion rates of
reinforcing steel embedded in cement-modified fly ash mortars.
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2. Experimental programme
2.1. Materials and specimen preparation

Low-calcium fly ash (class F according to ASTM C-618) from the
thermoelectric power plant Andorra-Teruel (Spain) was used to
obtain the various fractions of modified fly ashes: TO, original fly
ash; T60, original fly ash ground for 60 min; TM, magnetic fraction
of the original fly ash; and TNM, non-magnetic fraction of the ori-
ginal fly ash. Fly ash chemical compositions are summarized in Ta-
ble 1. Cement type CEM I 42.5R (OPC) meeting the Spanish
standard [28] requirements was used. Silica sand (of standard par-
ticle size distribution) and distilled water were always employed.
The mortar combined one part (by mass) of cement and three parts
of sand. Different mortars were prepared using 0.5 and 0.7 w/c
(water/cement + fly ash ratio), and replacing 30% of cement by fly
ash (by mass). The specimens for corrosion tests were prismatic
2 x 5.5 x 8 cm and contained, embedded, two identical bars of car-
bon steel (76 mm). A graphite bar embedded in the middle was
used as a counter-electrode. The resulting thickness of the mortar
cover for the electrodes was 7 mm. The mortar specimens were
prepared in the laboratory at 20 °C and 80% R.H. After demoulding,
24 h later, test specimens were immersed in water for 28-days of
curing period at 40 °C, to ensure that pozzolanic reaction was well
advanced.

For migration tests cylindrical mortar specimens (10 cm diam-
eter, 12 cm height) were prepared. After hardening, specimens
were submerged in water for a 28-day curing period. Then, two
discs (10 cm diameter, 15 mm thickness) were extracted from each
specimen. These discs were the samples to be tested in the chloride
migration tests. The values presented in this work are the mean va-
lue of these two replicates of each specimen. Prior to the perfor-
mance of the tests, the samples were water saturated in order to
eliminate the air in the pores.

In the process of carbonation the test specimens were main-
tained in a chamber holding a 100% CO, atmosphere at a RH of
=~65% [30], in order to achieve a rapid carbonation. Prismatic spec-
imens (of 2 cm x 2 cm x 8 cm dimensions) of the prepared mor-
tars were also stored in the chamber and were used to control
the carbonation front progress.

On the other hand, for the seawater attack tests, specimens
were partially submerged in seawater, see Fig. 1. The immersion
depth was 7 cm to avoid the contact between the external part
of the steel electrodes and the solution.

Natural Mediterranean seawater was used in corrosion experi-
ments, with ion content as summarized in Table 2.

Standard corrugated steel rebars were used for the experiment.
The steel exposed area was 9 cm?. Bars were previously cleaned in
HCI:H,0 1:1 with urotropine solutions, abraded with abrasive pa-
per, and degreased in acetone. Adhesive tape, tightly pressed, was
used to limit the exposed area.

2.2. Extraction procedures

Original fly ash (T0) was suspended in water and mechanically
and vigorously stirred. Maintaining the stirring, a hand electro-

Table 1

Chemical composition of original and modified fly ashes [29].
Fly ash Si0, Fe,03 Al,03 Cao MgO LOI?
TO/T60 41.40 15.95 26.22 6.10 1.11 2.20
™ 28.7 243 344 7.4 1.5 0.5
TNM 42.5 5.6 314 11.7 2.0 1.8

@ LOI: loss on ignition.
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Fig. 1. Cross section view of the specimen partially submerged in seawater.

Table 2
Ion content of sea water used in the experiments.

Ion Na* K Ca? Mg?* cl- S02- HCO;3

mg/l 12,000 400 450 1500 21,500 2900 130

magnet with a plastic shelter was introduced in the suspension
for 30 s and then removed. Fly ash magnetic fraction (TM) adhered
to the plastic surface and, when the current was switched off, the
magnetic fraction was obtained. This process was repeated several
times, until the amount of adhered fly ash was negligible. Non-ex-
tracted fly ash (that is, the non-magnetic fraction, TNM) and TM
fraction were heated at 110 °C for 24 h, yielding two dried fly ash
samples, ready for experiments.

2.3. Grinding procedure

Samples of original fly ash (TO) were ground using a laboratory
ball-mill (Gabbrielli Mill-2) for 60 min: 450 g of TO were intro-
duced into the bottle mill containing 80 alumina balls (18 mm in
diameter). The ground sample was designated T60.

2.4. Scanning electron microscopy (SEM)

The scanning electron microphotographs were taken with a
JEOL JSM-6300 SEM equipped with an energy dispersive X-ray
(EDX) analyser. High vacuum evaporation was used to deposit a
thin gold film to make the specimen surfaces electrically
conductive.

