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Abstract: Reinforcement corrosion due to chloride attack is of major economic significance for
reinforced concrete structures. Pozzolans are known to inhibit corrosion initiation mainly by
reducing concrete permeability. However, there is evidence in the literature that changes in the
chemical environment in the concrete due to the pozzolans may be creating improved corrosion
resistance, by themselves. In this study, the composition of a pore solution of mature hydrated
cement paste containing silica-fume at different ratios was analyzed. The electrochemical behavior
of reinforcing steel was studied in simulated pore solutions with silicate concentrations ranging
from 0 to 35.6 mM, which are within the concentration range found by pore solution extraction to
be up to 49 mM. Polished reinforcing steel specimens were used for cyclic voltammetry in simulated
pore solutions with chloride concentrations of 10-20%. Better corrosion protection was found with
increasing silicate concentration up to 3.56 mM. This was indicated by lower corrosion currents both
in the passive state and after anodic activation. Anodic activation of steel in a 35.6 mM silicate
solution with 20% NaCl yielded a higher potential than the anterior potential.
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1. Introduction

Corrosion of reinforcing rebars of reinforced concrete (RC) structures (RCS) is the limiting factor
of the usable life expectancy of RCS, and has a major economic impact [1], [2]. The reinforcing steel
embedded in intact concrete is in a passive state, i.e. the corrosion rate is negligible. The deterioration
due to reinforcement corrosion is a result of a two stage process. The first stage is depassivation of
the reinforcement due to chloride ingress or carbonation. The second stage is reduction in rebar cross
section and corrosion-induced cracking as a result of corrosion product crystallization pressure. The
time to depassivation of the reinforcement depends on the permeability of the concrete, and the
critical chloride threshold. Each of these was studied separately.

There are several methods for investigating RC corrosion. These include autopsy of existing RCS
[3], [4], investigation of specimens of embedded steel in concrete [5], [6], [15]-[21], [7]-[14], analysis
of embedded steel in mortar [14], [15], [20], [22]-[25], and of steel in pore solutions [5], [26]-[32]. The
corrosion assessment is usually done by electrochemical methods, but mass loss is also common.
Following are the advantages and disadvantages of studying the various types of specimen.
Electrochemical methods will be shortly reviewed later.

The studies of reinforcement corrosion in concrete should simulate the corrosion of RC in the
most accurate way. Some studies have investigated only the time to corrosion initiation [8], [33]-[35],
which is the overall result of the process involving chloride diffusion and steel depassivation,
ignoring the mechanisms of corrosion initiation. There are several disadvantages to using concrete
for the investigation: 1. The concrete cover has to be bigger than the maximum aggregate nominal
size. This leads to a long time for chloride diffusion for corrosion initiation, and extends the duration
of the investigation. 2. Many parameters of the concrete mix are interdependent, i.e. changing one
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parameter changes another. This impairs the ability to infer causation from the correlation between
mix properties and the corrosion mechanism. 3. Local variability of parameters is high [36]. This
reduces the quality of correlations achieved. For these reasons, many investigators have studied the
corrosion process in simplified mediums, such as mortar, paste or simulated pore solution.

Using mortar allows a significant reduction of the cover on the reinforcement, which leads to a
shorter diffusion process and a shorter investigation time. However, there is evidence that the steel-
concrete interface (SCI) plays an important role in corrosion initiation in mortar as it does in concrete
[37]. The SCI is a parameter which is not fully controlled yet [38]. The SCI itself may cause high
variation in results. It has been demonstrated that variation in the SCI alone may cause variation of
the critical chloride threshold for corrosion initiation to the extent of the range reported in the
literature [36]. Hence, to separate the chemical effects of the pore solution composition from those of
the chemistry and microstructure of the hardened cement paste, an investigation of the corrosion
process in simulated pore solution is preferred.

Most reported studies involving simulated pore solution have used saturated calcium hydroxide
solution with an addition of sodium/potassium hydroxide for pH adjustment to a pH of 12.4 and
above [5], [26]-[32]. These studies were the first to point out the important parameters of the effect of
steel surface condition [39] and specimen size [40]. Nevertheless, a solution of calcium and sodium
hydroxides is a simplification of the pore solution. An actual pore solution contains additional minor
ingredients which may vary depending on the cement composition and can have a significant effect
on the corrosion of the steel.

