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ABSTRACT

This study aims to clarify the combined effect of air-entraining admixture (AEA) and micro-silica (MS) on
the structure of cement mortar to improve the corrosion behavior of the resulting reinforced concrete.
Open circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and linear polarization resis-
tance (LPR) tests were conducted on specimens after placing them in a 3.5% chloride solution. Scanning
electron microscopy (SEM) imaging was also performed to characterize the surface porosity of the speci-
mens. In addition, a comparison study with existing studies in the literature was performed to evaluate the
accuracy of the obtained results. Moreover, a statistical analysis was performed using the extreme vertices
mixture method to obtain the optimal value and contribution of each influential component. The results of
the experiments indicate that using up to 0.7% AEA and 10% MS as a cement replacement provides the opti-
mal combination among the mixes of the present study, as well as in comparison with existing studies. The
results of the statistical analysis indicate that the optimal responses (i.e., maximum concrete resistance
against penetration (R.), electrical charge transfer resistance of the reinforcing bar (R.), polarization resis-
tance (Rp), and minimum corrosion rate (CR)) are achieved for dosages of AEA and MS in the ranges of 0.60%
to 0.69% and 9.31% to 9.40%, respectively. The results also show that the AEA dosage is more influential in
improving the R, R, and R,, whereas MS dosage is more influential in reducing the CR.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Today, micro-silica (MS) is used in combination with different
admixtures to improve the properties of concrete [1-6]. For
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instance, using MS and nano-silica improves the microstructure of
cement mortar [5], which increases the concrete resistance against
the penetration of water, as well as sulfate, carbonation, and chlo-
ride ions. The optimal values of 10% MS and 2% nano-silica can pro-
tect concrete against corrosion and increase its resistance against
destructive ion attack [6]. Recent research has also suggested that
using 10% MS along with other pozzolanic materials, such as fly ash
[7,8] and metakaolin [9], results in higher compressive strength
compared to lower dosages and reduces the permeability of con-
crete by decreasing the size of capillary pores [10]. Other proper-
ties established by MS in concrete include increased durability
and corrosion resistance [11,12], as well as resistance against the
attack of chemical factors and reduced permeability in the pres-
ence of air-entraining admixture (AEA) [13-17]. Furthermore, an
optimal amount of AEA improves the mechanical properties, salt
scaling resistance, and transport properties of concrete [18,19].
Moreover, chloride ion diffusion testing conducted on concrete
containing both MS and fly ash has shown that using a proper
AEA dosage absorbs chloride ions to C-S-H layers. This, in turn,
improves the microstructure of cement mortar due to pozzolanic
reactions, resulting in good resistance against chloride ion diffu-
sion before and after freeze-thaw cycles [20,21].

One of the most significant durability factors of reinforced con-
crete is corrosion resistance, which is usually measured using two
groups of general methods. The first group includes open circuit
potential (OCP) and electrical resistance, explaining the corrosion
probability and the concrete resistance against the penetration of
destructive ions, respectively. The second category includes more
efficient techniques, such as electrochemical impedance spec-
troscopy (EIS), linear polarization resistance (LPR), and Tafel polar-
ization, which are used to obtain more accurate results. For
instance, performing three corrosion tests of OCP, LPR, and Tafel
polarization in a 3.5% chloride solution on reinforced concrete con-
taining 10% ground granulated blast-furnace slag and 2% calcium
nitrate corrosion inhibitor has shown improved mechanical prop-
erties and can reduce the corrosion of reinforcing bars [22]. In
addition, the powerful EIS has been used in different studies [23-
26] to investigate corrosion behavior, concrete resistance against
ion penetration (R.), electrical charge transfer resistance (R) of
the reinforcing bar embedded in concrete, surface porosity of con-
crete (n¢), and surface porosity of the reinforcing bar (ny;). Further-
more, the electrochemical methods of OCP, EIS, and LPR have been
used to investigate the simultaneous effect of MS, fly ash, and
metakaolin on the corrosion behavior of concrete [9]. The results
showed that the simultaneous use of these admixtures prevented
the transfer of ions by increasing electrical resistance while creat-
ing negligible changes in corrosion potential, polarization resis-
tance (Rp), corrosion current (ic,), and the impedance between
the reinforcement and the concrete.

Obtaining the optimal dosages of simultaneously used admix-
tures can significantly improve the mechanical properties, durabil-
ity, and corrosion behavior of concrete. For this purpose, recently
conducted studies have used some optimization and prediction
methods [27,28], such as the Taguchi [29,30], Factorial [31,32],
and mixture [33-36] techniques. Among these different methods,
the utilization of the extreme vertices mixture method has
attracted noticeable attention. For instance, a study used the
extreme vertices mixture method to simplify the mixing ratios of
different mineral compounds in concrete [35]. Another study uti-
lized this method to evaluate the fresh properties of concrete and
to assess different sand types in the mixing proportions [36]. The
results indicated that the use of derived mathematical models in
such methods provides flexibility to optimize the intended
responses.

A review of the literature reveals the importance of optimizing
the dosages of AEA and MS and of investigating their combined
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effect on reinforced concrete corrosion. The combined effect of
AEA and MS on the corrosion of reinforced concrete using different
electrochemical techniques has not yet been addressed in the liter-
ature. The present study addresses this important gap by investi-
gating the corrosion behavior of reinforced concrete containing
AEA and MS using OCP, EIS, and LPR. A comparison of the present
study with existing studies was also performed to evaluate the effi-
ciency of the results. Moreover, a statistical analysis was conducted
using the extreme vertices mixture method to optimize the
dosages of AEA and MS and to determine the percent contribution
of each effective factor.

