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Abstract. Corrosion of steel in concrete has been considered as a major cause reducing the
lifespan of reinforced concrete (RC) structures. Evaluation of corrosion rate is crucial to
determine service life and maintenance plaining for RC structures. Electrochemical
properties of corrosion of embedded steel in concrete, including the Tafel slope, corrosion
potential and corrosion current density, are significant parameters predicting corrosion rate.
The objective of this paper was to quantitatively evaluate electrochemical properties of steel
in different compositions of concrete. Varied parameters include the water to binder ratio
of concrete, type of binder and chloride content. The electrochemical properties were
evaluated at three periods of exposure. Experimental results reveal that the electrochemical
propetrties of reinforcing steel depend on water to binder ratio, type of binder and chloride
content. An increase in chloride content significantly decreases the corrosion potential and
increases the corrosion rate of steel. The anodic equilibrium potential is lower with an
increase in chloride content. The varied concrete mix proportion significantly influence the
cathodic polarization. This is due to the effects of concrete porosity on oxygen
concentration, which is influenced by the concrete mix proportions. The results can be used
to predict corrosion rate of steel in various concrete mix proportion for determining service
life and repairing of RC structures.
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1. Introduction

For many years, reinforcement corrosion has been
considered as the major problem reducing the lifespan of
reinforced concrete (RC) structures. Particularly, those RC
structures locating in marine environment, have been
significantly deteriorated by chloride attack. Along with
the unexpected increase in chloride content, the variation
of concrete compositions, such as water to binder ratio,
fly ash content, etc.,, could affect the state of
reinforcement corrosion. The severity of corrosion is
normally evaluated based on electrochemical properties
such as electrical resistivity of concrete, corrosion
potential and corrosion rate of reinforcing steel [1-9].
Moreover, the other electrochemical properties such as
Tafel slope and equilibrium potential, can be used to
simulate both anodic and cathodic polarization in
corrosion process. Understanding the anodic and cathodic
polarization, repairing of the corroding RC structures can
be well designed and conducted.

Tafel slope is widely used to calculate corrosion rate
of steel based on Stern-Geary equation [10-12]. Previously,
the variation of Tafel slope and equilibrium potential were
observed during the process of corrosion. Hussain et al.
[13] showed that an increase in chloride content may
reduce the anodic Tafel slope and anodic equilibrium
potential, which then led to the increase of corrosion rate
of reinforcing steel. Without the presence of chloride ion
in concrete, the potential on the surface of reinforcing
steel was stable in a wide range of potential. The increase
in chloride content shortened the stable potential range on
surface of steel. Hence, reinforcing steel change easily
from the passivity stage to the pitting stage, where the
change of potential contributes to a remarkable increase
in corrosion current density. Besides, the availability of
oxygen in concrete affected the cathodic polarization
curve. The magnitude of cathodic Tafel slope increased
when the concentration of oxygen decreased. In
accordance with this, corrosion potential became more
negative but lower corrosion rate of steel was found to be
lower [14].

In this study, concrete mix proportion and chloride
content were varied aiming to investigate the variation of
electrochemical properties of reinforcing steel in various

concrete. The concerning properties of steel included
Tafel slope, equilibrium potential, corrosion potential and
corrosion rate. Potentiodynamic measurement
conducted to determine the electrochemical properties of
reinforcing steel.

was

2. Experimental Program
2.1. Materials

In this study, the materials used to mix concrete were:
Ordinary Portland cement (OPC) - cement type 1
according to ASTM C150 [15], crushed lime-stone and
river sand with their specifications following the
requirements of ASTM C33 [16], coal fly ash (FA) type 2b
according to TIS2135 [17] and tap water. The parameters
were varied as shown below:

— Water to binder ratio: 0.45 and 0.6;

—  Percentage of fly ash: 0 and 30% by weight of binder;
— Chloride content: 0, 1%, and 2% by weight of

concrete.