Only a few studies have measured the pore solution composition of cement paste. Of those,
fewer still have measured the concentration of ions in mature paste. In those studies, a one-fold
concentration difference was found between ordinary Portland cement (OPC) and white Portland
cement [41]; different concentrations were reported for activated alkali-activated ground granulated
blast-furnace slag [42], limestone or fly-ash blended cement [43]-[47]. Thus, pore solutions differ
in more parameters than simply their pH, and these parameters have a relation to cement
composition and an influence on corrosion which have not previously been studied.

Cement composition in respect of reinforcement corrosion has mainly been researched in the
context of (3A content, alkalinity, and blended material content. Most papers have focused on
concrete permeability and the apparent chloride diffusion coefficient [8], [34], [35]. Researchers
investigating the chloride threshold in concrete have not found a definitive result, with some
investigations finding a reduced chloride threshold [48] and others a higher one [49]. This may be a
consequence of other parameters which affect the chloride threshold, such as steel condition and the
steel-concrete interface, which can cause a high variation in results. Researchers who reduced
variation by investigating the chloride threshold of steel in simulated pore solution have focused on
the pH of the solution, assuming that pozzelanic blended cements have only a lower pH [49].

A study, originating from the observation that on-shore RCS with alkali-silicate reaction (ASR)
induced cracks have less corrosion than other on-shore RCS, led to the finding that the materials
which cause the ASR lead to better passivation of the reinforcing steel [3]. These materials are similar
to the pozzelans, which contain amorphous silicate. This hints that the silicate in the pozzolans may
play a role in the passivation of reinforcing steel. The orthosilicate anion and its acids (HxSiOs¢4-
,0<x<3) are large multivalent ions; as such they are preferentially adsorbed on solid surfaces including
steel oxidation products instead of hydroxide and chloride ions [50], [51]. In the case of iron oxidation,
a high silicate concentration at a high pH will result in ferrum silicate deposition, which is insoluble
to pH as low as 2. A study in a pH=12 environment found a dense layer of silica forming on an anodic
steel surface [51]. Both layers may result in a passivation layer, which could be more durable than the
ferrum hydroxide. In environments which are not simulate concrete pore solution, silicate was found
to improve steel corrosion resistance [51]-[57]; it is used as inhibitor in the process industry [51], [58].
The above-mentioned information hints that pozzolans in concrete may have a chemical effect on the
corrosion resistance of reinforcements.

There are several electrochemical methods used for studies of corrosion. The more common
methods are: electrochemical potential (EP), linear polarization (LP), electrochemical impedance
(EIS), and cyclic voltammetry (CV). Following is a short review of these.
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The EP is the electrical potential of the steel, relative to a reference electrode. Reduction in the
EP is a hint of a change in the passivation layer, which may be a depassivation, i.e. initiation of active
corrosion. Many studies of RC corrosion use EP tracking. The disadvantages of the method are: (1)
reduction of potential is not necessarily caused by depassivation; and (2) this indicator gives no
information regarding the process of depassivation or the corrosion rate.

EIS is a relatively new technique. By measuring a spectrum of impedance along a frequency
range, an equivalent circuit can be inferred and parameterized. One of the components of such a
circuit is the electrical resistance of the passivation layer. The transformation from passive to active
corrosion is a result of a drop in the resistance of the passivation layer, which can be measured by
EIS. Thus, EIS gives information which is directly related to the corrosion state.

LP is a controlled change of the EP around its open circuit potential (OCP). The current and
potential are recorded. The typical potential range is +20 mV from the OCP. The corrosion rate at the
OCP can be estimated from the results by using the Stern-Geary equation [59].

In CV, the EP is gradually changed from -20 mV below the OCP up to where active corrosion is
achieved. Then, the potential is gradually changed down to one which is much lower than the original
OCP potential. The received diagram contains two sections of LP, one for the ascending and the other
for the descending potentials. If the investigated specimen starts at a passive state, the LP in the
ascending phase gives the OCP and its corrosion rate at the passive state. The increase in potential
forces initiation of pitting in the specimen. The LP in the descending potential section gives the pitting
corrosion current and its OCP.

Accordingly, a CV gives the EP in both the active and passive states, saving the time and
uncertainty of an EP vs. time measurement and making it redundant; it enables a controlled change
from the passive to the active state; and it includes corrosion current as the LP and EIS. These
advantages make the CV technique an adequate method for the study of the inhibition effect of pore
solution chemistry in a simulated pore solution.

