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Abstract: Steel corrosion has become the main reason for the deterioration of reinforced concrete
structures. Due to the heterogeneity of concrete and the spatial variation of environmental conditions,
macrocell corrosion is often formed by localized corrosion, which is more detrimental if the anode is
supported by large numbers of cathodes. The macrocell corrosion caused by concrete carbonation
has been seldom studied. Furthermore, the influence of geometrical conditions on cathode-controlled
corrosion in the chloride environment needs to be further clarified. In this work, the macrocell
corrosion of steel embedded in concrete specimens exposed to accelerated carbonation, chloride
contamination, and chloride penetration is studied using a modified ASTM G109 method. Concrete
specimens with various binder types, geometrical parameters (i.e., concrete cover thickness and
the diameter of embedded steel), and boundary conditions were tested. A simplified mathematical
model for the prediction of the steel corrosion rate was developed considering two-dimensional
oxygen diffusion. The results showed that, at the same level of anodic potential drops, the corrosion
current rate in chloride-induced corrosion is higher than that of carbonation-induced corrosion.
Chloride contamination is less detrimental to concrete incorporated with slag and pulverized fly ash
than it is to pure ordinary Portland cement (OPC), likely due to enhanced chloride binding capacity.
The results also indicated that the model considering two-dimensional diffusion can accurately
predict the cathodic reaction process on corroded steel bars, which provides a theoretical basis for
considering the correction coefficient of steel bar position in the establishment of a steel bar corrosion
rate model.

Keywords: corrosion of steel; concrete; chloride penetration; carbonation; macrocell corrosion

1. Introduction

The chloride- and carbonation-induced corrosion of steel reinforcing bars is the main
reason for the deterioration and premature failure of concrete structures [1]. The corrosion
initiation of steel (i.e., depassivation) begins either when the chloride concentration in the
pore solution (i.e., free chloride) on a steel surface reaches a threshold value or as the pH
drops below a critical value due to carbonation [2–6]. The chloride-induced corrosion is
particularly concerned with structures exposed to marine or deicing salt environments,
while carbonation-induced corrosion affects a wider range of structures. Expansive rusts
formed due to corrosion propagation can generate longitudinal cracks in concrete cover,
degrade the bonding between reinforcement and concrete, and reduce the bearing capacity
of structural members [7–10]. Therefore, illuminating the steel depassivation and corrosion
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propagation process in concrete exposed to different environmental conditions can provide
important information on selecting appropriate corrosion control and monitoring measures.

The development of corrosion rate under the carbonation effects is still under study.
Generally, two main significant factors for carbonated concrete, i.e., the pore structure
and water saturation, are related to the corrosion rate [11]. Some results [12,13] showed
that the corrosion rate was reduced at a relative humidity (RH) above 90% due to limited
oxygen diffusion at cathode. On the other hand, other research results [14] indicated that
the corrosion rate continuously increased at an RH up to 99%. It can be explained by the
incomplete filling of water in pores even at a high RH. Some large pores in concrete can
only be saturated through capillary water absorption or immersion under water. This may
imply that in a cyclic wetting–drying condition, oxygen-concentration controls cathodic
reaction, which occurs as pores are saturated during the wetting period, and the corrosion
rate decreases during drying period [15]. Carbonation-induced corrosion is commonly
considered to be relatively homogeneous [16]. However, due to the concrete heterogeneity,
such as complex pore structure, random aggregate distribution, and cracks, the carbonation
depth is not uniform [17,18], and different corrosion conditions are produced along the
steel bar, resulting in ‘macrocell corrosion’ [19]. The evolution of the corrosion rate of
macrocell corrosion under a carbonation condition needs to be further studied.