Table 1 shows the concrete mix proportions that were
used to cast the specimens. To simulate an aggressive
environment, a specific amount of sodium chloride (NaCl)
was pre-mixed in the mixing water of concrete to obtain
chloride content as previously mentioned. One steel bar,
DB20 grade SD40 with a diameter of 20 mm and a length
of 200 mm, was embedded in each specimen. Figure 1
illustrates the preparation of steel bar with an epoxy
coating at both ends of the steel bar and the remaining
exposed surface area of the steel bar was kept constant at
50 cm?.

2.2. Specimen Preparation

Reinforced concrete (RC) specimens used in this study
were cubic, 100x100x100 mm with 200mm-long DB20
steel bar extruding from one side. Figure 2(a) shows a
picture of the RC specimen. The covering depth was fixed
at 20 mm.

Exposed surface area

50cm?
10 - 80 | 110 |
S
cC u C c. U | c |
C: Coated steel; U: Un-coated steel. Unit: [mm|]

Fig. 1. Preparation of steel bars embedded in the concrete specimen.
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Table 1. Concrete mix proportions.
Unit content (k 3
No. | W/B ratio | Fly ash (%) - nit content (kg/m?)
Cement | Fly ash | Fine aggregate | Coarse aggregate | Water
1 0.45 0 421 0 743 1045 190
2 0.45 30 280 120 743 1045 180
3 0.6 0 352 0 743 1045 211
4 0.6 30 236 101 743 1045 202
a
Fig. 2. (a) Reinforced concrete specimen; (b) Set up for potentiodynamic measurement.

2.3. Potentiodynamic Measurement

To determine the electrochemical properties of
reinforcing steel, a potentiodynamic measurement was
conducted with the set-up as shown in Fig. 2(b). The
components of the measurement system include four
main parts: the potentiostat (Autolab PGSTAT302N),
reference electrode (Cu/CuSOs), counter electrode
(stainless steel grade 304) and working electrode
(reinforcing steel). To ensure good connectivity among
the components, conductive copper tape was used as a
connector and conductive gel was used between the
stainless steel and the concrete surface. The measurement
parameters are provided as follows:

— Time for determining open-circuit potential

(OCP): 300 s;

— Potential sweep range: £120 mV around OCP;

— DPotential sweep rate: 0.5 mV/s.

During the measurement, the ambient environment
surrounding the specimens was controlled by placing the
specimens in a closed plastic box. This minimized the loss
of moisture in concrete cover, which may significantly
influence the polarization behavior.

Figure 3(a) shows the raw data obtained from the
measurement. The collected data from the measurement
can be analyzed to extract the polatization behavior of

reinforcing steel, as described in Fig. 3(b). Based on a
suggestion of previous studies [18, 19], a developed fitting
algorithm was used to extract the electrochemical
properties of reinforcing steel from the collected data of
measurement. The corrosion rate was calculated from the
corrosion current by applying Faraday’s equation, as

described in Eq. (1) [20].

_EWxTxI

x 1000 1
AxF

where: CR (mg/cm?2year) is the theoretical mass loss of
reinforcing steel, EW (28 g/mol) is the equivalent weight
of the carbon steel, T (s) is the exposure period, I (A) is
the corrosion current; A (cm?) is the exposed surface atea,
and F (=96,500 C/mol) is Faraday’s constant.

The slopes of fitted linear lines represent the anodic
and cathodic Tafel slopes. Finally, the equilibrium
potential could be linearly extrapolated based on the
exchange current density. The exchange current density
depends on the intrinsic nature of each metal, and also
depends on the surface characteristics of the specific metal
[21]. In this study, since only one type of steel was used,
the exchange current densities were fixed for anodic and
cathodic polarization, i, = 105A/m?2 and ip. = 10-10 A/m?
[18].
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Fig. 3. Example of collected and analyzed data of potentiodynamic measurement: (a) Raw data with selected range for

fitting; (b) Fitted lines after analyzing raw data.
3. Results and Discussion

3.1. Corrosion Potential and Corrosion Rate
3.1.1. Cortrosion potential

As can be seen in Fig. 4, the corrosion potential (V. vs
CSE) is lower when the chloride content in the concrete
increases. Moreover, the corrosion potential is found to
be lower with an increase in the exposure period.
According to ASTM C876 [22], the more negative the steel
potential, the higher the possibility of the corrosion of
reinforcing steel, as described in Table 2.