2. Materials and specimen preparation

In this project, cement, fine and coarse aggregates, AEA, MS and
super-plasticizer were used in mix designs to produce the test
specimens. The cement was an ordinary Portland cement (CEM II
52.5 N) [37] procured in Torbat cement factory. Generally, using
air-entraining admixture reduces the strength and durability of
concrete, leading to a decreased corrosion resistance [38,39]. It
appears using a high cement grade of 52.5 MPa that is being pro-
duced at a cost almost similar to other grades is more economical
[40] and is required for wide construction, where corrosion resis-
tance is essential [41-44].

The chemical composition and physical properties of the
cement are listed in Tables 1 and 2, respectively. As can be
observed in Table 2, the autoclave expansion value was 0.12%,
while the ASTM C150 [45] limits the autoclave expansion of
cement by 0.8%. Accordingly, the expansion of the utilized cement,
which usually occurs due to the presence of free lime or magnesia
is very trivial as compared to the limit set by the ASTM Standard.

The chemical analysis and physical properties of MS are listed in
Table 3. A polycarboxylate-based super-plasticizer admixture sat-
isfying the requirements of ASTM C494 [46] was also employed
in mix designs with MS to achieve appropriate workability. In
order to avoid errors in the experimental results that may be
caused by the air entrainment of super-plasticizer, a constant
amount of this admixture was used in all mixes containing MS;
thus, the produced air content could be ignored.

The fine and coarse aggregates used in the mix designs were
proportioned according to ASTM C136 [47] in order to have an
appropriate sieve analysis and an adequate strength. Different
dosages of AEA (i.e.0,0.7, 1.4, 2.1, 2.8 and 3.5% by weight of binder)
were also considered in mix designs in accordance with ASTM
(260 [48]. AEA had an exact gravity of 1.01 g/cm® and a pH of
approximately 7.

Since previous research [15,17,49] reported using 10% MS sig-
nificantly improves the corrosion behavior, the replacement ratio
of MS (by weight of the cement) was set to 10% in half of the mixes.

Table 4 shows the details of the mix designs used to produce a
total of 12 cylindrical specimens with a diameter of 100 mm and a
height of 150 mm. All mixes were blended using a concrete mixer
for approximately 4 min until a uniform consistency was achieved.
Then, the molds were filled with concrete and appropriately
vibrated using a vibrating table. A St37 steel reinforcing bar, with
a diameter of 10 mm and a length of 150 mm, was placed in the
middle of each specimen. After 24 h, the specimens were demolded
and wet-cured for 28 days in a curing tank. Finally, the reinforced
concrete specimens were exposed to 3.5% NaCl solution for 2 weeks
followed by another 2 weeks in dry conditions.

Fig. 1 illustrates the actual and schematic views of the exposure
of specimens to the corrosive environment. As can be observed, the
top 50 mm of the rebar was epoxy-coated to be protected against
corrosion, whereas the embedded part of the reinforcing bar was
unprotected.
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Table 1
Chemical composition of Portland cement.
Ingredient Si0, AL,0O3 Fe,03 Ca0 MgO K,0 SO3 Na,0 Lol
% 21.54 4.95 3.82 63.24 1.55 0.75 243 0.48 1.24
Table 2

Physical properties of Portland cement.

Blain (cm?/g)

Initial setting time (min)

Final setting time (min) Autoclave.Expansion (%)

3083
Min > 2800

119
Min 45 >

Cement
Allowable scale

218
Max < 360

0.12
Max < 0.8

Table 3

Chemical analysis and physical properties of MS.
Chemical analysis Value (%)
Si0, 96.4
Al,03 1.32
Fe,03 0.87
Ca0 0.49
MgO 0.97
Na,O 0.31
K,0 1.01
SO5 0.1
Physical properties Value
Colour white
Specific Surface Area (m%gr) 20-25
Density (grem?) 1.9
Particle size (nm) 229
Particle shape Globular
Structure Amorphous
Bulk densitykg/cm? 300-500

3. Electrochemical measurements

Electrochemical measurements (i.e. OCP, EIS and LPR tests)
were performed using Gill AC automated potentiostat (ACM instru-
ments). OCP testing is one of the easy and preliminary electro-
chemical methods to measure the corrosion status of reinforced
concrete [50]. The OCP was measured using a saturated calomel
electrode (SCE) as a reference.

EIS is a powerful tool to assess the reinforced concrete struc-
tures in order to detect corrosion occurrences [51-54]. It is known
as a technique that provides corrosion rate (CR) in the frequency
domain [55-58]. Accordingly, the EIS measurements of the present
study were conducted in a frequency range between 30 kHz and
0.1 Hz. Then, the obtained values were investigated using the EIS
Spectrum Analyser software [59].

LPR is a method that measures the CR of the reinforcing bars in
concrete [55,56,60]. Polarization resistance (Rp) is defined as the

Table 4
Details of mix designs used to produce the test specimens.

ratio between the potential variation and the current variation.
The Ry, can be related to the corrosion current density (icr) using
the Stern-Geary equation (Eq. (1)) [40]:

= B
CDTI’iRp

(1)

Where, B is a constant value related to the anodic and cathodic
Tafel slopes (8, and f.), and it is determined using Eq. (2):

B B.B.
~2.303(B, + B.)

The B value for reinforcing bar-concrete systems is in the range
of 25 to 52 mV, and it is usually taken as 26 mV [61], which is also
adopted in the current study. All measurements were performed
under the same conditions and at a temperature of approximately
25 °C. The experimental setup for the electrochemical tests is
schematically shown in Fig. 2.

