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The present study concerns the influence of cementitious binder on electrochemical treatment of steel embedded in salt
contaminated mortar. As binder, ordinary Portland cement (OPC) and ground granulated blast furnace slag (GGBS) were used
and the current density of 250–750mA/m2 was applied for 4 weeks to complete electrochemical chloride extraction. To evaluate
the effect of electrochemical treatment the chloride profile and corrosion behaviour covering chloride concentration, galvanic
current density, linear polarization resistance, open circuit potential, and mass loss were measured. An increase in the applied
direct current density resulted in a decrease in the chloride concentration at the vicinity of steel, accompanying the mitigated
corrosion damage. The performance of electrochemical treatment was more remarkable in mortar containing GGBS presumably
due to binding mechanism. However, corrosion damage was more detrimental in GGBS rather than OPC at a given potential,
while GGBS had superior corrosion resistance to a corrosive environment and treatment conditions.Therefore, the electrochemical
treatment should be conducted prudently to evaluate the corrosion state of embedded steel depending on binder type.

1. Introduction

Chloride ions in steel reinforced concrete structure have
been considered as the most aggressive factor of degradation
process associated with steel corrosion, thereby leading to
reduction in structural serviceability. To improve the corro-
sion resistance in terms of high resistivity to deteriorating
mass ingress, ordinary Portland cement (OPC) blending with
supplementary cement such as granulated blast furnace slag
(GGBS) and pulverized fuel ash (PFA) was widely used [1,
2]. As compared with OPC concrete, this blending cement
concrete generally has lower diffusion coefficient, resulting
from lower connectivity with small capillary pores [3, 4] and
higher binding capacity [5, 6]. As to the chemical resistance
of thesematerials to the steel interface on which the corrosive
agents accumulate, the lower buffering capacity to prevent
pH reduction at steel surface has been reported [7]. To
enhance the direct corrosion resistance of the concrete made
with the pozzolanic materials after long term degradation
proceeds, few researches according to the electrochemical
chloride extraction treatment for concrete made with sup-
plementary cements have been performed [8]. The impact of

electrochemical treatment on ensuring better performance of
concrete structure submitted to corrosive environment has
been first issued in the 1970s [9] and later used to investigate
its influence on interface of steel-cement matrix properties
in terms of bond strength [10] and formulation of hydration
products [11]. However, it is still ambiguous as to whether
the addition of pozzolanic materials in concrete is benefi-
cial when electrochemical chloride extraction treatment is
applied to the materials contaminated with chloride ions.

In the present study, the influence of binder types, con-
sisting of sole OPC and blending cement with GGBS, on the
removal of initially contained chlorides from the inside of
steel reinforced mortars and the resultant corrosion rehabil-
itation was evaluated by measuring polarization resistance
and corrosion potential under variation of cathodic current
densities between 250 and 750mA/m2. Simultaneously, the
amount of corrosion products was determined by measuring
mass loss of corroded steel in order to find the relation-
ships between cathode current density and rate of corrosion
process. From these works, it was possible to determine the
corrosion resistance of GGBS based cementitious material
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Figure 1: Schematic for steel (a), electrochemical chloride extraction of concrete (b), and electrochemical measurement of corrosion
behaviour (c).

Table 1: Oxide composition of binders.

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O Mn2O3 Ti2O3 SO3
OPC 64.7 20.70 4.60 3.00 1.00 0.13 0.65 — — 3.00
GGBS 41.20 34.20 11.70 1.43 8.81 0.29 0.31 0.30 0.58 —

Table 2: Mortar mix proportion for the experimental works.

Unit weight (kg/m3) Air content (%)
Cement GGBS Water Sand

OPC 557 — 251 1394 3.1–4.5
GGBS 221 332 249 1383

under variation of cathodic current densities and to assess its
efficiency of enhancing the durability by cathodic protection.