There is still no consensus on the mechanism of steel depassivation due to chloride
ions. One model [20] regarded depassivation as the adsorption and penetration of chloride
ions through the film layer, which was confirmed by the modification of the passive film
exposed to simulated pore solutions by a recent experimental study [21,22]. The other
model [23] suggested that the chloride ions stayed on the film surface and acted as a catalyst
in depassivation. This theory was supported by a molecular dynamics simulation [24] in
which the penetration of chloride in the film was not found. In practice, the critical chloride
content is often used to identify steel depassivation. However, the critical chloride content
varies by a wide range, depending on many material and environmental parameters [25–27].
Moreover, the difference between critical values from the laboratory and field conditions
should be noticed [5]. Chloride-induced corrosion often forms small pits due to the
localized distribution of chloride ions. Pit growth is an autocatalytic process if a sufficient
[Cl−]/[OH−] ratio is achieved. Microcells are often observed in chloride-induced corrosion,
leading to the local steel thinning and pit extension [28]. In particular, the distance between
anodes and cathodes in a macrocell can be a few meters across the structure members [29].
When the reinforcement at one side of a concrete structure is depassivated (i.e., anode)
while the opposite reinforcement with sufficient oxygen supply acts as cathode, corrosion
macrocell is sustained. The current density in a macrocell is dependent on the geometry of
the structure setup [29]. For a simplified mathematical function for the cathode-controlled
current density [30], one-dimensional oxygen diffusion based on Fick’s law is often used
which assumes gas diffusion is an ideal diffusion perpendicular to the surface of the plate
electrode. However, the steel bars in concrete members are cylindrical, instead of flat. In
addition, the influence of steel bars at different positions in concrete on the corrosion rate
is not considered.

In concrete structures, macrocell corrosion consists of spatially isolated anodes and
cathodes, while microcell corrosion contains pairs of closely adjacent anodes and cathodes
of the same metal. Nevertheless, macrocells can also form on an individual bar with parts
being exposed to various environments or with different compositions [31,32]. In compari-
son to microcell corrosion which often causes uniform corrosion, macrocell corrosion leads
to pitting (localized) corrosion, which is more detrimental if the anode is supported by large
numbers of cathodes. In previous laboratory studies [33,34], the macrocell measurements
were typically commenced on ASTM G109 specimens, which were limited to the case
of external chloride penetration. Nevertheless, the ASTM G109 test could be modified
to study macrocell corrosion in concrete exposed to other environments or with various
geometrical parameters and boundary conditions.
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This study aims to study the macrocell corrosion behaviors of steel embedded in
concrete exposed to three simulated environments, i.e., accelerated carbonation, chloride
salts contamination, and cyclic drying–wetting chloride penetration. In addition, the
influence of concrete cover thickness, steel diameters, and the exposed surface of specimens
on the macrocell corrosion behaviors of steel is discussed. Finally, a mathematical model for
the prediction of steel corrosion rate was developed considering two-dimensional oxygen
diffusion and it was validated by the experimental results.

2. Experimental Programs
2.1. Materials and Mix Proportion

Concrete specimens with the same water-to-binder (w/b) ratio but different binder
types were studied, including pure ordinary Portland cement (OPC), OPC blended with
ground granulated blast-furnace slag (GGBS), OPC blended with Class F (low calcium),
and pulverized fly ash (FA). The GGBS and FA substituted the OPC by 50% and 30% (by
mass) in concrete, respectively, as listed in Table 1. The OPC with a 28-day compressive
strength of the prepared hardened pastes of no less than 52.5 MPa was used. The OPC was
composed of 55.5% (by mass) C3S, 19.1% C2S, 6.5% C3A, 10.1% C4AF, and 5% gypsum with
the equivalent alkali content (denoted as Na2O + 0.658K2O) less than 0.60%. The fineness
of OPC, GGBS, and FA was 350 m2/kg, 450 m2/kg, and 400 m2/kg, respectively. The sand
was river sand with a fineness modulus of 2.64 and a moisture absorption capacity of 1.2%.
The coarse aggregate was crushed gravel with a particle size of 5–20 mm. The water was
from tap water.

Table 1. Mix proportion of concrete.

Parameters
Concrete Group

OPC GGBS FA

Water-to-binder ratio 0.53 0.53 0.53
Cement (kg/m3) 370 185 258

Slag (kg/m3) 0 185 0
Fly ash (kg/m3) 0 0 110
Water (kg/m3) 187 187 186
Sand (kg/m3) 749 750 747

Coarse aggregate
(kg/m3) 1110 1112 1107

2.2. Strength and Porosity

The compressive strength of concrete was measured on cubic specimens with a side
length of 100 mm at 7, 14, and 28 days after casting. The porosity of concrete at the age of 7,
14, and 28 days was calculated following:

Porosity(%) =
(m0 − mi)

V0 · ρw
× 100% (1)

in which m0 is the saturated mass of the concrete at the desired curing age; mi is the mass
of oven-dried concrete at 105 ± 5 ◦C till constant readings were achieved; ρw is the density
of water; V0 is the volume of the concrete specimens.