B (2)

4. Results and discussion
4.1. OCP measurements

The OCP test shows the corrosion probability of reinforcing
bars, with more negative OCP values indicating a higher corrosion
probability. OCP values that are less negative than — 126 mV/SCE
indicate that the probability of corrosion is<10%. For values more
negative than — 276 mV/SCE, it can be stated that the probability
of corrosion is more than 90%, while values between — 126
and — 276 mV/SCE indicate uncertain corrosion [62]. As seen in
Fig. 3, the OCP values for the mixes without MS (A0-A5) fluctuated,
and their variations did not follow a specific trend. Moreover, these
OCP values were all more negative than —276 mV/SCE, indicating
that their corrosion probability was more than 90%. On the other
hand, for the mixes with MS (AOM-A5M), there was a significant
increase in OCP value (decrease in corrosion probability), with

Mix No. Water(kg/m®) Cement(kg/m®) Water/Binder Aggregates(kg/m’) AEA(kg/m®) MS(kg/m>®) Super-plasticizer(kg/m®) Hardened density (kg/m?)
A0 278 555 0.5 1586 0 0 0 2274
Al 278 555 0.5 1586 39 0 0 2269
A2 278 555 0.5 1586 7.8 0 0 2264
A3 278 555 0.5 1586 11.7 0 0 2260
A4 278 555 0.5 1586 15.5 0 0 2255
A5 278 555 0.5 1586 19.4 0 0 2250
AOM 278 500 0.5 1586 0 55 8 2308
AIM 278 500 0.5 1586 39 55 8 2303
A2M 278 500 0.5 1586 7.8 55 8 2298
A3M 278 500 0.5 1586 11.7 55 8 2293
A4M 278 500 0.5 1586 15.5 55 8 2293
A5M 278 500 0.5 1586 19.4 55 8 2289

*AEA: Air-3entraining admixture, MS: Micro-silica
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Fig. 2. Experimental setup of the electrochemical tests.
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Fig. 3. Open circuit potential (OCP) of all mixes.

AEA dosage increasing from 0 to 0.7%. OCP value decreased (corro-
sion probability increased) significantly with increasing AEA
dosage to 1.4%. This indicates an uncertain corrosion condition
(OCP = -218 mV/SCE) for mix A1M containing 0.7% AEA and 10%

MS, whereas all of the remaining mixes had a corrosion probability
of more than 90%. These results suggest that the combined use of
0.7% AEA and 10% MS can decrease the corrosion probability of
reinforcing bars. However, following ASTM C876 [50], the OCP
value should not be interpreted as an indicator of the CR; it can
be used to evaluate only the corrosion state of reinforcing bars in
concrete. Therefore, other monitoring methods, such as EIS and
LPR techniques, were used in the present study to obtain more
accurate information about the CR.

4.2. EIS and LPR measurements

Fig. 4 shows a schematic electro-physical model and a typical
Nyquist plot of the equivalent electrical circuit used for the rein-
forcing bar-concrete systems of the present study. In this model
(Fig. 4(a)), a parallel circuit of concrete resistivity (R.) and a con-
stant phase element (CPE.) at higher frequencies for coated con-
crete is represented in a series with a parallel circuit of charge
transfer resistance (R.) and a constant phase capacitance element
(CPE) at lower frequencies for the reinforcing bar surface. More-
over, R; (i.e., the resistance due to the concrete pore solution) is
represented in a series with the two mentioned parallel circuits.
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Concrete

Reinforcing bar

3.5% NaCl solution

@

Fig. 4. Schematic representation of (a) the reinforcing bar-concrete interface and (b) a typical Nyquist plot of the equivalent circuit model.

As seen in Fig. 4(b), there are two semi loops in the Nyquist plot.
The high-frequency part of the plot relates to the concrete cover
of the reinforced concrete, while the low-frequency part is associ-
ated with the reinforcing bar surface.

The impedance spectra of all of the mixes were measured, and
the results are shown in Figs. 5 and 6 as Nyquist plots considering
real (Z') versus imaginary (Z") impedances. As seen in Fig. 5,
although the impedances (both Z' and Z”) of most of the mixes
without MS (i.e., A2-A5) were lower than those of the reference
mix (A0), the impedance of mix Al containing 0.7% AEA was the
highest among all mixes. It is understood that the impedance indi-
cates the relative permeability of cement-based systems such that
the impedance decreases with increasing permeability [63].
Accordingly, it can be concluded that the use of AEA up to a con-
centration of 0.7% can improve the corrosion resistance of rein-
forced concrete. This can be attributed to the effect of AEA on
reducing concrete bleeding: the air bubbles cause the suspension
of the solid particles, which decreases the sedimentation, and, as
a result, the water is not expelled. Due to this fact, reduced perme-

300 5
E
250 i
g s
200 N
E 0 5 10 15 20
i Z' (kohm.cm?)
S 150
N
100 ==a0
—_—Al
——A2
50 -a—A3
=g A4
A5
o [ , : , .
0 100 200 300 400 500

Z' (kQ.cm?)

Fig. 5. Nyquist plots for the mixes without MS (A0-AS5).
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Fig. 6. Nyquist plots for the mixes with MS (AOM-A5M).

ability and the formation of laitance occur, which, in turn, result in
improved resistance and durability of reinforced concrete [49].

It can also be seen from Fig. 5 that the addition of higher
dosages of AEA (especially doses higher than 1.4%) decreased the
impedance. This might have occurred because the high dosage of
AEA in the cement mortar provided a network of communicating
air bubbles that increase the facility with which water can migrate
through the capillary system, resulting in concrete with high
absorptivity and permeability properties. This notion has been
confirmed by previous studies [14,19], which reported a significant
increase in permeability of the mortar of cement-based composites
with high AEA dosages.

A similar trend is also evident from Fig. 6 in that the mixes with
more than 0.7% AEA exhibited lower impedances than the refer-
ence mix (AO). However, it was observed that the impedance of
mix A1M containing 0.7% AEA and 10% MS was higher than that
of the reference mix (AO). It is also evident from Figs. 5 and 6 that
the impedances of the mixes containing MS were higher compared
to those of the mixes without MS. This increase at maximum impe-
dance (i.e., mix A1TM compared to mix Al) was about 100%,
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confirming the effect of MS on decreasing the permeability of such
reinforced concrete. This is consistent with the results of previous
studies [6,12,64] that reported that MS significantly reduced per-
meability, thereby enhancing the durability and corrosion resis-
tance of the resulting concrete.

