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Agricultural effluents are transformed under bacteria effect into organic acids which constitute severe chem-
ical and electrochemical attacks for the reinforced concrete of agricultural structures. Among supplementary
cementing materials (SCMs), blast-furnace slag (GBFS) and metakaolin (MK) are classified chemically resis-
tant to the aggressiveness of acidic media and especially organic acids. The objective of this research was to
evaluate the effect of GBFS and MK on the corrosion performance of reinforced mortars. Here, electrochem-
ical measurements allow determining the time needed to initiate the corrosion. Mortar cylinders were made
with three cement types including ordinary Portland cement (OPC), GBFS and MK cements at a fixed water/
cementitious material (w/cm) ratio of 0.65. Corrosion of rebars was simulated by subjecting cylinder speci-
mens to cyclic loading with acetic acid solution (pH 4, 0.5 M) and drying. Concrete resistivity and reinforcing
steel potentials were measured up to 429 days of age. At the end of the experiment, all specimens were saw
cut split open, and visually inspected. It was found that the drop in the linear polarization resistance and cor-
rosion potential curves reflect the time needed to initiate the corrosion. Blending the cement with 20% of MK
is beneficial with regard to delaying the onset of the corrosion by a factor of more than two. However, using
high percentage of GBFS (80%) decreases the time to initiate the corrosion for specimen subjected to acetic
acid attack.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Intensification of farming practice is at the origin of environmental
problems directly linked to the excess of effluents such as liquid ma-
nure and ensilage effluent [1]. Although animal excrement recycling
was recognized as a practice that maintains and improves the fertility
of soils [2], current policies aim for storage in water-tight silos, often
built in concrete.

However, temporary storage of effluents produces many chemi-
cals identified as having a detrimental effect on concrete and the rein-
forcing steel embedded in it. The agricultural effluents are quickly
transformed under the effect of bacteria into organic compounds, in
various quantities, among which are lactic acid and the volatile fatty
acids (VFAs), such as acetic, propionic, butyric, iso-butyric and valeric
acids. According to De Belie et al. [3], the acetic acid originates from
the manure while the lactic acid is from acidified meal/water mix-
tures. The most aggressive acids seem to be those that produce easily
soluble calcium salts, such as acetic acid [4–6]. According to Bertron
[1], an acetic acid solution of pH 4 mimes well the aggressiveness of
organic acids of liquid manure.
ati),
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Agricultural effluents constitute a severe chemical threat toward the
concrete of agricultural structures. In contact with an acetic acid solu-
tion, concretewill undergo an acido-basic reaction leading to the forma-
tion of soluble to very soluble salts in water [7–11]. In an immersion
situation, those actions on concrete lead to the leaching of hydrates
[12,13] causing premature corrosion of reinforcement steel [14–16]
and degradation of the concrete [17,18].

It is very important to improve the durability performance of con-
cretes for utilization in some applications, such as agricultural structure
subjected to several organic acids of liquid manure or silage effluents.
The resistance of concrete to such attack is not only determined by its
permeability, but also by its alkalinity and the chemical composition of
the cement paste [19]. Previous studies focussed on the chemical and
mechanical resistance of cement-based materials subjected to organic
acids. In previous works, the authors had the opportunity to study a
large spectrum of binders made with ordinary Portland cement (OPC),
OPC blended with silica fume (SF)/low-calcium fly ash (FA)/ground
granulated blast furnace slag (GBFS) and metakaolin (MK) used at dif-
ferent replacement percentages, which were immersed in an acetic
acid solution at a pH of 4 to simulate effluents from the agricultural
and agrofood industries. The results showed thatOPC control pastes pre-
sent a very severe alteration [13]. Addition of silica fume or class F fly ash
did not show any improvement compared to the control sample
[13,17,20–25]. MK and GBFS mixtures presented the best resistance
[26]. Furthermore, the results showed a direct relationship between
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the percentage of OPC replacement byMK (15 and 20%) or GBFS (60 and
80%) and the increase in the chemical resistance [26]. Thus, only binders
containing respectively 20%MK and 80%GBFSwere used in this study in
order to evaluate the corrosion resistance of reinforcements.