At 2 months, the corrosion potential of reinforcing
steel in free chloride specimens is about -200 mV, which
results in the 10% possibility of corrosion based on ASTM
C876 [22]. Compared to the chloride-contaminated
concrete, the corrosion potential is approximately -550
mV, which means that reinforcing steel has a high
possibility to corrode. The appearance of chloride in
concrete destroys the passive film on the surface of
reinforcing steel or even prevents the formation of a
passive film. Without protection from the passive film, the
potential on the surface of reinforcing steel was not stable.
At a longer period, a similar pattern can be observed. At 6
months, the corrosion potential of chloride-free ordinary
Portland cement (OPC) concrete with 0.6 W/B
is -620 mV, which is higher than that of OPC concrete
with 1% [Cl] (-680 mV) (Fig. 4(b)). At a later age, the
corrosion potential of chloride-free concrete exhibited a
very low value, because of the exposure conditions used
in this study (high humidity). The potential of reinforcing
steel can exhibit very low when RC specimen is kept in
these conditions for a long time. Similar results with a very
negative potential of steel were found by previous
researchers [23-20].

The effects of the concrete parameters on corrosion
potential were observed after along term exposure period.
It is worth mentioning that the variation of corrosion
potential due to the influence of concrete parameters was
lower than that due to chloride content. After 2 months,
reinforcing steel in chloride-free concrete with 0.45 W/B
had a higher potential than that with 0.6 W/B. For
example, the corrosion potential of OPC concrete with

0.45 W/B is -180 mV (Fig. 4(a)), while that with 0.6 W/B
is -220 mV (Fig. 4(b)). The reason for this phenomenon is
that the porosity of 0.45 W/B concrete is lower than that
of 0.6 W/B concrete. Low porosity concrete constrained
the penetration of corrosive factors such as water, oxygen,
etc. Even in chloride-contaminated concrete, the
aforementioned phenomenon can be observed. There was
a higher amount of cement used in low W/B concrete,
which slightly increased the pH level. As a result, passive
films on the surface of reinforcing steel were stronger.

Regarding the effects of fly ash on corrosion potential,
there are three aspects that should be considered: First, a
decrease in the porosity of concrete; second, a reduction
of free chloride in chloride-contaminated concrete; and
third, decrease in pH. For the first aspect, the pozzolanic
reaction in fly ash concrete decreases the porosity of
concrete, which contributes to a more positive corrosion
potential. From the experimental results, this could not be
observed in chloride-free concrete at this time because the
pozzolanic reaction takes more time to develop. Second,
the introduction of fly ash reduces the content of free
chloride, which is the main factor inducing the corrosion
of reinforcing steel. Fly ash can minimize free chloride
ions due to better chloride binding capacity [27, 28]. This
phenomenon could be observed in the experimental
results. Third, according to previous findings, the pH of
OPC concrete is higher (more alkaline) than that of FA
concrete [29, 30]. Due to this drop in pH in FA concrete,
passive films on the surface of steel could be weakened.
In theory, the interaction of reinforcing steel with the
highly alkaline environment (pH =12 to 13 [24]) of
concrete leads to the formation of a protective film on the
steel surface. A pH lower than 10.5 causes passive film
instability and thus a lower corrosion potential. However,
the effects of this aspect on the corrosion potential could
not be found in our experimental results, even in chloride-
free and chloride-contaminated concrete. The reason is
that although fly ash tends to decrease the pH of the
concrete, the decrease is very small, as the surrounding
environment is still sufficiently alkaline. The effects of pH
can be considerable on other electrochemical properties,
which is discussed below.

The corrosion potential decreased significantly when
the exposure time is increased in both chloride-free and
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chloride-contaminated concrete. This is caused by
corrosive agents, such as water and oxygen, continuously
accumulated on the steel surface, which results in the
progression of corrosion of reinforcing steel. The
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corrosion potential becomes lower with time. In other
words, the possibility of corrosion of steel increased with
time.
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Fig. 4. Corrosion potential in (a-b) OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete with W/B

ratio (c) 0.45 and (d) 0.6.

Table 2. Relationship between corrosion potential and possibility of corrosion.