Bode impedance spectra were determined for all of the mixes,
and the results are depicted in Figs. 7 and 8. As seen in Fig. 7, the
impedances of mixes A2-A5 were within the range of 3 to 22 kQ.
cm?, whereas the reference mix (A0) had an impedance within
the range of 50 to 88 kQ.cm?®. On the other hand, the impedance
of mix Al containing 0.7% AEA was higher compared to the
remaining mixes, and it ranged from 50 to 300 kQ.cm?. This, again,
confirms the positive effect of AEA (up to 0.7%) on the corrosion
resistance of reinforced concrete.

As seen in Fig. 8, the impedance of mix AOM was about three
times that of the reference mix (A0), indicating that the use of
MS can lead to a noticeable increase in corrosion resistance. The
overall trends illustrated in Figs. 7 and 8 are in agreement. Similar
findings were also reported in the study by Heniegal et al. [12].

According to the plots of Figs. 5-8, it can be noticed that mix
A1M containing 0.7% AEA and 10% MS had an impedance of 380
kQ.cm?, which was the highest value among all mixes. This shows
that the combination of AEA (up to 0.7%) and MS can provide pos-
itive effects on the corrosion resistance of the resulting reinforced
concrete members.

Fig. 9 shows the results of the surface porosity of concrete (n.)
and reinforcing bars (ng) obtained from the EIS test for all of the
mixes. The blue and red curves relate to the n. (left axis) and ny
(right axis) values, respectively. Both of these parameters varied
between 0 and 1 such that the values of ng for most mixes were
higher than the n. values, indicating the role of concrete cover in
protecting the reinforcing bar against the penetration of chloride
ions. The higher the value of n., the more uniform the concrete sur-
face, the closer to the ideal capacitor (n = 1) and the lower the
expected porosity of the concrete [62]. The closer to 1 the ng, the
more homogeneous the surface; meanwhile, reductions in ny are
associated with increases in the surface roughness, the corrosion
of reinforcing bars, and the number of corrosion products formed
[65,66].

The results indicate that under optimal conditions, increasing
AEA to 0.7% and adding 10% MS (mix A1M) increase n. by 63% over
that of the reference mix (AO). The results also indicate that the
maximum values of ng are associated with the mixes containing
0.7% of AEA (A1 and A1M), reducing the porosity of the reinforcing
bar surface by 46% compared to the reference mix (AO). The curves
of mixes with MS (AOM-A5M) had a lower fluctuation compared to
those of mixes without MS (A0-A5). Moreover, most of the mixes

Z (kQ.cm?)

0.01 0.1 1 10 100 1000 10000
Frequency (Hz)

100000

Fig. 7. Bode plot for the mixes without MS (A0-A5).
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Fig. 9. Comparison between fitted results of n. and ngy for all mixes.

with MS had higher n. and ng values than the mixes without MS,
indicating the positive effect of MS on controlling and decreasing
the surface porosity of both the concrete and the reinforcing bar.

In order to confirm the mentioned results on the effect of MS
and AEA on n. values, the microstructure of mortars for mixes
AOM-A5M was investigated using scanning electron microscopy
(SEM) imaging (Fig. 10). The specimens used for SEM imaging were
taken from the concrete specimens after electrochemical measure-
ments. After permeating the material’s pore system using an epoxy
resin, the specimens were cut so that a fresh surface was exposed.
Then, the exposed surface was appropriately polished to remove
any cutting and grinding damage and to expose an unaltered
cross-section of the material’s microstructure. It is evident from
Fig. 10 that, consistent with the n. results, mix A1M containing
0.7% AEA and 10% MS had the fewest pores. The finer particles of
MS (when compared to cement) and the better interaction of
AEA and MS at these dosages were probably the main contributing
factors for the observed behavior. However, further increasing the
AEA dosage over 0.7% gradually lowers the concrete surface unifor-
mity and increases porosity. As seen in Fig. 10, more and larger
pores were evident in mixes A2M-A5M than in mix A1M.

The porosity of the specimens was also measured, and the
results are represented in Fig. 11. An experimental equation
including the weight of saturated surface dry specimens, dry
weight, and the water-immersed weight of specimens was used
in calculations as follows:

- Wsp =Wy

p— _/SSb— 77d
Wesp — Wy

x 100% 3)



A. Ghanei et al. Construction and Building Materials 262 (2020) 120768

L=SE1 EHT=5.00kV WD=11 mm
1.00mm —~a————

MAG= X 30.0

L=SEl1 EHT=5.00kV WD=11 mm
1.00mm

MAG=X 30.0

L=SEl1 EHT=5.00kV WD=11mm MAG=X30.0 L=SEl1 EHT=5.00kV WD=11mm MAG=X30.0

L=SE1 EHT=5.00kV WD=11mm MAG=X30.0 MAG= X 30.0

Fig. 10. SEM images of mixes with MS (AOM-A5M).

where P is total porosity (%), Wssp is the weight of saturated
surface dry specimens, Wy is the dry weight of the specimens at
a temperature of 105 °C, and W,, is the water-immersed weight
of the specimens. This is a common method that can successfully
measure the porosity of cement-based materials [67-69].

Fig. 11 shows the relationship between total porosity and AEA
dosage for all of the mixes. The results indicate that the minimum
porosity for both series of mixes with and without MS occurred by
using 0.7% AEA. By using more AEA, the total porosity of specimens
gradually increased. This was in good agreement with the
electrochemical tests and SEM images, showing that using 0.7%
AEA with 10% MS is the optimum proportion for obtaining the
minimum CR.