It is well known that the principal cause of degradation of steel
reinforced structures is corrosion damage to the rebar embedded in
the concrete [27,28]. The pore solution of concrete tends to be alka-
line, with pH values over 12.5 [29,30]. Under such alkaline conditions,
reinforcing steel tends to passivate and display negligible corrosion
rates [31–33]. In contact with an acidic environment, the gradual pen-
etration of the aggressive agent may break the passive film and
depassivate the reinforcing rebars. On the other hand, the substitu-
tion of ordinary portland cement with SCMs leads to densification of
the mortar which should better resist the percolation of the aggres-
sive solution. Nevertheless, the use of SCMs is also accompanied by
a decrease of the pH of the pore solution that can affect the passive
film coating on steel that protects it from corroding. In this study,
very high SCM content was used to improve concrete durability sub-
jected to acidic solution, so, it is important to evaluate the corrosion
resistance of such cement-basedmaterials which oppose the decrease
of the pH conditions and the densification of the matrix. The purpose
of this investigation was to determine the effect of the incorporation of
high content of MK and GBFS for specimens subjected to acetic acid at-
tack on the initiation and propagation time of reinforcement corrosion.

Corrosion of reinforcing steel in concrete is a complex process that
depends on the materials used in the test, environmental conditions,
specimen type and test parameters [34].

Electrochemical measurements are the most commonly used to lo-
cate the corrosion areas of the reinforcing steel bars [35] and provide
good information on the passive film repair or the passive film break-
down [36]. The electrochemical measurements allow determining the
time needed to initiate the reaction and to follow the propagation
phase [27,28,37]. Here, an experimental investigation of the corrosion
of reinforcing steel bars embedded in mortar cylinders containing
SCMs was undertaken. Corrosion tests were conducted to mimic the
best natural conditions of exposure of mortar specimens subjected to
an acidic solution responsible of the reinforcing bars corrosion. The ex-
perimental set upwas inspired by amodified version of the ASTMG109
[38]. This method is indented for use in evaluating the relative perfor-
mance of various SCMs. Corrosion testing consisted of weekly wetting
(with an acetic acid solution at a pH of 4) and drying cycles applied to
reinforced mortar specimens. Multiple electrochemical measurements
such as corrosion potential, macrocell current, and polarization resis-
tance are taken on a regular basis, and corrosion initiation is indicated
by a change in all measurements. Specimens are broken open at the
end of the experiment, when all the tested specimens were corroded,
in order to visually examine the bars for confirmation of the electro-
chemical results.

2. Experimental process

2.1. Materials

This study was conducted on three mortars types made with OPC,
designated in American Standard as GU (General Use), blended with
80% of GBFS and with 20% of MK, respectively, as partial cement re-
placement by mass. The control sample is made only of OPC. The
chemical composition of the binders is given in Table 1.
Table 1
Chemical composition of binders.

Binders %%CaO %SiO2 %Fe2O3 %Al2O3 %M

OPC 62.5 19.6 2.27 4.9 2.
MK 0.03 51.65 0.68 44.7 0.
GBFS 37.31 36.77 0.85 7.77 13.
The immersion solution was composed of acetic acid (CH3COOH),
a weak organic acid, with a dissociation constant pKa of 4.76 at 25 °C.
The concentration of the acetic acid was 0.5 M at a pH 4.

2.2. Specimen making and treatment

Mortar samples were made at a high water/cementitious material
(w/cm) mass ratio of 0.65 in order to obtain corrosion data in a rea-
sonable time frame. The binder content was 393 kg/m3. A uniformly
graded Ottawa silica sand, Accusand C-109 from Unimin Corporation,
was used at a content of 1430 kg/m3. No superplasticizer, water re-
ducing or air-entraining admixture was added. The procedure for
mortars making was performed according to ASTM C192/C192M
[39]. For the control sample, the compressive strength of 20 MPa
was determined according to the ASTM C109M [40].

The embedded reinforcing bars consist of black steel 16 mm in diam-
eter, and 200 mm in length. The reinforcing bars were cut into sections,
cleaned in xylene, the ends were prepared and placed horizontally in
187-mm height and 150-mm diameter cylindrical molds (Fig. 1).