Because of the complexity of the RC corrosion process, the study of the chemical influence of
pozzolans on the corrosion of reinforcing steel cannot be conducted in concrete. The electrochemical
behavior of steel has to be studied in a simulated pore solution. In order to produce an accurate
simulation of a pore solution of concrete with different pozzolan contents, the pore solution of
different pozzolan contents has to be analyzed first. In this work, a pore solution of cement paste with
different silica fume contents is analyzed; it serves as a model for the pozzolans. The electrochemical
behavior of reinforcing steel was studied in a simulated pore solution with varying silicate
concentrations, based on the concentrations found in the pore solution. Additional data, which is
irrelevant for RC corrosion but may be of value for other studies, is presented in the appendixes.

2. Materials and Methods

2.1. Materials

Nine pastes were prepared consisting of CEM I 52.5 N (EN-197, by Nesher Itd. Israel), silica-
fume (grade 940 by Elkem Norway), limestone powder (Avgil 510 by Microgil Israel), and tap water.
Paste compositions are presented in Table 1. Material compositions are presented in Table 2 - Table
4. The SF was used to model pozzelanic materials, and the limestone powder was used to prevent
segregation. The pastes were cast into 50 ml centrifuge tubes and tapped. The tubes were maintained
in standard laboratory conditions until the pore solution extraction, at an age of 6-9 months.

Table 1. Compositions of pastes

Notation Cement Water Limestone powder Silica-fume
SFO 1000 650 350 0
SF5 1000 650 300 50
SF10 1000 650 250 100
SF15 1000 650 200 150

SF20 1000 650 150 200
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SE25 1000 650 100 250
SE30 1000 650 50 300
SE35 1000 650 0 350
SF40 1000 650 0 400

Table 2. Cement composition

Component % (w/w)

CaO 62.49
SiO2 18.73
AlOs 5.37
Fe20s 3.61
MgO 1.13
TiO 0.35
K20 0.45
Na20 0.21
P20 0.45
Mn20s 0.04
SOs 2.55
LOI 600 1.26
LOI 950 3.16
LOI total 4.42

Table 3. Silica fume composition (manufacturer data)

Component % (w/w)

SiO: >90%
H20 <1%
LOI <3%

Table 4. Limestone powder composition (manufacturer data)

Component % (w/w)

CaCOs 99.4
SiO:2 0.20
MgO 0.06
Fe:0s 0.02
AlOs 0.05
SOs 0.03
H20 0.27
LOI 43.60

2.2. Pore solution extraction

The pore solution was extracted using a device built according to Barneyback and Diamond [60].
The force applied on the piston was 270 kN. The quantity of pore solution extracted was about 2 ml
(deduced by weighing the specimen before and after extraction). The extracted solution was collected
by syringe, and filtered through a 220 nm filter, to remove solids which may dissolve or harm the
analytical equipment.

2.3. Chemical analysis

The pore solution was diluted at 1:10 in deionized water to achieve sufficient volume for the
chemical analysis. Ion content of the dilute solution was measured by ICP.
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The pH of the dilute solution was measured by ISE. The pH of the pore solution was calculated
based on the pOH and the dilution, according to the following equations:

[OH]pore solution = [OH]measured/dilutiOl’l (1)
pOH = 14 - pH )
pOH = -log([OH]) (©)

A procedure for method validation and validation results is described in Appendix A.

2.4. Synthetic pore solution

In order to measure the electrochemical behavior of reinforced steel in a pore solution, an
artificial pore solution was prepared by dilution of sodium silicate (water-glass) to obtain the desired
Si concentration with NaOH added for pH correction. The silicate concentrations were 0, 0.356, 3.56,
and 35.6 mM (as Si). The pH was fixed to 13, in order to reduce the variability to that of only the
silicate concentration.

2.5. Specimen preparation for CV

Steel specimens were prepared by milling reinforcing steel to a diameter of 10 mm and a length
of 20 mm. To the backs of each steel cylinder an electrical wire was attached. The cylinders were
rinsed with acetone, dried in hot air, and soaked in a silicate solution of 35.6 mM and pH 13 for 24
hr. Later, the cylinders were rinsed in deionized water and acetone and dried in hot air. The cylinders
were inserted into molds with a centering groove for a vacuum epoxy cast. The front of the specimens
was polished to 800 grit. Three specimens were prepared for each concentration.