In order to characterize the porosity and pore structure distri-
bution of the test specimens, the mercury intrusion porosimetry
(MIP) test was conducted on the Al and A1M mixes, and the
results for cumulative and differential pore size are presented in
Fig. 12. The A1 and A1M mixes had the optimum corrosion behav-
ior for each series of mixes with and without MS, respectively. The
results illustrate that the cumulative pore volume of mix A1M con-
taining 0.7% AEA and 10% MS was lower than mix A1 containing
only 0.7% AEA. It can be mentioned that using MS in mix A1M filled
the pores and reduced the porosity.

Fig. 13 shows the i, values obtained from the LPR test for all of
the mixes. The A2 mix containing 1.4% AEA was within the range of
starting active corrosion, while increasing the AEA dosage gradu-
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Fig. 13. Changes in the i, with variations in AEA dosage.

ally increased the i, and brought it within the range of important
attack by chlorides. However, using up to 0.7% AEA decreased the
icorr to @ negligible corrosion range. This indicates the excellent pro-
tection capacity of the A1 mix in relation to the attack by chlorides.
As seen in Fig. 11, by adding 10% MS, the i., values remained
within the negligible corrosion range, implying that the chloride
ions could not reach the surface of the steel reinforcing bars. The
higher corrosion resistance of these mixes may be explained by a
delay in the formation of a protective passivation film on the sur-
face of the reinforcing bar [70]. Indeed, the high pozzolanic reactiv-
ity and extreme fineness of MS may allow a noticeable decrease in
the penetration rate of chlorides [4,7]. As MS is mixed with cement
in concrete, it contributes to form calcium silicate hydrate (CSH) as
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a result of reacting with free lime during the hydration process.
Moreover, MS decreases the volume of large pores and capillaries.
As such, a more chemically resistant cement mortar, a denser
microscopic pore structure, and a relatively impermeable concrete
structure can be achieved.

On the other hand, the addition of MS is expected to reduce the
pH of the concrete pore solution (mainly because of the Portlandite
consume) [9]. This delays the ingress of chloride in the concrete
cover by lowering the chloride threshold for corrosion initiation.
Accordingly, the improved electrical resistance and dense
microstructure of concrete are expected to be efficient in protect-
ing the reinforcing bar from corrosion in concrete [16].

It is well-known that in chloride-induced corrosion, the stable
(self-sustaining) growth of anodic sites requires different condi-
tions, such as a sufficient supply of chloride ions from the sur-
rounding concrete, to be satisfied. Therefore, the repassivation of
reinforcing bars may repeatedly occur at the early stages of corro-
sion initiation. Then, in order to promote active and stable corro-
sion, further accumulation of chlorides is required. Through the
propagation of corrosion, different factors—such as self-healing
effects in the case of corrosion in cracked zones, pore filling due
to precipitation of corrosion products and other solid phases, and
concrete cracking and spalling—might affect the corrosion kinetics
[71].

The corrosion kinetics can also be affected by seasonal or other
changes in the exposure environment, such as varying moisture
conditions. This indicates that with a variation of relative humidity
(RH), different volume fractions of the pore system of concrete are
filled with water. When RH is in the range of low to intermediate, a
considerable tension may be applied to the pore liquid in small
pores at the concrete-reinforcing bar interface, causing them not
to be able to behave as a liquid. On the other hand, when RH is high
(i.e., RH greater than 80%), the tension decreases to a level
approaching bulk solution behavior. Meanwhile, with an increase
of RH, the radius of stably water-filled pores effectively increases
in a non-linear manner. Accordingly, the surface area of the rein-
forcing bar, which is in contact with liquid water and capable of
behaving as an electrolyte, can be expected to increase non-
linearly with RH [72]. As a consequence, the water-filled porosity
is increased. In turn, losses in the reinforcing bar sectional area
or corrosion-induced cracking of the concrete may occur, thereby
influencing the structural integrity and load-bearing capacity—
and, thus, the safety—of reinforced concrete.

In the current study, according to the SEM and LPR results,
incorporating 0.7% AEA and 10% MS decreased the pore structure
and appropriately affected the corrosion kinetics. By clogging the
available pores and reducing the RH, this effectively decreased
the CR.

Fig. 14 shows the variations of R. and R, (from the EIS test), as
well as R, and CR (from the LPR test) for different mixes. The blue
and red curves in Fig. 14(a) are related to the R. and R, respec-
tively. Meanwhile, in Fig. 14(b), they are related to the R, and CR,
respectively. Fig. 14(a) shows that the highest values of R. and R
corresponded to the A1M mix containing 0.7% AEA and 10% MS.
For the other mixes, these values were much closer to 0.

Considering the Stern-Geary equation and a value of 26 mV for
the B constant, the corrosion level was considered very high when
R, was<26 kQ.cm?, high in the range between 26 and 52 kQ.cm?,
low to moderate in the range between 52 and 260 kQ.cm?, and
negligible for polarization resistance values greater than 260 k<.
cm?. As seen in Fig. 14(b), among the mixes with AEA and without
MS (A1-A5), mix Al was in the negligible corrosion level, mix A2
was in the high corrosion level, and mixes A3-A5 had R, values
in the very high corrosion level. This indicates that the increase
in AEA up to 0.7% increases the R, to more than 2.3 times the
reference mix (A0), positively affecting the corrosion behavior of
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Fig. 14. Fitted data of R, Re, R, and CR for all mixes.

reinforced concrete. As seen in Fig. 14(b), the R, values of the mixes
with MS were 1.33 to 1.97 times higher than those of the mixes
without MS. A similar trend was observed for the CR values: the
mixes with MS had CRs that were 1 to 31 times lower than the
mixes without MS. It can be implied that adding MS as a cement
replacement (here, 10%) can enhance the corrosion properties of
reinforced concrete. This higher corrosion resistance of reinforcing
bars (which is due to the micro-filler action and enhanced bonding
capability of the MS particles) may be associated with the
improved microstructure of cement mortar. According to Fig. 14,
mix A1M containing 0.7% AEA and 10% MS included the highest
R Re, and R, and the lowest CR. At up to 0.7% AEA, the air bubbles
that developed were well-distributed without a connection
between them. They may interrupt the capillary channels near
the surface, thereby preventing the penetration of water. This
was also confirmed in the study by Mendes et al. [19]. Accordingly,
it can be concluded that the addition of 10% MS to the mix contain-
ing up to 0.7% AEA can provide improved performance of these two
admixtures (AEA and MS) in cement mortar, resulting in a consid-
erable protection capacity against chloride attack for the final rein-
forced concrete.