Reinforced specimens were demolded 24 h after pouring and
stored in a wet room at 23 °C and 100% RH. After 6 months of moist
curing, specimens were cut at a height of 127 mm in order to allow
20 mm of mortar cover over the top reinforcing bar. A polyvinyl chlo-
ride ponding reservoir (75 mm high, 100 mm diameter) was fixed
with a silicone caulk above the specimen in order to contain the ag-
gressive solution. Mortar specimens were completely coated with
epoxy (Sikafloor 381) all around. The ponding reservoirs were filled
with an acetic acid solution on a weekly schedule consisting of
4 days wet and 3 days dry at a constant temperature of 22 °C for a pe-
riod of 429 days. A 10-Ohm resistor was attached between the top
and bottom bars so that electrical parameters could be measured.
For each binder tested, five companion specimens were prepared
and tested simultaneously.

2.3. Tests implemented

Reinforcement corrosion of the embedded steel was monitored by
measuring the corrosion potentials, macrocell current, and polariza-
tion resistance at regular intervals, once per cycle at the end of the
wet cycle until the corrosion was initiated in the specimens. Experi-
ments were stopped after 429 days of testing, even if the corrosion
was not initiated in two of the five MK specimens. At the completion
of all wet-dry cycling, all specimens were saw cut split open, and vi-
sually inspected.

2.3.1. Corrosion potential measurements (Ecorr)
Corrosion potential measurements give an indication of the prob-

ability of the corrosion activity through the measurement of the po-
tential difference between a standard portable reference electrode
and the reinforcing steel [41,42]. Corrosion potential readings were
determined in accordance with ASTM C876 [43].

The corrosion potentials (Ecorr) was measured between the work-
ing electrode (WE) (reinforcing steel bar) and the reference electrode
(RE) placed on the upper surface of the concrete (Fig. 2). Ecorr read-
ings were measured using a Potentiostat Solartron SI 1260 recorded
with respect to a saturated calomel electrode (SCE — Hg/Hg2Cl2).
The standard potential of the SCE was −0.242 V compared to that
of the standard hydrogen electrode. According to this method if the
gO %MnO %K2O %Na2O %TiO2 %SO3

61 0.05 0.9 0.24 0.25 2.57
08 – 0.34 0.08 0.12 –

91 1.02 0.43 0.31 0.36 –



Fig. 1. Reinforced specimen configuration.

Fig. 3. Electrochemical measurements of linear polarization resistance.
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potential of steel in concrete becomes more negative than −276 mV
vs. SCE there is a 90% probability that corrosion will occur [44].
2.3.2. Linear polarization resistance measurements (Rp)
The polarization resistance, Rp, is the ratio of the applied potential

to resulting current and is inversely proportional to the corrosion rate
[45,46].

Polarization resistance measurements were determined in accor-
dance with ASTM G59 [47]. The experimental setup (Fig. 3) requires
three electrodes: the working electrode (WE), the reference electrode
(RE) and the counter electrode (CE). A graphite CE was used.

The polarization technique consist to impose a potential or a current
to an electrode and to measure the corresponding current or potential
[48]. The counter electrode conducts the current to the working elec-
trode in order to generate its polarization.

In this test method, a small potential scan, between −0.02 V and
0.02 V, is applied while maintaining the equilibrium between the two
electrodes (CE and RE). The resultant currents, between the working
electrode and the counter electrode are simultaneously recorded.

The reference electrode potential is always fixed. The working elec-
trode potential is measured versus the reference electrode potential.

The recording system allows to follow the evolution of the polari-
zation curve I=f (E). The polarization resistance Rp of a corroding
electrode is determined by measuring the slope of the polarization
curve over the range ±10 mV [49].

The slope represents the apparent resistance (Rapp) which is the
sum of the resistance of concrete (RΩ) and the polarization resistance
(Rp). However, RΩ is negligible [50].Thus, Rapp=Rp.
Fig. 2. Electrochemical measurement of the corrosion potential (Ecorr).
The polarization resistance is usually expressed in kΩ×cm2 in
order to reflect the surface exposed to corrosion. The steel surface ex-
posed is fixed to 51 cm2.