2. Experimental Work

2.1. SpecimenPreparation. Thebinder types used in this study
are OPC and GGBS where the oxide composition is given in
Table 1. The mix proportion of the mortar specimens used in
this study was shown in Table 2 in which NaCl solution was
used as mixing water to maintain the initial chloride content,
3.0% of chlorides by weight of binder.Mortar specimens were
cast with a centrally located steel bar, masked on the ends
by cement rich paste to prevent corrosion under masking
materials, in a 70mm × 70mm × 150mm cube mould as
seen in Figure 1.Themortar specimens were demoulded after
24 h and then wrapped in a polythene film to avoid leaching
out of chemical components or intrusion of aggressive ions
into specimens. After 56 days of curing in a chamber at
20 ± 2∘C was completed, the steel protruded from specimen
was connected with wire to compose the electric circuit. The
specimens were surrounded with titanium mesh, which was

then connected with wire used as an anode. To evaluate
the corrosion behaviour and the effect on chloride removal,
mortar specimens were fabricated in two groups having four
replications for each test. Although both of the groups were
dealt equally to the end of electrochemical treatment, onewas
set up for monitoring galvanic currents after the testing of
polarization and crushed to assess a mass loss of steel in a
mortar. The initial mass of steel rebar, embedded in mortar
specimen belonging to this group, should be measured in
advance to calculate the mass difference of steel before/after
corrosion. Another was ground to acquire the content of
chloride at the vicinity of steel at electrochemical treatment.

Subsequently, a DC current was applied to the embedded
steel and the titanium mesh for electrochemical treatment.
The specimens were introduced into the electrolyte to help
the passage of electrons and the current density applied
varied between 250, 500, and 750mA/m2 related to surface
area of unprotected steel for 28 days. Immediately after
electrochemical treatment, the testing of polarization and
measurement of open circuit potential were conducted to
all the specimens including specimens for the untreated
condition.

2.2. CorrosionBehaviour. Thepolarization resistance and cor-
rosion potential were measured by using potentiostat per-
forming the testing of polarization technique and open circuit
potential after electrochemical treatment as seen in Figure 1.
The protrusion of steel, targeted at investigating corrosion
properties, was connected to the potentiostat as a working
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Table 3: Average of chloride contents at steel depth after electrochemical treatment depending on the applied current densities and binder
type.

Binder type Chloride content at steel depth (%, binder)
Untreated 250mA/m2 500mA/m2 750mA/m2

OPC 2.92 2.16 2.08 1.93
60% GGBS 3.06 1.94 1.84 1.62

electrode. Meanwhile, the titanium mesh was used for the
auxiliary electrode and the standard calomel electrode was
placed close to the specimen as the reference electrode. The
potential was swept at ±25mV from the corrosion potential
at a low scan rate of 0.1mV/s. The polarization resistance was
derived from the change of current in a linear range when the
potential was swept.Hence, the polarization resistance, which
is related to corrosion rate of steel, can be calculated by

𝑅𝑝 = (Δ𝐸Δ𝑖 )Δ𝐸→0 , (1)

where Δ𝐸 is the overpotential meaning a difference between
the applied potential and corrosion potential, Δ𝑖 is the
current when overpotential is applied to steel, and 𝑅𝑝 is the
polarization resistance.

The current flowing between embedded steel and tita-
nium mesh was monitored every 12 h by measuring the
potential drop across a resistor of 10 kΩ. The galvanic current
density was calculated by Ohm’s law. Corrosion initiation
can be defined as the time at which a sharp increase of
current density appears between the steel and the cathode. To
measure the mass loss resulting from corrosion of steel rebar,
the specimens were split at the end of galvanic cell test after
the corrosion initiation of the last specimen occurred. The
mass of steel rebar, of which rust was removed by brushing in
the Clark solution within 30min, cleaning in distilled water,
and drying, was measured. Then, the mass loss could be
calculated by subtracting the weight of steel after removing
corrosion from the original weight. Four uncorroded steel
rebars were also dealt with the same procedure to compensate
the additional mass loss due to application of strong acid
solution to the steel surface.

2.3. Chloride Removal at the Vicinity of Steel. Chloride con-
centration distribution in the mortar samples after cathodic
current application were measured to assess the effects of
electrochemical treatment on the removal of chloride. The
titaniummesh enclosing the specimen was removed to grind
the specimen by a diamond-grit plate of 50.0mm in the
diameter and obtain the dust sample at the point of 28.5mm
from the surface sequentially. The chloride content at the
vicinity of steel was determined by acid soluble extraction
using a nitric acid solution, followed by potentiometric
titration against silver nitrite.