4.3. Mechanism of AEA and MS interaction

In order to better illustrate the role of AEA (air bubbles) and MS
in mix A1M containing 0.7% AEA and 10% MS, the mechanism of
their interactions in concrete mixes is schematically shown in
Fig. 15. As seen in Fig. 15(a), there were some interactions at
solid-water-air interfaces. At the air-water interface, the polar
groups of air bubbles are oriented towards the water phase. Simul-
taneously, at the solid-water phase, the polar groups are absorbed
into the cement, whereas the non-polar groups are oriented to the
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water phase. This makes the cement surface hydrophobic; hence,
the water can be displaced by air bubbles, which remain linked
to the cement particles. At this stage, as seen in Fig. 15(b), the air
bubbles in the mix are dispersed with the help of a mass of cement
particles, decreasing the tendency of air bubbles to float to the sur-
face. On the other hand, the rate of settlement of cement particles
may be reduced by the flotation force of the air bubbles. This
mechanism, together with the micro-filling activity of the MS par-
ticles and the role of some separate air bubbles in interrupting the
capillary channels, decreases the tendency of bleeding and segre-
gation, as well as water penetration in the concrete mix.

5. Comparison of the present study with previous studies

A comparison study was also conducted to better place the find-
ings of the current study within the existing literature. Specifically,
mix A1M, as the optimal mix of the present study, was selected for
comparison with mixes examined in previous studies. Compar-
isons were made in terms of impedance (i.e., Nyquist and Bode
plots), R, CR, n¢, and ng;. Table 5 summarizes the main parameters
considered in previous studies on the topic.

Four of the reviewed studies [9,64,73,76] that reported the
impedance using Nyquist plots are compared with mix A1M in
Fig. 16. The impedances of the mix containing 30% MS and 30%
FA as a cement replacement [73](a) were higher than those of
the mixes containing 7.5% MS [64] and 50% NS [73](b). Also, expos-
ing concrete mixes containing different mineral admixtures to a
chloride solution for 154 days (22 cycles of attack) showed that
the impedance of the mix containing 10% MS [9](a) was higher
than that of mixes containing 25% FA [9](b) and 30% MK [9](c). This
can be explained by the improved resistance to chloride penetra-
tion because of the lower amounts of capillarity and absorbed
water for the mix containing MS [9](a) compared to those of the
mixes containing FA [9](b) and MK [9](b). Accordingly, in the
mixes [9](a, b and c) [73](a and b) that utilized different admix-
tures, using MS resulted in a more effective improvement in impe-
dance compared to using other admixtures. Among whole
impedances, the minimum value was reported for the study that
used 5% of an inhibitor [76], whereas the maximum one was asso-
ciated with the optimal mix of the present study (A1M) containing
0.7% AEA and 10% MS. The difference observed between the impe-
dances of mix A1M and those of other reviewed mixes may be
attributed to the combined effect of 0.7% AEA and 10% MS on
increasing the corrosion resistance of concrete [82].

A comparison between the reported values of R, and the CR of
mix A1M with the existing studies [9,64,70,74-76,78-81] is repre-
sented in Fig. 17. As seen in Fig. 17(a), similar to mix A1M, different
mixes of [9](a, b and ¢) and [74](a and b) had a negligible corrosion
level (R, greater than 260 kQ.cm?), the mixes of [64,75,79] had a
low to moderate corrosion level (52 < R, < 260 kQ.cm?), the mixes
of [78](a and b) and [80] had a high corrosion level (26 < R, < 52
kQ.cm?), and the mixes of [70](a, b, and c) and [78] (c) had a very
high corrosion level (R, < 26 kQ.cm?). As seen in Fig. 17(b), accord-
ing to the ranges mentioned in the study by Fodil and Mohamed
[78], only mix A1M was in the negligible corrosion level (CR < 0.
001 mmy/year), while the mixes of [76] and [78](b) were in the
low corrosion level (0.001 < CR < 0.005 mm/year), the mixes of
[81] and [78](a) were in the moderate corrosion level (0.005 < C
R < 0.01 mm/year), and other mixes, including the mixes of
[64,70], and [78](c), were in the high corrosion level.

From Fig. 17(a), it can be mentioned that the use of HDPE and PP
is more effective in improving the corrosion level than the use of
perlite as a partial replacement of conventional aggregates [78]
(a). Similarly, the use of MK [17](a) and FA [17](b) is more influen-
tial than NP [78](b and c) as a partial replacement of cement.
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Fig. 15. A schematic view of the mechanism of (a) first and (b) second states of AEA and MS interactions in mix A1M containing 0.7% AEA and 10% MS.