Corrosion potential (mV. CSE)

Possibility of corrosion

> -200 Low (less than 10%)
-200 —-350 Intermediate corrosion risk
<-350 High (more than 90%)

<-500 Severe corrosion

3.1.2. Corrosion rate

Figure 5 illustrates the cortosion rate (mg/cm? yeat)
of reinforcing steel in concrete with different parameters,
including chloride content, water to binder ratio, content
of fly ash, and exposure period. With 2 months of
exposure, the chloride ions increased the corrosion rate of
reinforcing steel in concrete. The chloride in concrete
accelerated the dissolution reaction of steel. An increase in
chloride ions adds electrolytes in the concrete pore

solution, leading to a decrease in concrete resistivity [14].
Solid salts, specifically NaCl, can absorb water to form
aqueous electrolytes, which then offers good conductivity
for corrosion to occur [31]. This increase in moisture
content makes the charged ions flow easily. Hence, the
electrical resistivity of concrete decreases in chloride-
contaminated concrete. The decrease in electrical
resistivity encourages the transport of electrons between
the anode and cathode, therefore the corrosion rate
increases significantly.
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Fig. 5. Corrosion rate in (a-b) OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete with W/B ratio

(c) 0.45 and (d) 0.6.

The concrete parameters play a crucial role in the
change of corrosion potential and corrosion rate.
Parameters of concrete were evaluated in two aspects:
water to binder ratio and fly ash content. An increase in
the water to binder ratio boosted the corrosion rate of
reinforcing steel, which resulted from higher porosity of
concrete. This higher porosity then eases the penetration
of water and oxygen through the concrete cover. The
corrosion rate of OPC concrete with 0.45 W/B and 2%
[CI] is 5.01 mg/cm?-yr (Fig. 5(a)) compated to that with
0.6 W/B which is 10 mg/cm?-yr after 2 months of
exposure (Fig. 5(b)). Moreover, the lower electrical
resistivity in high W/B concrete contributed to an
acceleration of corrosion on the surface of reinforcing
steel.

Additionally, fly ash (FA) can reduce the porosity of
concrete, decreasing the free chloride content, and
lowering pH of the concrete. After a certain period, the
pozzolanic reaction of fly ash can reduce the porosity of
the concrete. Therefore, the amount of oxygen and water
are limited in the concrete and a higher electrical resistivity
can be obtained in FA concrete compared to that in OPC
concrete [7], especially at a later age. The penetration of
oxygen through low porosity concrete is limited, resulting
in the effects of concentration polarization on the
corrosion process. Concentration polarization represents

the effects of mass transport in an electrochemical process.

In this case, it is the transportation of oxygen. As a result,
the corrosion rate of reinforcing steel in FA concrete is
lower than that in OPC concrete. In other aspects,

chloride ions in concrete is captured by pozzolanic
products to form bound chlorides. Regarding to chloride-
induced corrosion, bound chlorides have no effects on the
progress of reinforcement corrosion [14, 24]. The
influence of the two mentioned factors decreased the
corrosion rate of reinforcing steel in FA concrete. As can
be seen in Fig. 5(d), the corrosion rate of FA concrete with
0.6 W/B and 1% [Cl] is 5.20 mg/cm? yr compared to that
of OPC conctrete which is 8.40 mg/cm?-yr after 2 months
of exposure (Fig. 5(b)). For the influence of pH, the
corrosion rate of reinforcing steel was higher in FA
concrete than that in OPC concrete at the beginning of
exposure. After 2 months of exposure, the corrosion rate
of chlotride-free OPC concrete with 0.6 W/B is
0.57 mg/cm?-yr, which is lower than that of FA concrete,
0.70 mg/cm?-yr. This is from the effect of a drop in pH
surrounding the reinforcing steel, so that the dissolution
of steel increased at an early stage. At a longer term, the
FA concrete became denser, constraining the movement
of corrosion current. For this reason, a low corrosion rate
in FA concrete could only be found at a longer exposure
period.