3. Results and Discussion

3.1. Relationship between Chloride Content and Corrosion Ini-
tiation. The chloride concentrations in a vicinity of the steel

after electrochemical treatment depending on the applied
current density and mortar mix are given in Table 3. The
chloride contents were measured at 27.0–30.0mm due to the
limited investigation at 30.0mm of cover depth. Although
there was a negligible variation between specimens untreated
perhaps due to a distribution of aggregate, it is apparent that
electrochemical treatment was very effective in removing of
chloride ions from steel surface by driving repulsive forces
between anions and steel, as the cathode, irrespective of
binder type. A reduction of chloride ions was remarkable
at only the lowest current density (i.e., 250mA/m2), while
a slight reduction of chloride ions was observed in the case
of higher current densities at identical increment of current
density. On the other hand, reduced chloride concentrations
were always higher in GGBS compared with OPC at all the
current densities.

The galvanic current monitoring was conducted for up
to 100 days and terminated where corrosion initiation was
observed [12]. Generally, the passive film can be interpreted
as being broken when the current density increases sharply
through 1-2mA/m2. Hence in the present work, the corrosion
initiation was defined as a time when the galvanic current
density exceeds 2mA/m2 completely, taking into account the
possibility of repassivation.The period required for corrosion
initiation inOPCwas 12, 34, 42, and 66 days when the applied
current density was 0, 250, 500, and 750mA/m2, respectively,
as seen in Figure 2. In the case of mortar containing GGBS,
the corresponding times were 9, 40, 60, and 84 days with
increasing applied current densities. For the control case, it
seemed that GGBS did not have an influence on the durability
of mortar because the content of chloride ions near the steel
rebar was already over the chloride threshold level, ranging
from 0.3% to 2.0% by weight of binder by blending NaCl
of 3% with mixing. The corrosion initiation for GGBS was
always later than OPC except for the untreated condition.
Meanwhile, the higher the applied current density, the later
the corrosion initiation regardless of binder type. Moreover,
it was also notable that the galvanic current densities for
GGBS showed sharp increments after corrosion initiation,
compared with the stepwise trend of OPCs.

3.2. Corrosion Behaviour Depending on Binder Type and Cur-
rent Density. Thepolarization resistance and open circuit po-
tential measurement subjected to the applied current density
in electrochemical treatment of 4 weeks were measured as
seen in Figure 3. The polarization resistance for OPC varied
about 1.82, 4.67, 23.58, and 40.46Ω⋅cm at 0, 250, 500, and
750mA/m2 of current density, respectively. When it comes
to GGBS, the polarization resistance ranged about 3.35,
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Figure 2: Galvanic current densities of steel in concrete after electrochemical treatment of 0, 250, 500, and 750mA/m2 for 4 weeks depending
on OPC (a) and GGBS (b).
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Figure 3: Polarization resistance (a) and corrosion potential (b) in different concrete mix after electrochemical treatment at 250, 500, and
750mA/m2 for 4 weeks.

6.32, 47.08, and 102.51 Ω⋅cm depending on applied current
density. The polarization resistance, which is in inverse
proportion to corrosion rate regarding Ohm’s law, can be
interpreted in the state of steel rebar quantitatively in relation
to how fast corrosion takes place on the steel surface. It can

be known, therefore, that the corrosion rate was strongly
dependent on the degree of electrochemical treatment; an
increase in the applied current density always resulted in
reduced corrosion rate. Simultaneously, for OPC, the cor-
rosion potential untreated, which accounted for −655mV
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Table 4: Average of mass loss of steel arising from corrosion after galvanic cell monitoring depending on the applied current density and
binder type.