Table 5
Summary of different parameters considered in existing studies.
Reference Type and dosage of admixture Cement strength class  Type of reinforcing bar Inhibitor Type of aggregates Exposure
(mix) (MPa)
AIM 0.7% AEA + 10% MS 52.5 Steel - - 3.5% NaCl
[9](a) 10% MS 325 Carbon steel - - 5% NaCl
[9](b) 25% Fly Ash (FA) 325 Carbon steel - - 5% NaCl
[9](c) 30% Metakaolin (MK) 325 Carbon steel - - 5% NaCl
[62] 10% Marble and Granite waste dust - Steel - - 3.5% NaCl
(MGWD)
[64] 7.5% MS - Steel - - 5% NaCl
[70](a) 27% MS + 3% Nano silica (NS) 52.5 Steel - - 5% NaCl
[70](b) 27% MS 52.5 Steel - - 5% NaCl
[70](c) 25% MS 52.5 Steel - - 5% NaCl
[73](a) 30% MS + 30% FA 52.5 Steel - - Carbonation
[73](b) 50% NS 42.5 Steel - - Carbonation
[74](a) - - Steel - 12% High density polyethylene 5% NaCl
(HDPE)
[74](b) - - Steel - 12% Polypropylene (PP) 5% NaCl
[75] - 42.5 Low-alloyreinforcing - - 3.5% NaCl
steel (LA)
[76] - Steel 5% - 3.5% NaCl
[77] - 52.5 Steel fiber - - 2% NaCl
[78](a) - 42.5 Steel - 10% Perlite 5% NaCl
[78](b) 10% Natural pozzolan (NP) 42.5 Steel - - 5% NaCl
[78](c) 30% NP 42,5 Steel - - 5% NaCl
[79] - - Steel - - 0.8 Molar
NaOH
[80] - - Steel 50% - 3.5% NaCl
[81] 11% MS - Steel - 3% Nacl
better than a high concentration [80] in order to achieve the
—A1M . . lisgs . N .
Y00 b el required inhibition of reinforcing bar corrosion. Furthermore, the
164] results for the mixes with MS indicate that the mix [9](a) that uti-
——[73](b) lized 10% MS had an improved corrosion behavior over other mixes
. —Bl@ [70](a, b, and c) that used more than 25% MS. On the other hand,
"5 _g}g j the results of R, and the CR were inversely reported for the corro-
g‘ 176] P sion level of the mix [64] that utilized 7.5% MS. In this way, Khedr
10} and Idriss [25] evaluated the effectiveness of MS in concrete sub-
N jected to corrosion damage of the embedded reinforcing bar. MS
dosages of 0, 10, 15, 20, and 25% were used as partial replacements
of ordinary Portland cement. Their results indicate that an optimal
effect is observed in the range of 10-15% MS replacement dosage
i . ) while at higher dosages of MS (i.e., 20-25%), the corrosion resis-
1 10 100 1000 tance of concrete is noticeably decreased. This is also confirmed

Fig. 16. Comparison of the Nyquist plot of mix A1M with the existing studies.

7' (kQ.cm?)

Considering the values of R, and the CR, it can be noted that the
performance of a low concentration of inhibitor [76] is generally

10

by the results observed for mix A1M, including the highest R,
and the lowest CR among whole mixes of the evaluated existing
studies. The combined effect of 0.7% AEA and 10% MS on the
micro-structure of mix A1M may be the reason for these improved
corrosion properties.

The reported values of n. and ngy for the mixes of three studies
[62,74,77] are represented in Fig. 18 in comparison with the values
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Fig. 17. Comparison of the R, and CR values of mix A1M with the existing studies.
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Fig. 18. Comparison of the n. and ng values of mix A1M with the existing studies.

of mix A1M provided in the present study. As mentioned, the closer
to 1 the n. and ny are, the lower the surface porosity of the con-
crete and the reinforcing bar, respectively. Accordingly, the results
in Fig. 18 indicate that replacing the conventional aggregate by 12%
HDPE [74](b) can retain the n. and ngy closer to 1 than by replacing
by 12% PP [74](a). On the other hand, the use of these thermoplas-
tic polymers (i.e., HDPE and PP) is more influential than the use of
steel fiber [77] and MGWD [62] in improving the surface porosity
of both the concrete and the reinforcing bar. However, in the pre-
sent study, mix A1M had the lowest surface porosity among all
mixes, as it had the highest n. and ng values. This, again, confirms
the positive interaction of 0.7% AEA and 10% MS to improve the
reinforced concrete properties against penetration attacks.

6. Statistical analysis
6.1. Extreme vertices mixture analysis

The present study implemented the extreme vertices mixture
analysis in Minitab®-18 [83]. This method is used for laboratory
data analysis, sensitivity analysis, and mix component optimiza-
tion, including AEA (X;) and MS (X5). The ranges of these compo-
nents were 0 < X; < 3.6% and 0 < X, < 10%. The responses
considered for determining the optimal values included Y; (R.),
Y2 (Ree), Y3 (Rp), and Y4 (CR).

6.1.1. Response trace plot
The response trace plot assesses the effect of change in each
particular mix component on the targeted response. Fig. 19 shows
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the effects of AEA and MS, as well as the sensitivity of the
responses, including R, R, Rp, and CR to each of these components.
It can be seen that with an increase in both AEA and MS dosages,
the values of R, R., and R, increase, while the value of CR
decreases. However, the plots of whole responses represent a little
reverse effect at their later stage. Moreover, based on the steeper
slopes of mix components (AEA and MS) in the plots of R. and R,
rather than R, and CR, it can be stated that the values of R, and
R, are more sensitive to changes in AEA and MS compared to the
values of R, and CR.