2.5. Corrosion measurement technique

The electrochemical technique used to measure the instanta-
neous corrosion rate, Iy, Was the polarization resistance tech-
nique, through the well known Stern-Geary formula [31] Icon =
B/Rp. Icorr Was calculated assuming values of B =26 mV for corrod-
ing steel or 52 mV for passive steel. R, and corrosion potential
(Ecorr) Were periodically measured during the time of the experi-
ment, and also the weight loss was measured, for each electrode,
at the end of the test. All potentials are referred to saturated-calo-
mel electrode (SCE). A potentiostat-galvanostat EG&G Model 362
was used. I, data were calculated as average values of four
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Fig. 2. Experimental arrangement used in migration tests.

measurements (two specimens, two electrodes each). After the
corrosion tests were performed, mortar specimens were broken
and the steel electrodes were extracted. These electrodes were
cleaned and weighted to compare the electrochemical mass loss
(calculated by integrating the I, vs. time graph and applying Far-
aday’s law) with the gravimetric mass loss (obtained by the differ-
ence between initial and final mass of steel electrodes). The good
agreement obtained between the two weight loss values validates
the B values employed.

2.6. Migration tests

To perform the steady-state migration tests, a two compart-
ment cell as shown in Fig. 2 was used. This arrangement had been
previously and successfully used by Castellote et al. [32] to obtain
steady and non-steady chloride diffusion coefficients. The mortar
sample was placed in the migration cell separating the cell in
two chambers. Distilled water was introduced in the compartment
where the anode was located (anolyte) in all cases. The voltage ap-
plied was 12 V DC, although the real voltage drop across the spec-
imen was measured as indicated in Ref. [33]. Periodically in the
course of the experiment the electrical field was switched off
and, after waiting for 5 s, the conductivity of the anodic solution
was measured by introducing a conductive electrode in the com-
partment. Conductivity values were referenced at 25 °C. Once the
conductivity was recorded, the electrical field was switched on
again to continue the test. Conductivity values were transformed
to chloride concentration ones using the relation found by Castell-
ote et al. [32]:

[CI] (mM) = —1.71 + 1145 - p (mS/cm)

3. Results and discussion
3.1. Characterisation of fly ash fractions

The classification of fly ashes using magnetic procedures, such
as extraction using hand-magnets or hand-electromagnets, logi-
cally leads to fractions with essentially different content in iron
compounds. When the original fly ash TO was divided in magnetic
TM and non-magnetic TNM fractions, a noteworthy difference in
iron content occurs (see Table 1), giving a very high iron oxide con-
tent, higher than 24%, for the TM fraction. This is attributed to the
presence of a high amount of magnetite. X-ray diffractograms for
TO, TNM and TM fly ashes are shown in Fig. 3. It can be noted that
in curve for TNM, main mineral phases were quartz and mullite,
whereas TM sample showed additionally peaks for magnetite
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Fig. 3. X-ray diffraction plots of the fly ash fractions.

and hematite. Additionally TM fly ash fraction was very coarse
(see Fig. 4 and Table 3). On the other hand, T60 and TNM contained
the highest volume of particles under 10 um in diameter (67.01%
and 42.00% respectively) and are considered finer than TO.

Fig. 5 shows some SEM photos of different types of fly ash par-
ticles. Micrographs, Fig. 5a, c and d, show the typical spherical and
spheroidal shaped particles of fly ashes. The magnetic extraction
procedure did not change the particle shape. On the other hand,
micrograph, Fig. 5b, shows that original fly ash particles have been
broken, however some remaining spherical small particles are also
observed.

3.2. Corrosion and migration results

The effect in rebar corrosion of the addition in mortar samples
of the four types of fly ashes (TO, T60, TNM and TM), made with
0.5 w/c ratio, cured for 28 days at 40 °C and 100% RH, and sub-
jected to the following two conditions has been studied: chloride
and migration attacks, which are the typical agents causing dura-
bility problems.

3.2.1. Partial immersion in seawater: corrosion studies
After the curing period (28 days, RH = 100%, 40 °C), water-satu-
rated samples (two for each fly ash type) were partially immersed

0.01 0.1 1 10 100
Particle size (um)

1000

Fig. 4. Particle size distribution of the fly ash fractions.
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Table 3
Selected characteristic parameters of the fly ash fractions.

Fly ash type Mean diameter (pum) D[0.1] (um) D[0.5] (pm) D[0.9] (um) Volume under 45 um (%) Volume under 10 um (%)
TO 30.09 1.90 13.04 73.01 81.94 41.28
T60 8.73 1.13 6.46 19.46 99.82 67.01
TNM 20.05 2.04 12.32 49.38 88.35 42.00
™ 40.13 3.23 20.02 96.64 73.23 30.73

Fig. 5. SEM photos of different types of fly ash particles: (a) original, TO; (b) ground sample, T60; (c) magnetic fraction, TM; (5): non-magnetic fraction, TNM.

in seawater, being the immersion depth 7 cm to avoid the contact
between the seawater and the external part of the rebars. In these
experiments two specimens with w/b=0.7 and 0.5 were also
tested in order to compare for different porosity values and use
the similar water/cement ratio as in fly ash-containing mortar
(that is considering fly ash as an addition). From the beginning of
this test phase significant differences in corrosion behaviour were
observed for rebars embedded in each of the mortar samples.