2.6. Electrochemical measurement — CV

The electrochemical behavior of the steel in the simulated pore solution was studied by Cyclic
Voltammetry (CV). In this method, the specimen potential, V, is brought to a potential which is
somewhat lower than the OCP potential —in this work to 0.1 V below the OCP. Then the potential is
gradually raised to a potential in which oxidation is certain to occur. Next, the potential is gradually
reduced to a potential which is much lower than the OCP potential: to -1 V vs. saturated calomel
electrode (SCE) in this work. During the controlled changes in potential, the current, I, needed to
maintain each potential is recorded. The resultis a V vs. log(I) diagram.

The resulting V vs. log(I) diagram can be analyzed to yield the corrosion current in the OCP, the
pit initiation potential, and with pit area, the in-pit corrosion current [61].

Preliminary results showed that increase of the potential caused thickening of the passivation layer
and no pit initiation. NaCl was added to the silicate solution to allow pitting. The NaCl concentrations
which were used in the final investigation are shown in Table 5.

For each electrochemical test, three specimens were used.

Experiments using other electrochemical methods prior to selecting the CV method are detailed in
Appendix C.

Table 5. Final NaCl concentrations in the silicate solutions for CV investigation

Silicate [ppm (Si)] [Si] (mM) NaCl [% w/w]

0 0 10

10 0.356 10

100 3.56 15
1000 35.6 10, 15, 20

3. Results



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020

3.1. Pore solution

The composition of the pore solution is presented in Table 6. The silicate concentration increases
by two orders of magnitude from 0.294 mM for no SF addition to 49 mM for a 20% SF addition. Then
it decreases to 3.4 mM for a 40% SF addition (Figure 1). The pH decreases slightly with the addition
of SF of up to 10% of cement weight. With greater additions there is no clear trend. The lowest pH
found is 11.44 for a 15% SF addition. Ca concentration ranges from 0.343 mM for no SF addition up
to 2.488 mM for a 30% SF addition, with no clear trend. The alkalis, K and Na, show a generally
decreasing trend with increasing SF content with the exceptions of SF20 and SF25 which slightly
deviate from this trend. The K/Na ratio decreases from 1.3 for SFO to 0.9 for SF15, and rises back to
1.2 from SF25 and on.

Table 6. Pore solution composition for hardened cement paste mix

Notation % SF of pH Ca Si Al Fe Mg K Na
cement (mM) mM) @M @M M) (mM) (mM)
SFO 0 13.55 0.343 0.294 2236  11.69 794 176.7  133.7
SF5 5 13.13 1.218 1.720 18.7 0.87 0.00 67.2 71.3
SF10 10 12.86 1.508 0.414 27.8 5.23 19.30 34.6 37.8
SF15 15 1144 0.927 14861 15.6 3.20 1.36 32.2 36.1
SF20 20 12.50 1.432 49.124 349 1.59 4.77 41.9 45.3
SF25 25 11.76 0.767 32410 4.6 1.57 0.90 43.0 36.9
SF30 30 12.64 2.488 11226 447 5.88 416 29.1 25.9
SF35 35 1192 1.996 12.652 217 5.59 6.56 229 19.5
SF40 40 12.41 0.662 3.406 39.3 14.83  0.29 20.9 18.0
50 »
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Figure 1. Silicate concentration vs. SF addition

3.2. Electrochemical analysis

The CV results are presented separately for solutions without a NaCl addition and for solutions
with a NaCl addition.

3.2.1. CV in solutions without NaCl

A sample of CV graphs for 0, 0.356, 3.56, 35.6 mM silicate are presented in Figure 2.
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Figure 2. CV graph for reinforcing steel in 0 — 35.6 mM silicate , pH 13. Arrows show the direction of
change

The OCP of steel which has not been exposed to chloride has a tendency to decrease with silicate
concentration, but the variation for each silicate concentration is high (Figure 3).
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Figure 3. The undisturbed OCP for different silicate concentrations, before CV

The positive potential offset of the OCP during measurement increases from 0.33 V to 0.7 V as
silicate concentration increases from 0 to 3.56 mM silicate, , and then decreases to 0.55 V for 35.6 mM

silicate (Figure 4).
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Figure 4. Positive difference of OCP from the undisturbed state to the OCP after CP, in different
silicate solutions. 0 mM was entered as 10> mM to enable the logarithmic scale.