The threshold for corrosion initiation was fixed at 5000 Ω×cm2. A
value of Rp higher than 5000 Ω×cm2 indicates a state of no corrosion.
3. Results

3.1. General aspect of mortar specimens

Fig. 4 shows the appearance of OPC, MK and GBFS mortar samples
at the end of the experiment i.e. after 429 days of cycles of wetting
and drying using an acetic acid solution (pH 4, 0.5 M). The appear-
ance of the acetic acid solution in contact with the OPC mortar
(Fig. 4A) shows a major dissolution of the cement paste. In fact,
many sand grains were detached from the mortar and accumulated
in the reservoir (4B). Fig. 4C presents the acetic acid solution in con-
tact with the MK samples. The solution is clearer resulting from a
lower dissolution rate of MK specimens. This was confirmed by the
surface of the specimen that is slightly degraded with a few sand
grains visible in the reservoir (4D). Finally, Fig. 4E shows the acid so-
lution in contact with the GBFS sample and the surface of that sample
(4F). The solution is lighter with only slight degradation of the surface
which confirms the good chemical resistance of the GBFS mortar
against acetic acid attack [26].
3.2. Evolution of the corrosion potential measurements (Ecorr)

Fig. 5 presents the corrosion potential measured on reinforcedmor-
tars as a function of time. The horizontal blue lines show the threshold
value corresponding to the corrosion probability criterion suggested in
the ASTM C876 (potential of−276 mV with respect to a saturated cal-
omel electrode [44]). Values more negative than−276 mV correspond
to a 90% probability of corrosion. Corrosion initiation is shown in Fig. 6
by a drastic drop of the corrosion potential.

The corrosion was initiated between 165 and 185 days for the OPC
samples exposed to the acetic acid solution (Fig. 5A). The corrosion
potential dropped at only 89 days for one companion specimen. MK
samples (Fig. 5B) present significant improvements in corrosion com-
pared with OPC samples. The corrosion was initiated after 324 days of
exposition and two companion samples out of five were not corroded
at the end of the experiment (429 days). Fig. 5C presents the corro-
sion potential curves for the GBFS samples. The corrosion was initiat-
ed after only 21 days for the five companion specimens.

image of Fig.�2
image of Fig.�3
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Fig. 4. Aspect of the acetic acid solution (A, C, E) and the surface of the specimen after 429 days of wetting/drying cycles (B, D, F) for OPC, MK, and GBFS respectively.
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3.3. Evolution of the linear polarization measurement (Rp)

Fig. 6 presents the linear polarization resistance measurements as
a function of time. The initiation of the corrosion was marked by a
sudden drop in the polarization resistance curve. The threshold of
the corrosion initiation was set at a value of b5 kΩ×cm2 presented
by a blue line on the polarization resistance curves. This technique al-
lows determining the time needed to initiate the reaction of corrosion
and do not directly translate to the corrosion rates.

Fig. 6A shows that the corrosion was initiated between 184 and
198 days for the OPC samples exposed to the acetic acid solution. The lin-
ear polarization resistance dropped at only 64 days for one companion
specimen. This same behavior was observedwith the corrosion potential
measurements. MK samples (Fig. 6B) present significant improvements
in corrosion compared with OPC samples. The corrosion in the MK spec-
imens was initiated between 338 and 352 days of exposition and two
companion samples out offivewerenot corroded at the endof the exper-
iment (429 days). Fig. 6C presents the polarization resistance curves for
the GBFS samples. A drop in the polarization resistance was observed at
the beginning of the test with a sudden drop more pronounced between
only 23 to 26 days. Then, the linear polarization resistance continues to
drop which indicates the initiation and the propagation of the corrosion.
Corrosion products were seen at the surface of the GBFS specimens after
only one month of wetting/drying cycles with the acetic acid (Fig. 7).
3.4. Aspect of the reinforcing bars at the end of the test

Fig.8 shows the distribution of the corrosion products on the rein-
forcing bars of OPC, MK and GBFS mortars. For the three samples, the
top rebars of the specimens show some signs of pitting corrosion local-
ized on the central part of the rebars at the interfaces steel/mortar.
Under the top rebars, corrosion products are distributed all over the
central part of the rebars. No corrosion product was observed next to
the bottom bars of the OPC and MK samples. GBFS samples are the
only one showing corrosion products close to the bottom rebars. The
corrosion products are composed of adherent dense black rust for the
OPC andGBFS sampleswhileMK samples present non-adherent porous
brown–red rust.

Reinforcing bars of OPC and GBFS mortars present important dete-
rioration as seen in Fig. 9. The mass losses of GBFS reinforcing bars are
the most important causing a loss of ductility.