The transition between currents of 0.1 and 0.2 pA/cm?, as
marked in Fig. 6, corresponds approximately to the transition to
a regime of active corrosion, in terms of decrease of service life
and a tolerable corrosion rate [34].

Initially, prior to seawater immersion, all samples presented
relatively high corrosion intensity values, between 0.2 pA/cm?
and 0.9 pA/cm? (Fig. 6). However, during the next 28 days the cor-
rosion rate decreased progressively down to values between
0.03 pA/cm? and 0.07 pA/cm?. This initial high corrosion rate tak-
ing place at the beginning of the test is due to the passivation pro-
cess, since passivation involves the corrosion of the steel surface
[14,35,36].

After seawater immersion, differences became quite consider-
able by the end of the experiment, between 180 and 190 days, at
which point the corrosion intensity profile has reached a stationary
value, which is different for each of the samples. The highest corro-
sion intensity values correspond to rebars embedded in mortar
without additions and w/c ratio of 0.7: their values increased from
an initial 0.04 pA/cm? to a stationary value of about 1.7 uA/cm?.

Substitution of 30% of cement mass by ground fly ash (T60) and
non-magnetic fly ash (TNM) leads to a significant improvement in

rebar corrosion protection in this particularly aggressive environ-
ment. Steels embedded in mortars with original fly ash (T0) and
magnetic fraction of fly ash (TM) offered corrosion rates slightly
higher than steels embedded in the control mortar with w/
c=0.5, although lower than steels embedded in control mortar
with w/c=0.7.

The corrosion intensity values detected in rebars embedded in
TO added mortars were among the highest registered in modified
fly ash added mortars: they increased from an initial 0.07 pA/cm?
up to a stationary value of about 1 pA/cm? Next is the TM fly
ash sample, showing high corrosion intensity values with a mean
value of about 0.3 pA/cm?. Probably the reason for the behaviour
of the TM containing mortar is the low pozzolanic reaction degree
for this type of fly ash; consequently, chloride ions diffuse more
easily in this matrix. However, TO fly ash is considered much more
reactive but the corrosion rate was significant: probably, the pres-
ence of large porous carbon particles [37] for this matrix did not
improve the barrier effect to chloride diffusion. Values below
0.1-0.2 pA/cm? are considered to mean negligible corrosion levels,
not significantly affecting the service life expectancy of the struc-
ture. These low values were found for T60 and TNM containing
mortars. In these cases, their high pozzolanic activity [24-26]
and the fineness of carbon particles (despite that the T60 ignition
loss value is higher than the TO one) could be the responsible of
the denser developed matrices acting as barriers to chloride diffu-
sion. The lowest values of corrosion intensity among all studied
cases correspond to rebars embedded in OPC mortars added with
the TNM fraction of fly ash, showing a stationary value of about
0.01 uA/cm?,
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Fig. 6. Evolution of I, and E.,, with time for mortar samples cured for 28 days, at 40 °C and 100% RH, and subjected to seawater immersion.

In the lower part of Fig. 6 open circuit potential (OCP) values of
steel using a saturated-calomel electrode are presented. It can be
observed that steel bars with higher I .. values offered lower Ec,,
indicating the effective depassivation of the steel electrodes due to
the increase in the chloride concentration at the steel surface. The
electrodes in mortars with non-magnetic fly ash were not affected
by the immersion in the chloride solution, since no increase of their
corrosion rate or decrease of their corrosion potential was ob-
served, indicating that the chloride quantity arriving to the steel
surface was not high enough to depassivate the electrode.

From these results it can be inferred that the use of TNM and
T60 modified fly ash additions for OPC mortars cured for 28 days
at 40 °C and subjected to seawater immersion, is clearly beneficial
from the point of view of corrosion, producing a decrease in the
registered I, values, TNM being the best.

3.2.2. Chloride migration tests

Fig. 7 shows the evolution of chloride concentration in the ano-
lyte for mortars: chlorides appear in the anodic compartment fol-
lowing the order: control, TM and TO, and finally, T60 and TNM.
This can be more accurately summarised in non-steady-state diffu-
sion coefficients (D) (Table 4) that are derived from the time lag
until the chloride concentration achieves breakthrough into the
anodic compartment.

Table 4 also shows steady-state diffusion coefficient (D;) values
that have been obtained through the slopes in the chloride concen-
tration graphs of Fig. 7; the same above mentioned order of merit
can be observed for steady-state diffusion.