6.1.2. Optimization of the responses

In the present study, the response optimization was also con-
ducted to obtain the optimal dosages of AEA and MS for different
responses (i.e., R, R Rp, and CR). Response optimization determi-
nes the combined settings of input variables that simultaneously
optimize a single response or set of responses. The plots of pre-
dicted optimal dosages of AEA and MS for the maximum R, R,
and R, and the minimum CR are depicted in Fig. 20. In the figure,
y represents the optimal response, and d represents the compos-
ite desirability (in a range of 0-1) as a measure of how the
combined goals for all of the responses are satisfied by the
represented solution. A composite desirability equal to zero indi-
cates that one or more responses are outside of their acceptable
limits, while one denotes the ideal case. As seen in Fig. 20, the
optimal responses were achieved for the dosages of AEA and
MS in the ranges of 0.6 to 0.69% and 9.31 to 9.4%, respectively,
with an acceptable mean desirability of prediction for all
responses.
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Table 6

Results of the ANOVA for R..
Percent of Contribution (PC) F statistic Mean square (MS) Sum of square (SS) Degree of freedom (DF) Source
43 0.98 473 2365 5 AEA (%)
13 1.46 708 708 1 MS (%)
44 - 483 2417 5 Error
100 - - 5491 11 Total

Table 7

Results of the ANOVA for R,..
Percent of Contribution (PC) F statistic Mean square (MS) Sum of square (SS) Degree of freedom (DF) Source
49.5 1.14 35,591,200 177,955,998 5 AEA (%)
7 0.80 24,862,632 24,862,632 1 MS (%)
43.5 - 31,254,171 156,270,855 5 Error
100 - - 359,089,486 11 Total

Table 8

Results of the ANOVA for R,
Percent of Contribution (PC) F statistic Mean square (MS) Sum of square (SS) Degree of freedom (DF) Source
58.5 11.8 359,322 1,796,611 5 AEA (%)
36.5 36.9 1,121,185 1,121,185 1 MS (%)
5 - 30,362 151,809 5 Error
100 - - 3,069,605 11 Total

Table 9

Results of the ANOVA for CR.
Percent of Contribution (PC) F statistic Mean square (MS) Sum of square (SS) Degree of freedom (DF) Source
29.6 1.17 28 139 5 AEA (%)
45 8.88 213 213 1 MS (%)
254 - 24 120 5 Error
100 - - 473 11 Total

6.2. The analysis of variance (ANOVA)

The analysis of variance (ANOVA) as a statistical method is
mainly used to determine the percent of contribution (PC) of each
parameter to the results [84,85]. In this study, the ANOVA analysis
was conducted using Minitab®-18 [83] to determine the effective
parameters on R., R, Ry, and CR, and the results are presented in
Tables 6-9, respectively. The ANOVA shows that the contribution
of AEA in improving the R. (PC = 43%), R (PC = 49.5%) and R,
(PC = 58.5%) of the mixes was higher than that of MS (PC = 13%,
7% and 36.5% for R, R.; and Ry, respectively). However, this trend
was reversed for the CR, for which MS (PC = 45%) was a more influ-
ential factor than AEA (PC = 29.6%).

7. Conclusions

In this study, the effect of incorporating air-entraining admix-
ture (AEA) and micro-silica (MS) as partial replacements of cement
on the corrosion behavior of reinforced concrete was evaluated,
and the following conclusions were drawn:

1. OCP measurements indicate that all the mixes without MS have
corrosion potentials more negative than —276 mV/SCE, indicat-
ing that their corrosion probability is more than 90%. On the
other hand, for the mixes with MS, there is a significant increase
in OCP value (decrease in corrosion probability), with AEA
dosage increasing from zero to 0.7%. Then, the OCP value
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decreases (corrosion probability increases) significantly as the
AEA dosage increases to 1.4%. This indicates an uncertain corro-
sion condition (OCP = -218 mV/SCE) for mix A1M containing
0.7% AEA and 10% MS, whereas all the remaining mixes have
a corrosion probability of more than 90%.

. EIS measurements reveal that using up to 0.7% AEA as a cement

replacement increases the impedance, maximum concrete
resistance against penetration (R.) and electrical charge transfer
resistance of the reinforcing bar (R.), as well as decreases the
surface porosity of the concrete (n.) and the reinforcing bar
(ng). However, at higher dosages of AEA, the reversed values
of these parameters are observed due to the formation of a net-
work of communicating air bubbles that increase the facility
with which water can migrate through the capillary system,
resulting in concrete with high absorptivity and permeability
properties. Furthermore, the addition of 10% MS as a cement
replacement, because of providing a denser microstructure in
mortar, improves these parameters and, thus, the corrosion
resistance of reinforced concrete.

. LPR measurements reveal that using up to 0.7% AEA keeps the

corrosion current density (ic) in a negligible corrosion range,
whereas an additional increase in the AEA dosage gradually
moves the i, to the range of starting active corrosion and then,
to the range of significant attacks by chlorides. Moreover, by
adding 10% MS, the i values of whole mixes remain within
the negligible corrosion range, implying that the chloride ions
could not reach the surface of the steel reinforcing bars.
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4. LPR measurements also reveal that the polarization resistance
(Rp) and corrosion rate (CR) values of the mixes with MS as a
cement replacement (here, 10%) are 1.33 to 1.97 times higher
and 1 to 31 times lower than those of the mixes without MS,
respectively. It can be implied that adding MS as a cement
replacement (here, 10%) can enhance the corrosion properties
of reinforced concrete due to the micro-filler action and
enhanced bonding capability of the MS particles.

5. The results of comparing the present study with existing stud-
ies indicate that the most improved corrosion behavior, among
whole mixes, corresponds to the optimal mix of the present
study containing 0.7% AEA and 10% MS as a cement
replacement.

6. The statistical analysis reveals that optimal responses are
achieved for the dosages of AEA and MS in the ranges of 0.6
to 0.69% and 9.31 to 9.4%, respectively. Also, the AEA dosage
is a more influential factor in improving the R., Ry, and R,,
whereas the MS dosage is a more influential factor in reducing
the CR.

The promising findings of the current study contribute toward a
better understanding of the combined effect of AEA and MS on the
structure of cement mortar. The optimal data obtained in this
study, together with the available data in the literature, have the
potential to meaningfully improve the corrosion behavior of rein-
forced concrete by incorporating AEA and MS as a partial replace-
ment of cement.
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