3.2.2. CV in solutions containing NaCl

For silicate concentrations up to 3.56 mM the OCP-before-CV is higher than the OCP-after-CV.
For a concentration of 35.6 mM, the OCP-before-CV is lower than the OCP-after-CV (Figure 5). After
CV, localized corrosion could be seen on the specimens’ surface with a silicate concentration of 0 to
3.56 mM (Figure 6). No corrosion sign could be seen on the 35.6 mM specimen.
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Figure 5. CV graphs for different silicate concentrations in NaCl solutions. Arrows show the direction
of change.
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(a) (b) (©
Figure 6. Specimens after CV in NaCl solutions. (a) 0 mM silicate, 10% NaCl (b) 0.356 mM silicate,
10% NaCl (c) 3.56 mM silicate, 15% NaCl

The OCP and corrosion current density, before and after CV, of 35.6 mM silicate specimens in
different NaCl solutions are shown in Table 7 and Figure 7. Current density for silicate concentration
of 35.6 mM vs. NaCl concentration at the start and end of CV. The corrosion current density rises
with NaCl concentration. Except for the measurement without NaCl, the current after CV is higher

than the current before CV.

Table 7. OCP (V vs. SCE), and corrosion current density, i (Acm?), for silicate concentration of 35.6
mM and varied NaCl concentrations. Subscript s — start of CV, e — end of CV.

% NaCl 0 10 15 20
OCPs -0.264 -0.532 -0.502 -0.574
OCP. 0.191 -0.107 -0.107 -0.129

is 3.04E-07 4.63E-07 1.57E-06 2.32E-06
e 6.88E-08 2.42E-06 5.64E-06 3.84E-05

1.E-04 -
m
1.E-05
m

& = " IS
g 1.E-06 + start
< *
- * mend

1.E-07 %

1.E-08 . . . .

0 5 10 15 20
% NaCl (w/w)

Figure 7. Current density for silicate concentration of 35.6 mM vs. NaCl concentration at the start and

end of CV

The electrochemical parameters which can be extracted from the CV graph analysis, the OCP
potential of passive and corroding specimens, and current at the passive state and at pit initiation,
are shown in Table 8 with a calculation of the current density at the active state, passive state, and

pit initiation.

Table 8. Electrochemical parameters for different silicate concentrations.
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Parameter units 0mM 0356 mM 3.56 mM
Eocp VvsSCE  -0.486 -0.405 -0.337

Ipassive A 1.26E-06 3.84E-08 3.12E-16

Ipit-initiation A 1.18E-03 1.23E-02  4.68E-04
Total area cm? 0.785 0.785 0.785
Corroded area cm? 0.536 0.725 0.169
Ecor VvsSCE  -0.541 -0.600 -0.567

Lact A 1.06E-04 2.01E-04 3.44E-06

fact Acm?  197E-04 2.78E-04 2.03E-05

ipassive Acm?  1.60E-06 4.89E-08 3.97E-16

ipit-initiation Acm? 2.19E-03 1.70E-02  2.77E-03

4. Discussion

4.1. Pore solution

Up to a 10% addition of SF, the silicate concentration found in this work was in the range which
can be found in the literature for ordinary Portland cement, white Portland cement, and its blends
with limestone powder and slug [41], [43]-[47], [62], which is usually below 0.5 mM, or up to 1.5 mM
in cement containing fly-ash [47]. It is clear that an increase of the SF content above 10% of cement
content is associated with an increase of soluble silicate (Figure 1). It seems that a maximum
concentration is achieved with an addition of 15% to 25% SF; while of the compositions studied in
this work, 20% SF yielded the maximum concentration of 49 mM. These concentrations of SF are
much higher than the concentrations in current practice which are limited by experience and
standards to 10% of total binder. However, the SF in this work does serve as a model material for
pozzolans. Other pozzolans are introduced in concrete mixes and blended cements in higher
contents. The European norm for cement, EN 197 — 2011, permits up to 35% pozzelanic content in
CEM 1II/B, and up to 55% in CEM IV/B. This is without taking GGBS in account, which can be up to
95% in CEM III/C. The silica content in the pozzolanic materials can be higher than 50%, thus
providing sufficient silica to the mix.