4. Discussion

Reinforcing bars embedded in mortar are surrounded by an alka-
line solution which produces rapid oxidation of the steel surface
forming a passive film which protects the rebar [37]. However, the
percolation of the acetic acid solution (pH4, 0.5 M) within the cement
matrix lowers the pH of the pore solution around the reinforcing bars

image of Fig.�4


Fig. 5. Corrosion potential (Ecorr) of reinforcing bars in mortars for the five companion specimens. A) OPC; B) MK; C) GBFS.
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which favors the initiation of the corrosion. Corrosion reaction in
presence of an acidic attack can be compared to that of the carbon-
ation reaction which is mainly due to a decrease of the pH conditions
around the rebars and to a destabilization of the passive film around
them. The portlandite (Ca(OH)2 or CH) produced by the hydration reac-
tion helps prevent the corrosion of reinforcing steel by offering pH buff-
er to the pore solution. However, the portlanditemay also be utilised to
produce further C–S–H through the pozzolanic reaction with SCMs. A
depletion of the portlandite content may result in a decrease in the
pH of the pore solution. Both phenomenon, percolation of an acidic so-
lution and depletion of the portlandite, may decrease the pH around the
rebars and initiate the corrosion.

Some SCMs, like GBFS and MK, improve considerably the chemical
and mechanical durability of concrete submitted to an acetic acid so-
lution. According to Oueslati [26], GBFS and MK improve the chemical
resistance of cement-based materials subjected to organic acid due to
their chemical compositions which are rich in silicon, aluminum and
iron, elements resistant in acidic environment, and low in calcium,
the most leachable element in an acidic solution. In this study, the
chemical resistance of the different specimens was evaluated by the
appearance, mainly clearness, of the acetic acid solution in the pond-
ing reservoirs and by the condition of the surfaces of the reinforced
specimens. GBFS samples were the more chemically resistant to the
acid attack, followed by MK samples.

4.1. Corrosion initiation time of reinforced mortar specimens

Electrochemicalmeasurements, corrosion potential and linear polar-
ization resistance, were monitored over time. The corrosion initiation
time was indicated by a sudden drop in the electrochemical measure-
ments. The average initiation time was 153, 21, and 324 days measured
by the corrosion potential and 159, 25, and 345 days monitored by the
polarization resistance on OPC, GBFS, and MK specimens, respectively.
Moreover, average corrosion initiation time should be longer for MK
specimens considering that two out of thefive sampleswere not corrod-
ed at the end of the experiment, after 429 days. In all cases, results are



Fig. 6. Linear polarization resistance of reinforcing bars in mortars for the five companion specimens. A) OPC; B) MK; C) GBFS.

Corrosion
products

Fig. 7. Capillary rise of corrosion products on the surface of the GBFS mortar specimens
after 1 month of wetting and drying cycles using an acetic acid solution (pH4, 0.5 M).
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comparable between the twomethods with longer initiation time mea-
sured with the polarization resistance method. These results showed
that blending the cement with MK is beneficial with regard to delaying
the onset of the corrosion by a factor of more than two. However, using
high percentage of GBFS decreases the time to initiate the corrosion even
if this sample demonstrated the best chemical performances against the
acid attack. After onemonth of experiment, visual inspection of theGBFS
reinforced specimen showed no trace of matrix dissolution (Fig. 4F), but
corrosion products were seen at the surface of the specimens (Fig. 7).
This indicates that there is no direct relationship between the corrosion
and the chemical resistance of the specimens.

The corrosion initiation is related to the penetration of the acid solu-
tion within the cement matrix and it is directly connected to the trans-
port properties of mortar specimens. The water/cementitious material
(w/cm) ratio, the cement type and content are some factors among
others that influence the corrosion initiation time, as they have a direct
effect on the diffusion coefficient of the cement matrix [51,52]. In this

image of Fig.�6
image of Fig.�7
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Fig. 8. Distribution of the corrosion products on the reinforcing bars of A) OPC B) MK
and C) GBFS mortars after 429 days of wetting and drying cycles using an acetic acid
solution (pH4, 0.5 M).
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study, the high water/cementitious material (w/cm=0.65) ratio used
has the disadvantage to increase the transport properties of the blended
mortars and GBFS (a latent hydraulic binder) specimens are by farmore
affected.
A