Binder type Mass loss (%)
Processing loss Untreated 250mA/m2 500mA/m2 750mA/m2

OPC 0.23 0.89 0.55 0.33 0.30
60% GGBS 0.79 0.48 0.27 0.27
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Figure 4: The reduction of chloride contents (a) and increment of corrosion potential (b) according to the applied current densities.

versus SCE, increased to −520, −485, and −475 at equivalent
current densities in the electrochemical treatment, while
the corrosion potential for GGBS was enhanced from −610
to −412, −377, and −310mV versus SCE. The open circuit
potential, called corrosion potential, in the present study is
the voltage difference between the steel embedded in mortar
and the reference electrode, which indicates the possibility
of corrosion on the surface of steel; the higher the corrosion
potential, the lower the probability of corrosion. In the same
sense, it is evident that the higher polarization resistance and
corrosion potential, when the current density was applied,
signified the mitigation of steel corrosion; furthermore, the
reduction of corrosion risk was more remarkable at GGBS
mix than OPC.

The rust of steel rebars, obtained from the specimens
by crushing at the end of galvanic current monitoring, was
removed by cleaning and brushing in the acid solution. The
average values of mass difference of steel rebar before/after
corrosion are given in Table 4 including the processing loss,
expressed by the percentage of mass loss to the original mass
of steel rebar. It was shown that an increase in the applied
current density resulted in a decrease in the mass loss of
steel; in other words, the mass loss strongly depends on
the applied current density. GGBS also lowered the mass
loss from chloride-induced corrosion slightly than OPC. It

was evident, however, that the corrosion for all of the steel
embedded in mortar specimens occurred according to all of
the mass loss exceeding the processing loss, meaning that
those are visible in spite of the significant influences of applied
current density and GGBS in repassivation.

3.3. Effect of Chloride Removal on Corrosion Behaviour. The
reduction of chloride contents at the vicinity of steel of
nontreated specimen and the increase of corrosion potential
depending on the applied current densities are given in
Figure 4. The reduction ratio of chlorides for OPC was
26.0, 28.8, and 33.0 at the current density of 250, 500, and
750mA/m2, respectively; meanwhile, it was 36.6, 39.8, and
47.0 at the identical current density for GGBS. The efficiency
of electrochemical treatment for GGBS was anticipated to
be worse than OPC due to the higher binding capacity,
whereas the results showed the reversed tendency. The
difference between expectation and practice was attributed
to binding mechanism presumably, divided into physical
and chemical process. Physical binding resulted from the
adsorption of chloride ions on the surface of the C-S-H
hydrates in the cement matrix by electrostatic or Van der
Waals forces between charged particles. In a case of chemical
binding, the formation of Friedel’s salt, having immobility,
is accomplished through ion exchange mechanism meaning
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Figure 5: Corrosion rate calculated by mass loss of specimens with
high corrosion potential.

absorption or the reactions of C3A and C4AF among clinkers
with chlorides during hydration [6, 13]. The bound chlorides
physically can be dissolved to chloride ions under electro-
chemical treatment; on the contrary the chemical bound
chlorides are still immobile and not removed as crystalline
salt form. It is regarded, therefore, that the reduction of chlo-
ride contents in mortar for GGBS mix was more remarkable
due to the physical bound chloride accounting for the high
proportion of total bound chloride, even though the chloride
binding capacity for GGBS is superior to OPC. However, a
ratio of physical and chemical binding for each binder was
not mentioned in the present study.The relationship between
the chloride contents and the corrosion potential can be
deduced from the similar trend of results varying with the
magnitude of the current, where the probability of corrosion
is strongly dependent on the concentration of chloride ions.
It seemed that the corrosion potential rose with the decrease
of corrosion probability because the steel rebar was stabilized
depending on the amount of chloride ions existing, which are
aggressive ions for corrosion, at the vicinity of steel.

3.4. Relationship between Corrosion Potential and Corrosion
Rate. It is given that the prevailing corrosion potential trend
of the corrosion rate is based on real corrosion in Figure 5.
The corrosion rate was calculated from mass loss measured
after galvanic current monitoring though Faraday’s law. It
was notable that the lower corrosion potential steel has the
higher corrosion rate which occurred for each binder type.
The similar galvanic current density of 4.5–6mA/m2 between
all cases implies that the steel corrosion already initiated,
as indicated in Figure 2, attributed more corrosion which
resulted during an identical period at the lower corrosion
potential to the earlier onset of corrosion. When it comes
to the critical corrosion potential having to be the onset of