The solubility of the silica in pozzolan is a field not well studied. Assuming that the system is at
equilibrium after 3 months, a solubility constant (Ksp) can be calculated to predict system equilibria
for other pozzolans. The data in this work is not sufficient for accurate calculation of Ks. As a
reference for future studies, the calculated Ksps are supplied in Appendix B.

4.2.Electrochemical analysis

The CV technique was found to be the most appropriate for this study. However, other
techniques were examined as well. These yield data and insights which may be of use in future
research, and we include them in Appendix C.

4.2.1. CV in solutions without NaCl

The second peak, i.e. the peak after forcing galvanic corrosion, OCPe, has a higher OCP than the
OCP before CV initiation (Figure 2). This implies that pitting has not been initiated, and that
passivation was strengthened by the induced current. For silicate concentrations of 0.356 and 3.56
mM silicate, the new OCP corrosion current is so low that the measured signal is noisy, due to
currents below 107 Ampere.

The OCP of the specimens before CV (OCP:) shows a slight decrease as silicate concentration
increases (Figure 3). High variation in results make this tendency insignificant. On the other hand,
since EP is often used as indicator for the state of reinforcement corrosion, this variation draws
attention to the limitation of EP as a corrosion indicator.

The difference between after-CV-OCP (OCP:) and before-CV-OCP (OCP;) increases with silicate
concentrations up to 3.56 mM silicate. The potential difference for the 35.6 mM silicate solution is also
higher than the 0 mM silicate solution (Figure 4). This finding, along with the decrease in the
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corrosion current at the OCP, indicates that soluble silicate improves the properties of the passive
layer. The question is, how does it improve the layer in the case of chloride-induced corrosion. It is
known that corrosion of reinforcements does initiate due to exposure to chloride, and that this
corrosion initiates with pitting. In this experiment, no pitting was observed. Hence, a CV study with
chloride is needed.

4.2.2. CV in solutions containing NaCl

Reviewing the relation between chloride concentration in solution and the corrosion current at
the passive state: for a silicate concentration of 35.6 mM (Table 7 and Figure 7) the current was seen
to increase with increasing chloride concentrations. This result supports the theoretical explanation
for chloride-induced corrosion initiation in concrete. The current rises with the chloride
concentration, until the factor of the current density multiplied by the local pit depth (i-x) is high
enough to create a concentration polarization, which produces a pH at the bottom of the groove that
is low enough for the passivation layer breakdown [63]-[65]. The higher stability of silica at a low pH
may explain the better pitting resistance of steel in high silicate-containing solutions. This theory also
explains the lower chloride threshold found for specimens with rough surfaces, relative to those with
smooth surfaces [37], [66]-[68].

For models of corrosion initiation, the information about current density at pit initiation, ipi-
initiation, may be valuable. The pit initiation corrosion current is in the range of 1.70E-2 to 2.19E-3 Acm-
2. This current is one order of magnitude higher than reported in [61], which is 6.9E-4 Acm?2, but
similar to those in the references cited in [61]. This can be explained by the polished surface. Since the
corrosion current for pitting initiation depends on the initial roughness of the surface, a polished
surface has shallower defects. This results in higher currents for pit initiation. Small defects on a
polished surface can have a higher variation in their relative depths, which can influence the
corrosion current for pit initiation more than other factors, and be a significant source for deviation
in results especially when characteristics of corrosion initiation, such as pit initiation current, are
investigated. For more accurate results in a future study, creating pits of known dimensions prior to
the electrochemical tests will make any small uncontrollable roughness negligible.

The passive corrosion current density, ipassive, (Table 7. OCP (V vs. SCE), and corrosion current
density, i (Acm), for silicate concentration of 35.6 mM and varied NaCl concentrations. Subscript s
— start of CV, e — end of CV. and Table 8. Electrochemical parameters for different silicate
concentrations.) decreases with silicate concentrations from 0 to 3.56 mM, but the 35.6 mM specimen
demonstrates a passive current density similar to that of the 0 mM; and for an NaCl concentration of
20% the passive corrosion current is similar to the active corrosion current of the 3.56 mM silicate
concentration. This result is in contrast to what might be expected. According to Oliveira et al. [51]
the corrosion currents obtained in a silicate solution of 1 M as Si are in the range of 10-%-107 Acm™
(excluding cathodic treatment which is irrelevant). These results are in the same range as those found
in this work, but in a different environment. Nevertheless, with a higher silicate concentration the
passive corrosion current wasn’t lower than the passive current in this study, and the corrosion
current of the 3.56 mM silicate was much lower. This hints that an optimal silicate concentration for
inhibition of corrosion may indeed exist.