Within the period of this study, the corrosion rate of
reinforcing steel increased gradually with time. The
corrosion rate of reinforcing steel after 9 months of
exposure was the highest. This phenomenon shows good
agreement with the findings of previous researchers [8, 9].
The effects of the aforementioned factors, including water
to binder ratio, fly ash and chloride content, still could be
seen with increasing exposure period. The corrosion rate
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in chloride-contaminated concrete was higher than that in
chloride-free concrete. Lowering the water to binder ratio
and replacing the cement with fly ash showed good results
for minimizing the corrosion rate of reinforcing steel.
Eventually, this increase in corrosion rate of reinforcing
steel is related to the more negative corrosion potential
with time.

3.2. Tafel Slope — 3
3.2.1. Anodic Tafel slope

Figure 6 illustrates the anodic Tafel slope ( 3,) of all

specimens. The effects of chloride ions, water to binder
ratio, fly ash content, and time of exposure were evaluated.
Similar tendencies are observed at all petiods of exposure.
The anodic Tafel slope increased when the chloride ion
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concentration increased from 0 to 1%, followed by a
decrease when increasing the concentration of chloride
ions from 1% to 2%. In our experimental results, the
correlation between the chloride content and the anodic
Tafel slope cannot be observed ata very high chloride ions
concentration. The anodic Tafel slope represents the
degree of polarization at the anode (activation
polarization). Activation polarization represents the
charge transfer kinetics in the electrochemical process.
The existence of chloride ions accelerates the dissolution
of steel. As a consequence, the anodic Tafel slope is
expected to decrease when more chloride is added in
concrete, which was found by Hussain and Ishida [13]. It
should be noted that the content of chloride used in this
experiment is 6 times higher compared to that in previous
research. The content of chloride was 0 to 10% by mass
of binder in the work of Hussain and Ishida [13].

1

Chloride content (% by wt. of concrete)

Fig. 6. Anodic Tafel slope in (a-b) OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete with W/B

ratio (c) 0.45 and (d) 0.6.

Among all series, the parameters of concrete affected
significantly the magnitude of the anodic Tafel slope. The
water to binder ratio was inversely proportional to the
anodic Tafel slope, which was the result of an increase in
the porosity of concrete and a drop in pH. For the
conditions of this study, high porosity concrete promotes
high conductivity in the vicinity of reinforcing steel.
Because of this phenomenon, reinforcing steel in concrete
with 0.6 W/B has a lower anodic Tafel slope than that
with 0.45 W/B. Subsequently, the inclusion of fly ash
reduces the anodic Tafel slope, which was attributed to the
decrease in pH. Although fly ash decreased the porosity of

concrete and free chloride content, it also replaced a
certain amount of cement which can lead to a drop in pH.
The anodic Tafel slope in OPC concrete is higher than
that in FA concrete, this phenomenon could be due the
drop of pH in FA concrete. Variations of the anodic Tafel
slope due to pH was also claimed by Ge and Isgor [32].
The corrosion rate in FA concrete is still low despite this
decrease in anodic Tafel slope because of the effects of the
low porosity of concrete and high electrical resistivity.

At all periods of exposure, the above mentioned
patterns could be observed. However, the effects of long
term exposure on the anodic Tafel slope cannot be
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obtained according to our experimental results. Concrete
is a heterogeneous material with the existence of pore
structures and different moisture contents with time of
exposure.

3.2.2. Cathodic Tafel slope

Figure 7 illustrates the experimental results of the
cathodic Tafel slope (f.) with various chloride contents,
water to binder ratios, fly ash percentages, and time of
exposure. The cathodic Tafel slope represents the degree
of polarization at the cathode, including activation and
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concentration polarization. Besides the charge transfer,
the mass transfer limitation also affects the
electrochemical process, and is represented by
concentration controlled polarization. The limitation of
oxygen concentration increases the cathodic Tafel slope.
Without chloride in concrete, oxygen diffuses into
concrete more easily than through chloride contaminated
concrete. For chloride-contaminated concrete, a high
chloride ion concentration can encourage the concrete to
retain water, which can limit the amount of oxygen.
Consequently, the cathodic Tafel slope in chloride-free
concrete is lower than that in chloride-contaminated
concrete.
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Fig. 7. Cathodic Tafel slope in (a-b) OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete with

W/B ratio (c) 0.45 and (d) 0.6.