2.3. Carbonation Resistance

The carbonation depth was measured on concrete specimens with a dimension of
100 mm × 100 mm × 400 mm after being exposed to a chamber environment at 20 ◦C,
70% RH, and 20% CO2 concentration for various durations. The carbonation depth was
determined via spraying phenolphthalein on a freshly broken surface at the section of
100 mm × 100 mm, followed by callipering the width of the uncolored region vertically
to the exposed surface. Due to the presence of aggregates and the random nature of the
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carbonation process, the carbonation depths from the surfaces were not uniform. The
carbonation depth was calculated as the average of about 40 different measuring points
along the edge of the broken surface. After each measurement, the broken surfaces were
sealed with wax and exposed back to the carbonation chamber until the next carbonation
time. For the concrete specimens moist cured for 28 days and carbonated for 126 days, the
concrete powders were collected at the exposure surface. The powders, passing through
a 0.63 mm sieve, were oven-dried at 105 ± 5 ◦C for 2 h (DHG-9000, YIHENG, Shanghai,
China), followed by cooling down to room temperature. The powders were diluted with
deionized water 10 times for 24 h, and the pH in the solution was measured using a PHS-3C
pH meter.

2.4. Chloride Penetration Resistance

The corrosion resistance of concrete was assessed by measuring the time-dependent
anodic corrosion potential and macrocell corrosion current of steel embedded in concrete
specimens using a modified ASTM G109 method [35]. The configurations of the specimens
are illustrated in Figure 1. In particular, three reinforcing steel bars with a diameter of
16 mm were embedded in each concrete specimen with a dimension of 250 mm × 150
mm × 150 mm. Two bars were positioned at the bottom serving as the cathode, while one
bar was positioned at the top serving as the anode. The two ends of the bars were epoxy
coated to prevent extraneous effects, leaving 200 mm of contact length in the middle with
concrete. The concrete cover depth was 10 mm for the top bar and 15 mm for the bottom
bars. After 28 days of moist curing, four lateral surfaces of specimens were sealed with
wax, leaving the top and bottom surfaces (250 mm × 150 mm) exposed. The two bottom
bars were connected and further connected to the top bar through a 100 Ω resistor using
wires. The macrocell corrosion current of the specimens was calculated using Ohm’s law
by monitoring the voltages at the two ends of the resistor.

The concrete specimens were exposed to three different simulated environments: (i)
accelerated carbonation, (ii) internally admixed chloride, and (iii) chloride penetration
under drying–wetting cycles. For the specimens corroded under accelerated carbonation,
they were stored in a carbonation chamber at a temperature of 20 ◦C, humidity of 70%, and
CO2 concentration of 20%, with the bottom surface of the specimen covered with parafilm
during carbonation. This treatment was to ensure that the bottom bar remained passive
while the top bar was gradually depassivated by carbonation. For the specimens exposed
to chloride contamination, the top layer of concrete with a thickness of about 30 mm was
internally admixed with 0%, 1.5%, 3%, or 4.5% NaCl with respect to the cement mass.
This treatment also allowed for the immediate activation of the top bar while keeping the
bottom bars passive. For the specimens subjected to chloride penetration, a pond with a
dimension of 200 mm × 75 mm × 40 mm was mounted to the top surface of the specimens.
The chloride penetration from the pond into the top layer of the specimen was accelerated
by the drying–wetting cycle, which was composed of an immersion in 3% NaCl solution
for 2 weeks and atmospheric drying for 2 weeks. During the wetting stage, the pond was
sealed to minimize evaporation. The specimens in Figure 1b,c were padded at the bottom
to ensure the accessibility of oxygen into the bottom surface of the specimens. During
the exposure of specimens in these three simulated environments, the anodic potential
of the top bar was periodically monitored. In particular, the top steel bar served as the
working electrode, an SCE (saturated calomel electrode) served as the reference electrode,
and stainless steel plates were an auxiliary electrode.
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Figure 1. Configuration of modified ASTM G109 specimens to simulate the macrocell corrosion in
concrete structure exposed to (a) accelerated carbonation; (b) internally admixed chloride; (c) cyclic
drying–wetting chloride penetration. (a = 150 mm, b = 10 mm, c = 15 mm, L = 250 mm, d = 25 mm,
and e = 30 mm).