5. Conclusions

In this study the pore solution compositions of cement pastes having different SF contents was
measured. An analysis was made of the electrochemical behavior of reinforcing steel in silicate
solutions at the range typically found in pore solutions. The main findings are:

e  Silicate (i.e. dissolved silica) concentrations in a concrete pore solution may vary by up to three
orders of magnitude, due to the use of pozzolans.

e  Cyclic voltammetry was found to be an adequate method for the investigation of corrosion
inhibition resulting from the chemical composition of pore solutions. This technique gives
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results which are in agreement with those that have been found for localized chloride-induced
corrosion initiation.

e  There is clear evidence that an increase of soluble silicate, at least up to 3.56 mM, increases the
resistance of steel to chloride-induced pit initiation. This implies that a pozzolan content
equivalent to 15% SF or more may increase RC resistance to chloride-induced corrosion.

e  Reducing surface variability by creating controlled pit depths is advised for further research
regarding corrosion initiation in simulated pore solutions.
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Appendix A

A.1. Validation of pore solution chemical analysis method

Because the volume of extracted pore solution is often less than 2 ml, pore solution drops were
collected by syringe, and diluted. This process may introduce error into the measurement in two
ways: (a) carbonation, which reduces pH; and (b) deviation of the calculated pH due to the pks of the
species in the solution. To assess the deviation, small synthetic pore solution drops were spread on
the extraction device base. The drops were collected by syringe, filtered and diluted, as in the method
for pore solution analysis; and their pH was measured.

The results show a maximum change of -0.22 pH units, while the deviation during 5-25 minutes,
which is the common time for extraction and sample collection, is less than 0.1 pH unit (Table ). This
deviation should be taken into account when using the Ksp in Appendix B.

Table A.1 Time from spread, calculated pH, and deviation of the pH from the original value

Time from spread Calculated pH Deviation

0 13.17 0.14
5 13.10 0.07
10 13.08 0.05
15 13.07 0.04
20 13.03 0.01
25 13.00 -0.02
30 12.80 -0.22
35 12.88 -0.14

A.2. Comparison with dissolution from solids

Because the extraction procedure is expensive, the results were compared to the results achieved
by pulverizing a sample and extracting via deionized water as described by Behnood et al. as ex-situ
leaching method [69]. The specimen which was used was 5% SF. It is clear that extraction by
pulverization and water addition is dominated by calcium hydroxide dissolution. The results show
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that pulverized concrete extraction by water is inadequate for pore solution analysis (Table and
Table ).

Table A.2. Pore solution pH by different extraction methods of 5% SF mix

Method pH
As described in 2.2, 2.3 13.13
Pulverized concrete after 2 hours agitation 12.78

Pulverized concrete after 2 days agitation  12.80

Table A.3. Chemical composition of solution by different extraction methods of 5% SF mix

Method Ca Si Al Fe Mg K Na
As described in 2.2, 2.3 48.8 48.31 050 0.05 0 2626 1638
Pulverized concrete after 2 days agitation 506.1 0.853 0.11 0.004 0 532 292

Appendix B

The solubility constant, Ksp, can be theoretically calculated from the logarithm of the
concentrations. Deviation from the equilibrium and any error in calculated pH may introduce errors
into this calculation. Because the equilibrium involves many ion species, and some ions such assulfate
are not being measured, there is a need for at least 80 independent measurements of concentration.
However, any contribution to the data about hydrated cement solubility is important, because such
data is scarce. Hence, the calculation of the solubility constant is presented in this appendix.

The calculation is performed on the negative logarithm of concentrations and the constant,
known as “p”1, by using linear regression. Ions of metals of minor importance, Al, Fe, and Mg were
omitted, to reduce overfitting. The p’s values are shown in Table . The result of the regression is:

pk,, =2.67-pCa+8.20- pK —6.87- pNa—0.51- pSi+ pH =21.13, (1)

The standard deviation of the Ksp of the different samples is 2.56%, which is equivalent to 0.54
in pKsp units.