These results can be related to I, measurements, Fig. 6, where
corrosion rate was monitored while specimens were submerged in
seawater. Ds is a parameter that mainly affects corrosion in the
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Fig. 7. Evolution of chloride concentration in the anodic compartment in migration
experiments.

Table 4

Steady and non-steady-state chloride diffusion coefficient for mortars.
Mortar type Dy (mM?[s) D (m?/s)
Control 8.06 x 10~12 5.99 x 1012
TO 2.31x 10712 2.02 x 10712
T60 1.71 x 10712 1.26 x 10712
™ 2.73 x 10712 3.83 x 10712
TNM 1.78 x 10712 1.65 x 10712
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propagation period because it shows the rate of chloride ingress in
the mortar. The trends of both the corrosion level and the steady-
state chloride diffusion coefficient are similar, but do not duplicate
exactly, because other factors not considered in these tests, such as
oxygen diffusion through the mortar, can affect the corrosion pro-
cess .

3.2.3. Carbonation of specimens: corrosion studies

All concrete structures, especially those exposed to atmospheric
conditions, are subjected to a concrete neutralization process. Due
to the highly alkaline character of concrete, it reacts with atmo-
sphere agents (usually acid substances) or neutral aqueous media
(potable or seawater). In the first case SO, and CO, are responsible
for such neutralization, whereas in aqueous media, the dissolved
carbonic acid along with leaching process, are mainly affecting
the paste alkaline phases (Ca(OH),). Fly ashes with different parti-
cle size values have demonstrated [19] that the reduction of parti-
cle size yields an increase of both reactivity with water and acid
neutralization capacity.

The initial corrosion rate values obtained at one day curing
time, see Fig. 8, are relatively low for all samples, between
0.05 pA/cm? and 0.4 pA/cm?. During the curing period, 28 days,
all corrosion rate values decrease, finally reaching similar values
between 0.005 pA/cm? and 0.02 pA/cm?.

Once the curing period was completed, the samples were rap-
idly carbonated under accelerated conditions: 100% CO, and 65%
of RH. In this way the carbonation front reaches the steel surface
very quickly. Initially an important increase of the I values
was detected. From the very beginning significant behaviour differ-
ences were observed regarding the corrosion of rebars embedded
in different mortar types. Thus, a clear distinction in the behaviour
was noticed between TM and TNM fraction added samples, very
similar to each other, in comparison to the original ash (TO) added

1000 4

100 4
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=
sl

1 10 100
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Fig. 9. Comparison between electrochemical and gravimetric mass losses in mortar
specimens.

samples and to the one with 60 min milled (T60), which in turn
had a similar behaviour by the end of the carbonation phase. Steel
bars embedded in mortars with TM and TNM reach steady I.q; val-
ues around 0.3 pA/cm?, and steel bars embedded in TO and T60
show corrosion rates around 0.5 pA/cm?. Although all steel bars
are clearly depassivatived, as a consequence of the carbonation of
the mortar cover, there exists minor differences of TM and TNM
with respect to TO and T60. Since carbonation conditions are very
aggressive, it is not possible to evaluate the carbonation resistance
of the mortars. In the lower part of Fig. 8, E..: evolution of steels is
presented. The trends observed for all steel bars are almost identi-
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Fig. 8. Evolution of I, with time for mortar samples cured for 28 days, at 40 °C and 100% RH, and subjected to carbonation.
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cal meaning that the behaviour of these mortars under carbonation
conditions is very similar.

3.3. Checking with the gravimetric losses

The electrochemical loss (from R, measurements) vs. gravimet-
ric losses are presented in the Fig. 9. It can be observed that all
points lie inside the error factor of two reported by Stern and Geary
[31] for R, measurements. Therefore, the assumed B values
(26 mV) may be considered correct.

4. Conclusions

1. Processing fly ashes by magnetic extraction or by grinding
yields certain types of material showing differences in particle
size distribution, chemical composition and reactivity, as docu-
mented in previous papers [24-26]. In general, significant dif-
ferences in corrosion behaviour of steel rebars embebded in
the mortar containing these processed fly ash types have been
observed.

2. Mortars containing the lowest pozzolanic reactivity ash [26],
that is the magnetic fraction TM, showed the poorest corrosion
protection of embedded rebars in aggressive chloride medium.

3. From the steel corrosion point of view, TNM and T60 additions
were more effective than TO addition when mortars are cured at
40 °C, under chloride aggressive medium.

4. Chloride migration tests have shown that grinding fly ashes and
removing the magnetic fraction can improve the chloride
ingress resistance of mortars.

5. For carbonated samples, TNM and TM fly ash mortars showed a
slightly better behaviour from the steel rebar corrosion point of
view.
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