To study the effect of the geometrical parameters and boundary conditions of the
specimen on the macrocell corrosion behavior of steel in concrete, the same configuration
(see Figure 1b) but with different concrete cover thickness, steel diameters, RH, and sealed
conditions was adopted. In particular, concrete specimens with three different values
of cover thickness at the bottom (10 mm, 15 mm, and 20 mm) and three steel diameters
(10 mm, 15 mm, and 22 mm) were prepared. The depassivation of the top layer of steel
was induced by admixing the top layer of concrete with 3% NaCl. The concrete specimens
were placed in a chamber at 20 ◦C and with a humidity of 90%. In addition, two sealed
conditions (denoted as S1 and S2) were implemented to simulate different levels of oxygen
supply in the cathode. The S1 condition was the same as mentioned before (four lateral
surfaces were fully sealed), while in the S2 condition only the upper half of the four lateral
surfaces was sealed.
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3. Electrochemical Model for Steel Corrosion in Concrete

When the passivation film on the surface of the steel bar is destroyed, the steel bar
is in an activated state, and electrochemical corrosion occurs when water and oxygen are
sufficient. Due to the isolated anode and cathode regions on the surface of the corroded
steel bar, the transfer of electrons during the corrosion reaction flows through the anode
region of the steel bar to the cathode region, thereby causing a corrosion current. According
to the Nernst equation [1], the equilibrium potentials of the anode and cathode in steel
corrosion reactions are calculated as follows:

ϕ0,Fe = ϕΘ
Fe +

2.3RT
naF

lg[Fe2+] (2)

ϕ0,O2 = ϕΘ
O2

+
2.3RT

ncF
lg

PO2

[OH−]
4 (3)

where ϕΘ
0,Fe and ϕΘ

0,O2
are the standard electrode potential of iron and oxygen at 25 ◦C,

respectively (ϕΘ
0,Fe = −0.44 V, ϕΘ

0,O2
= 0.401 V), R is the gas constant (R = 8.314 J/K), T

is the temperature (in K), na and nc are the numbers of electrons in anodic and cathodic
reactions, respectively (na = 2, nc = 4), F is the Faraday constant (F = 96,500 C/mol), [Fe2+]
is the Fe2+ concentration around steel bars (in mol/L), Po2 is the partial pressure of oxygen
in concrete pore fluid under an equilibrium state (Po2 = 0.21 × 10−5 Pa), and [OH−] is the
OH− concentration in the concrete pore solution (in mol/L).

Due to polarization, the potentials of the cathode and anode will be close to each other.
At a steady state, the anode and cathode reach the same potential, namely the corrosion
potential, and the current intensity between the anode and cathode is equal, that is, the
corrosion current. The corrosion current can be calculated by

ϕ0,O2 + ηc,e + ηc,d − (ϕ0,Fe + ηa,e) = Icorr · R (4)

where ηc,e and ηc,d are the electrochemical polarization overpotential and concentration
polarization overpotential at the cathode, respectively, ηa,e is the anodic electrochemical
polarization overpotential, Icorr is the corrosion current, and R is the concrete resistance
between the anode and cathode.

According to the steel corrosion theory [1], the polarization overpotentials for the
anode and cathode are given by

ηa,e = balg
ia
i0a

(5)

ηc,e = bclg
ic
i0c

(6)

ηc,d =
2.3RT

ncF
lg
(

1 − ic
ic,L

)
(7)

where ba is the Tafel slope of the anode (for depassive steel bars in concrete, ba = 90.7
mV/decade, and ba is infinite for passive steel bars), ba is the Tafel slope of the cathode
(bc = −176.3 mV/decade), ia and ic are the corrosion current density for the anode and
cathode, respectively, i0a and i0c are the exchange current density for the anode and cathode,
respectively (i0a = 2.75 × 10−8 A/cm2, i0c = 6 × 10−10 A/cm2), and ic,L is the limit current
density of the cathode regarding O2 diffusion, which is given by

ic,L =
ncFDc[O2]

δ
(8)

where Dc is O2 diffusivity in concrete which is determined by concrete porosity and RH [36],
[O2] is O2 concentration in a concrete pore solution, and δ is the thickness of the Nernst
diffusion layer, which approximately equals to concrete cover thickness.
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Combining Equations (4)–(7) and considering the cathode and anode areas of steel
bars yield the equations for the corrosion current density for the anode and cathode:{