corrosion, which is defined as −278mV versus SCE [14], the
corrosion potentialmeasured after electrochemical treatment
for all specimens was still lower than threshold values
indicating the onset of corrosion. Inevitably, the corrosion
occurred within the corrosion monitoring of 100 days at all
specimens according to the corrosion probability over 90%.
Consequently, the applied current density, which is varied
between 250 and 750mA/m2 to perform the electrochemical
chloride extraction, could not fully achieve protection of
the steel in chloride contaminated mortars from corrosion.
Furthermore, it is pointed out that the corrosion rate of GGBS
mix was higher than OPC mix having the same corrosion
potential, although the GGBS was evaluated to mitigate
corrosion farmore under electric field due to binding capacity
and binding mechanism. Hence, it is crucial that GGBS is
exposed to further corrosion risk at the similar corrosion
potential compared with OPC, even though GGBS shows
better durability than OPC under the same environment or
the identical treatment condition.

4. Conclusion

The influence of electrochemical treatment on mortar con-
taminated by 3% chlorides related to the binder in the form of
NaCl was identified experimentally by evaluating corrosion
behaviour and the content of chlorides at the vicinity of steel
rebar embedded. All of the specimens, which were divided
into two groups for each purpose, were treated identically
till the end of electrochemical treatment. OPC and 60%
GGBS were used to investigate the benefit of mix design
and the current density was applied to the mortar ranging
250–750mA/m2 in relation to the surface of unprotected steel
for 4 weeks tomimic the electrochemical chloride extraction.
The conclusion derived experimentally from this present
study is given as below:

(1) Chloride profiles and the galvanic currentmonitoring
of 100 days after measuring the corrosion perfor-
mance were conducted simultaneously to identify the
benefit of electrochemical treatment for corrosion
initiation. It is notable that electrochemical chloride
extraction affected more removal of chlorides at the
vicinity of steel with an increase of applied current
density. Furthermore, in galvanic current cell moni-
toring, the corrosion was initiated at 12, 34, 42, and
66 days forOPCwhen the applied current density was
0, 250, 500, and 750mA/m2, respectively; meanwhile,
the initiation of corrosion for GGBS was 9, 40, 60,
and 84 days at identical applied current density;
an increase in the concentration chloride extracted
from treatment resulted in an increase in a period
of passivation of steel. For untreated condition, it
seemed that GGBS did not have an effect on the onset
of corrosion because the content of chlorides at the
depth of steel in the mortar was already over the
chloride threshold level.

(2) The corrosion behaviour, including polarization resis-
tance, open circuit potential, and mass loss, was
evaluated at the end of electrochemical treatment.The
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polarization resistance and the corrosion potential of
rebar in a salt contaminated mortar were enhanced
when current density was applied; in other words,
electrochemical treatment reduced the corrosion rate
and probability of corrosion. When it comes to mass
loss, it was also shown that an increase in the applied
current density resulted in a decrease in the mass
loss of steel and GGBS lowered the mass loss from
chloride-induced corrosion than OPC.

(3) The influence of electrochemical chloride extraction
was dependent on binder type in mix due to mecha-
nism of chloride binding.The reduction ratio of chlo-
rides for OPC and GGBS was 33% and 47%, respec-
tively, at the highest current density of 750mA/m2.
This result was attributed presumably to a lower
chemical immobilization of chlorides in GGBS mix,
of which physical binding mechanism accounts for
the high proportion of total bounded chlorides. The
reduction of chloride contents in mortar for GGBS
mix wasmore remarkable becausemore chloride ions
adsorbed on the surface of hydrates in GGBS were
decomposed into free ions havingmobility thanOPC.
Consequently, the increase of corrosion potential for
GGBS was more significant than OPC according to
the steel rebar becoming stabilized depending on the
amount of chloride ions existing at the depth of steel.

(4) When the corrosion rate calculated by the erosion
of steel and the corrosion potential measured at the
end of the electrochemical treatment were compared,
all of the steel could not be repassivated completely,
although the benefit of electrochemical treatment was
more remarkable in GGBS than OPC. It seems that
corrosion damage is more fatal in GGBS than OPC
at the same corrosion potential, while GGBS has
superior corrosion performance compared to OPC
under the same environment and treatment condi-
tions. Therefore, it should be conducted prudently to
evaluate corrosion state depending on binder type.
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