From experimental results, the magnitude of the
cathodic Tafel slope was lower when the water to binder
ratio increased due to high porosity. In contrast, the
replacement of fly ash in concrete decreased the porosity
of concrete. Hence, the cathodic Tafel slope of FA
concrete was higher than that of OPC concrete. However,
the effect of fly ash may take a long time and for that
reason, the difference of the cathodic Tafel slopes of OPC
and FA concrete was marginal at an eatly age.

For a longer time of exposure, the mentioned
tendency was still observed. The effects of fly ash were
more significant. In fact, concrete became denser with
time. High humidity surrounding the specimen limited the
oxygen ingress into the concrete. Consequently, the
cathodic Tafel slope showed an upward tendency with
time.

3.3. Equilibrium Potential — ®°
3.3.1. Anodic equilibrium potential

Experimental results of anodic equilibrium potential
(@) are demonstrated in Fig. 8 for all series of specimens.
Generally, at any period of exposure, the anodic
equilibrium potential decreases with an increase in
chloride content in concrete. After 2 months of exposure,
the anodic equilibrium potential of chloride-free OPC
concrete (0.45 W/B, -500 mV), is higher than that of
chloride-contaminated  concrete  (-1000 mV).  This
influence of chloride ions on the anodic equilibrium
potential was also found by Hussain and Ishida [13]. For
a longer exposure period, the mentioned pattern of anodic
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equilibrium potential can be observed. For example, after
9 months of exposure, the anodic equilibrium potential of
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chloride-contaminated concrete is still lower, compared to
that of chloride-free concrete.
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Fig. 8. Anodic equilibrium potential in (a-b) OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete

with W/B ratio (c) 0.45 and (d) 0.6.

Besides the effects of chloride ions, the introduction
of fly ash and a decrease in the water to binder ratio
provided a similar tendency. Fly ash increased the anodic
equilibrium potential of reinforcing steel. After 2 months
of exposure, the anodic equilibrium potential in chloride-
free OPC concrete (0.45 W/B, -500 mV) is lower than
that of chloride-free FA concrete (-400 mV). Likewise, a
lower water to binder ratio causes a higher (more positive)
anodic equilibrium potential. In Fig. 8 (a-b), the anodic
equilibrium potential of chloride-free OPC concrete (0.45
W/B, -500 mV) is higher than that of high W/B (0.6
W/B, -600 mV), after 2 months of exposure. A low water
to binder ratio and fly ash provided a low porosity for
concrete and restricted the movement of electrons
between the anode and cathode on the steel surface. For
these teasons, the anodic equilibrium potential tends to
drift up.

Moreover, the anodic equilibrium potential decreased
with time of exposure. The anodic equilibrium potential at
9 months of exposure was lower than that at 2 months of
exposure while the corrosion current increases. The
increase in corrosion current in a longer period was

demonstrated in the section of the corrosion rate of
reinforcing steel.

3.3.2. Cathodic equilibrium potential

Experimental results of the cathodic equilibrium
potential (®") are summarized in Fig. 9 showing the

influences of various factors. The cathodic equilibrium
potential of reinforcing steel in chloride-free concrete was
lower than that of chloride-contaminated concrete except
for the case of a 2-month exposure, because the oxygen
concentration in chloride-contaminated concrete is lower.
As a result, the cathodic equilibrium potential is lower
when the chloride content increases from 0% to 2%. This
phenomenon could be observed after 6 months of
exposure, which is caused by a low corrosion potential and
a high corrosion current in this period of exposure. For a
low corrosion potential (Fig. 4), or if the possibility of
corrosion was high, an increase in corrosion current (Fig.
5) led to a higher cathodic equilibrium potential.
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Fig. 9. Cathodic Equilibrium potential in (a-b) OPC conctete with W/B ratio (a) 0.45 and (b) 0.6 and (c-d) FA concrete

with W/B ratio (c) 0.45 and (d) 0.6.