ϕ0,O2 + bclg ic
i0c
+ 2.3RT

ncF lg
(

1 − ic
ic,L

)
−
(

ϕ0,Fe + balg ia
i0a

)
= Icorr · R

Icorr = ia · Sa = ic · Sc
(9)

When the ambient RH is greater than 90%, the diffusion of oxygen becomes the key
to control the whole electrochemical corrosion process, and the steel corrosion rate icorr
approximately equals to the limit current density ic,L. It is assumed that the oxygen diffuses
along the path connecting any positions on the concrete surface to the steel surface. The
amount of oxygen diffused to the surface of the steel element per unit time is expressed in
the following polar coordinate:

π = −
β∫

α

Dc
[O2]cl − [O2]ss

(c + r)/ cos θ − r
rdθ (10)

where α and β are two parameters related to the steel location, [O2]cl and [O2]ss are the
oxygen concentration on the concrete surface and steel surface, respectively, and c is the
concrete cover thickness.

When the oxygen concentration dominates the electrochemical process, the oxygen
reaching the steel surface will be immediately consumed. Thus, the oxygen concentration
on the cathode steel surface is assumed to be zero. According to Faraday’s law, the oxygen
amount from Equation (10) was used to calculate the following corrosion rate:

icorr = λncF

β∫
α

Dc
[O2]cl − [O2]ss

[(c + r)/ cos θ − r] · S
rdθ (11)

where λ is a parameter considering the solubility of O2 in a pore solution, and S is the
surface area of steel.

4. Results and Discussion
4.1. Strength and Porosity

Figure 2a,b show the development of the strength and porosity in concrete, and
Figure 2c shows the correlation between strength and porosity. It can be seen that the
concrete gained most strength at 7 days and had the strongest reduction in porosity at
7 days, which was similar for all binder types. The addition of slag and fly ash decreased
the strength but increased the porosity within 28 days, which is attributed to the slow
pozzolanic reaction [37]. In addition, the compressive strength was negatively correlated
to the porosity, irrespective of the binder types. This finding justifies the prediction that the
compressive strength of concrete is based on the porosity [38,39].

4.2. Carbonation and Chloride Resistance

Figure 3 shows the time-dependent evolution of the carbonation depth and free
chloride concentration profiles in concrete with various binder types. As expected, the
carbonation depth increased over time but at a much faster rate for concrete with slag
and fly ash incorporation [40]. The carbonation depth of slag and fly ash concrete was up
to 6 times higher than that of OPC concrete. The reduction in the carbonation resistance
in slag and fly ash concrete is attributed to the low-calcium content in the cementitious
binder due to the dilution effects and pozzolanic reaction. The reactive aluminosilicate
component in the glassy structure of slag and fly ash can react with the portlandite,
thus decreasing the carbonation resistance [40]. In addition to the formed calcium-
silicate-hydrate due to pozzolanic reactions, the hydration of slag and fly ash can result
in an AFm-type phase and alumina-modified calcium-silicate-hydrate formation. The
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formed AFm phase, a type of Ca–Al-layered double hydroxide, can undergo an ionic
exchange reaction between the hydroxide and chloride ions, thus increasing the chloride
binding capacity [41–43]. Therefore, it is reasonable to observe the improved chloride
resistance in concrete incorporated with slag and fly ash. Although the porosity was
slightly reduced in concrete due to slag and fly ash incorporation, the more refined
pore structure in slag and fly ash concrete could contribute to a reduction in chloride
penetration [37,43,44]. As listed in Table 2, the pH value measured in concrete with slag
and fly ash was slightly smaller than that of OPC concrete, which was attributed to the
enhanced alkali binding in alumina-modified calcium-silicate-hydrate [45]. However,
the pH at the concrete surface after carbonation was similar for all concrete groups.
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evolution of porosity (the initial porosity, i.e., the porosity at 0 day was calculated based on the mix proportion); (c) cor-
relation between compressive strength and porosity. 
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Table 2. pH value of concrete before and after carbonation.