"

Table B.1 The negative logarithm, “p” of the ions measured in the extraction

Notation pH pCa pSi pK pNa
SFO 1355 346 3.53 075 087
SF5 13.13 291 276 117 1.14

SF10 12.86 2.82 338 146 142
SF15 1144 3.03 1.82 149 144
SF20 1250 2.84 130 137 1.34
SF25 1176 3.11 148 136 1.43
SF30 1264 260 194 153 1.58
SF35 1192 270 1.89 163 171
SF40 1241 3.18 246 168 174

SF5 by pulverization 128 190 451 187 1.89

Ions with an equal sign in equation (1) are competitive, i.e. when one increases the other decreases.
Thus, Ca and K are competitive, and pH, Si and Na are competitive. It makes sense that ions with the
same sign will solute one at the expense of the other, as do Ca and K, and Si and pH. However, the
inclusion of Na with the Si and pH does not make sense. The Na could be expected to compete with

! For example pKsp=-logio(Ksp)
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K, but as can be seen, the ratio K/Na is fixed (Table 6), so it may be an artifact arising from the small
differences between K and Na. In any case, this topic deserve separate study.

Entering to equation (1) the concentrations data for the extraction by pulverization and water addition
yield 17.87, very far from 21.13, more than 6 standard deviation. It can be conclude that the method
of extraction by pulverization and water addition has no value in the study of concrete pore solution.

Appendix C

Other electrochemical methods were used during this study, and are not reported in the main
text. A comparison between these methods is reported here to explain why the method chosen for
this study is the most appropriate one.

C.1. EP vs. time

Specimens were fabricated first without immersion in silicate solution prior to the epoxy cast.
The corrosion in all these specimens had started as crevice corrosion between the steel and the epoxy.
The results were completely random. It seems that surface microscopic defects had more influence
on results than silicate and chloride concentrations. The EP vs. time of specimens, as described in the
method section, (Figure C.1.) tends to rise in the first 14 days. An addition of 3% NaCl at the 57th day
caused a temporary reduction of the EP, which rose to approximately its former value after one to
several days. Raising the NaCl concentration to 4% gave similar results. Measuring the EP change
after NaCl addition yielded no clear results (Figure C.2.). It may be concluded that these experiments
contained no valuable information regarding the effect of silicate concentration on chloride-induced
corrosion inhibition.

® OmMSi
= .
g ® OmMSi
§ /‘ 0 mM Si
u 0.356 mM Si
> \ v T
g 500 8 NaCl addition 4%  x 0356 mM i
% NaCl addition 3% X 0.356 MM Si
-250 —=@== 0 mM Si Average
[ J
- @= (0.356 mM Si Average
-300
0 20 40 60 80 100

time (days)

Figure C.1. OCP vs. time for specimens in different solutions
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Figure C.2. OCP vs. chloride concentration

C.2. EIS (Rp)

The use of EIS gives a reliable measurement of the Rp. Since the corrosion current can be
determined by CV, the EIS was used only during the preliminary study. Spectra demonstrated two
time constants. In any case, no difference was found in the quality of curve fitting to
Rs,Rp! ICPE,R21 IC2 or Rs,Rp | | CPE circuits (Figure C.3.), nor in the resulting Rp.

Rs —

1 CPE C,

(a)

Rp

Rs —

CPE

(b)
Figure C.3. Equivalent circuits. (a) Rs,Rp| |CPE,Rz| | Cz, (b)Rs,Rp | | CPE
There was no significant change of Rp with time after more than one day following immersion.

However, there is a clear segregation into two groups: Rp in the range of 1E6 {2 and Rp in the range
of 1E14 Q. In the latter group, only specimens immersed in silicate solution can be found (Figure
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and Figure 8). As long as the specimen is not corroding, the chloride concentrations do not affect this
segregation. When graphing the OCP vs. Rp, the points settle on two separated lines (Figure 8). The

two lines correspond well with those found for the measurement of steel in concrete, reported in [70]
(Figure 8, green dots). This hints that in the presence of silicate, two different types of passive layer
may be formed. Due to the limited scope of this study, this subject has not been further investigated.
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Figure 8.5. —-EP vs. Rp for specimens in NaOH pH 13 solution, 10 mg/1 (as Si) silicat pH 13 solution,

and steel embedded in concrete from [70]
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