In contrast, at an early age, the corrosion potential of
chloride-free concrete is significantly higher (less negative)
than that in chloride-contaminated concrete, indicating a
lower possibility of corrosion. This gap of potential is
attributed to the existence of chloride ions in concrete,
which accelerates the damage of passive films.
Consequently, there is a drop of the cathodic equilibrium
potential at 2 months from 0% to 1% [Cl]. At a longer
petiod, this fall of cathodic equilibrium potential cannot
be observed, because the corrosion potential of steel in
chloride-free concrete was lower in accordance with time
of exposure.

Decreasing the water to binder ratio increasing
cathodic equilibrium potential. At 6 months of exposure,
the cathodic equilibrium potential in chloride-free OPC
concrete (0.45 W/B, 0 mV), is higher than that of high
W/B concrete (0.6 W/B, -330 mV). At this point, the
limitation of oxygen contributed to this increase in the
cathodic equilibrium potential. The lower W/B concrete
decreased the availability of oxygen in concrete, according
to the result of the cathodic Tafel slope (Fig. 7). This
causes a lower possibility of corrosion and a lower
corrosion current in a low W/B concrete, as mentioned
above. In Nernst equation (Eq. (3)), the influence of
oxygen is described by the partial pressure, which is
expected to be higher with a decrease in the W/B ratio. As
a consequence, the cathodic equilibrium potential
increases in low W/B concrete. Although low W/B
conctete provides a higher pH, compated with high W/B
concrete, this increase in pH could make the cathodic

equilibrium potential higher, as expressed in Eq. (3), but
this result is not observed here. This is because the
variation in pH due to W/B ratio is not significant, to
reverse the influence of limitation of oxygen.

Equations (2) and (3) [33] are Nernst equation for
calculating equilibrium potential. As can be seen, the
equilibrium potential depends on the activity of ferrous
ions, pH, temperature, and pressure of oxygen.

303RT
D' =—044+ %@([Pﬁ 1) ©
B 2.303RT 2o,
@’ =0.40 + o log Forr ]4 3)

The cathodic equilibrium potential in FA concrete
was higher than that in OPC concrete. The cathodic
polarization curve was shifted upwards with decreasing of
pH which is caused by introducing fly ash into the
concrete. Furthermore, the low porosity of FA concrete
limits the availability of oxygen, based on the cathodic
Tafel slope. For these reasons, the cathodic equilibrium
potential in FA concrete was higher than that in OPC
concrete.

In this study, the cathodic equilibrium potential
increased considerably at a long time exposure. The same
tendency can be seen in both chloride-free and chloride-
contaminated concrete. This result is attributed to the
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increase in corrosion current with time of exposure (Fig.
5). The unexpected increase in the cathodic equilibrium
potential at 2 months (Fig. 9(b-d)) could be due to the high
porosity of 0.6 W/B concrete, because this increase did
not exist in 0.45 W /B concrete.

4. Conclusions

Based on the experimental results, the following
conclusions were made:

(1) The experimental results showed that the
electrochemical properties of reinforcing steel
depended on various factors, including: chloride
content, pH level, moisture content, electrical
resistivity, etc. Individual parameter such as the Tafel
slope cannot fully characterize the corrosion behavior
of steel in concrete, but all of the parameters must be
considered.

(2) The corrosion potential decreased while the corrosion
rate increased with the presence of chloride ions in
concrete. The corrosion potential was higher in low
water to binder ratio and fly ash concrete.

(3) Fly ash decreased the pH of concrete, which was
attributed to more polarized reinforcing steel in terms
of anodic Tafel slope. However, fly ash reduced the
amount of free chloride and the porosity of concrete.
Therefore, the corrosion rate of reinforcing steel in fly
ash concrete was lower, compared to that in OPC
concrete.

(4) Based on electrochemical properties of reinforcing
steel obtained in this study, the model of corrosion of
steel in concrete would be developed in the future
study.

It is worth mentioning that these electrochemical
properties of steel, Tafel slope and equilibrium potential,
are required in numerical studies of reinforcement
corrosion. Since these properties are significant
parameters to simulate the polarization behavior of steel
during the corrosion process. From this perspective, a
numerical model of corrosion could be conducted to
predict corrosion behavior of reinforcing steel in the
future study.
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