B

C

Fig. 9. Distribution of the corrosion products on the top and bottom reinforcing bars of
A) OPC B) MK and C) GBFS mortars after 429 days of wetting and drying cycles using an
acetic acid solution (pH4, 0.5 M).
The high porosity of the GBFS samples promotes percolation of the
acid solution through the mortar specimens. In addition, the use of
80% of GBFS as cement replacement allows a slight decrease in the
pH of the pore solution. The replacement by mass of OPC with GBFS
involved a significant decrease in the amount of hydrated phases in
particular C–S–H and portlandite [53,54]. Portlandite depletion in
high GBFS sample is due to a very rapid dilution effect related to the
fact that portlandite results from cement hydration, which in turn is
directly related to the cement proportion in the mix and to the pozzo-
lanic reaction between portlandite and SCMwhich is low for GBFS hy-
dration [55]. Both the intrusion of acid solution through the mortar
samples and the portlandite depletion due to high GBFS content
may have contributed to a decrease in the pH conditions around the
reinforcing bars and to the initiation of the corrosion.

On the other hand, the first part of this work [56] shows that, after
28 days of curing, MK addition allows an important decrease of the
total volume of pores as well as a large contribution to the refinement
of pores compared to control OPC samples. In fact, MK samples pre-
sent only 26.6% of pores larger than 0.1 μm contrary to 40% for the
OPC samples [24,56]. Thus, the low porosity and the high compact-
ness of the MK specimens slowed down the acid solution percolation
through the mortar cover and increased the corrosion initiation time.
It is well-known that replacement of cement with metakaolin pro-
duces a general refinement of the pore structure [57]. According to
Page [58], MK addition decreases substantially the pH of the pore so-
lution with pH value of 12.9 measured on pore solution of cement
paste made with 20% of MK cured for 80 days. In spite of this reduc-
tion of the pH, the pH conditions are alkaline enough to maintain
the passive film around the reinforcing bars.

The corrosion propagation depends on the aggressiveness of the
acid solution and the nature of corrosion products formed. For MK
mortar specimens, the oxidation products consist on a non-adherent
porous brown–red rust which is a superficial deterioration of the
reinforcing bars easily flaked off with a razor blade. However, for
the OPC and GBFS mortar specimens, the oxidation products present
an extremely adherent compact and dense black rust characteristic
of a more deeper degradation of the reinforcing bars [27,59].
5. Conclusion

This study presents an experimental investigation of the corrosion of
reinforcing steel bars embedded in mortar cylinders containing SCMs.
Corrosion tests were conducted to mimic the natural conditions of ex-
posure of mortar specimens subjected to an acidic solution as found in
agricultural structures. Corrosion testing consisted of weekly wetting
(with an acetic acid solution at a pH of 4) and drying cycles applied to
reinforced mortar specimens. Electrochemical measurements such as
corrosion potential and linear polarization resistance were taken on a
regular basis, and corrosion initiation was indicated by a drastic drop
in all measurements. Specimenswere broken open at the end of the ex-
periment to visually examine the bars for confirmation of the electro-
chemical results. Results obtained show that:

- GBFS samples were the more chemically resistant to the acid at-
tack, followed by MK samples and finally OPC samples. The chem-
ical resistance was evaluated by the appearance, mainly clearness,
of the acetic acid solution in the ponding reservoirs and by the
condition of the surfaces of the reinforced specimens.

- Corrosion initiation time measured by the corrosion potential and
linear polarization resistance methods were comparable with
slightly longer initiation time measured by the latter method.

- Blending the cement with 20% of MK is beneficial with regard to
delaying the onset of the corrosion by a factor of more than two
compared to OPC specimens at a w/cm ratio of 0.65. However,
using high percentage of GBFS (80%) decreases the time to initiate
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the corrosion by a factor of about eight at a w/cm ratio of 0.65 for
specimen subjected to acetic acid attack.

- Both phenomena, percolation of an acidic solution and depletion
of the portlandite, may decrease the pH around the rebars and ini-
tiate the corrosion. The porosity of the material seems the main
factor controlling the corrosion initiation time knowing that MK
and GBFS are both chemically resistant to acidic attack.
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