Condition
Concrete Group

OPC GGBS FA

28-day moist curing 13.34 12.75 12.59
112-day carbonation 9.15 9.07 9.14

4.3. Corrosion Resistance

Figures 4 and 5 show the time-dependent evolution of the anodic potentials and
macrocell corrosion current density of steel bars embedded in concrete exposed to the three
simulated environments. In an accelerated carbonation condition, the corrosion potentials
became more negative over time, indicating the depassivation and gradual increase in the
corrosion rate of steel. According to the criterion for steel depassivation [46], the steel bar is
not corroded as the potential of the steel bar is greater than −120 mV, and the probability of
steel corrosion is larger than 90% as the potential of the steel bar is less than −270 mV. For
the OPC group, the carbonation depth did not exceed the concrete cover thickness when
the carbonation time reached 120 days. The anodic potential remained between −100 and
−200 mV, and the average current density was 1.5 × 10−8 A/cm2. The comparison between
the actual steel corrosion observation and the corrosion current density in reference [47]
indicated that the steel bar was obviously in a passive state when the current density was
about 4 × 10−8 A/cm2. Therefore, it can be concluded that the upper steel of the OPC
group is in a passive state. For the FA group, the anodic potential shifted negatively from
−130.7 mV on the 14th day to −272.3 mV on the 66th day, and the corrosion current density
increased from −1.0 × 10−8 A/cm2 on the 14th day to 1.67 × 10−7 A/cm2 on the 39th
day, indicating the initiation of steel corrosion. For the GGBS group, the corrosion current
density increased from 0.7 × 10−8 A/cm2 on the 18th day to 2.16 × 10−7 A/cm2 on the 41st
day, indicating steel corrosion, although the steel potential did not drop below −270 mV.
This is because anodic potential is an index for the possibility of steel depassivation, but
the current density can directly reflect the evolution of the corrosion rate. With the same
carbonation duration, the fly ash concrete showed the lowest potential, followed by slag
and OPC concrete, which is in strong agreement with the observed carbonation depth
evolution. The low amount of calcium in fly ash in comparison to slag exacerbated the
carbonation resistance even at a lower replacement level. The corrosion current density of
fly ash and slag concrete tended to increase over time, while OPC concrete remained at a
low value. This is in agreement with Andrade and Buják’s results [48] that the corrosion rate
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was lower for OPC than that for supplementary cementitious materials. However, some
results showed the corrosion rate for OPC was higher than that with clinker replacement at
a low RH [5].
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In the case of internally admixing chloride, it can be seen that the corrosion potential
was significantly dependent on the amount of admixed chloride salts, irrespective of binder
types. The anodic potential for the group without admixing chloride ions remained at
about −120 mV, indicating that the steel was not corroded. The correlation between the
amount of admixed chloride salts and measured potentials showed a linear trend, as shown
in Figure 4d. Although insignificant, the corrosion potential tended to slightly increase
(more positive) over time due to chloride binding (conversion of admixed free chloride into
physical or chemical bound chloride). It is also reasonable to observe that the corrosion
current density of steel was higher at a larger chloride admixture content. At the same
chloride content, the corrosion potential drop and corrosion current density increase tended
to be lower for concrete with slag and fly ash than those of OPC concrete, which might
be attributed to the enhanced chloride binding. According to the previous studies, the
incorporation of slag and fly ash can considerably improve the chloride binding capacity
of cement due to the enhanced formation of AFm and hydrotalcite-type phases [41–43].
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Chloride penetration into the concrete around the upper reinforcement was accelerated
by the drying and wetting cycles. When the chloride ion content on the steel surface reaches
a critical value, the passive film on the surface of the steel bar is destroyed, and the potential
of the steel bar decreases rapidly, at which point corrosion initiation occurs. Sandberg’s
result [49] showed that the periodic wetting and drying conditions could also reduce the
critical chloride value for the corrosion initiation. The corrosion potential of OPC concrete
dropped considerably over time while those of slag and fly ash concrete remained relatively
constant. At around 40 days of exposure, the corrosion potential of OPC concrete suddenly
dropped and the corrosion current density increased dramatically as well. This finding is
consistent with the free chloride profiles result, which indicates a significant improvement
of the chloride penetration resistance of concrete due to slag and fly ash incorporation. It
was found that the sudden change occurred earlier in the current density than that in the
anodic potential. This is because the area ratio of cathode to anode is large at the start of
corrosion causing the current density to be more sensitive to corrosion initiation. Another
reason is that the ingress of chloride ions leads to a decrease in concrete resistivity, which
reduces the polarization of resistance.
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It can be seen that, regardless of the simulated environments, the initial corrosion
potential of the anode steel was around −120 mV (SCE). Depending on the exposure
condition and binder types, the corrosion potential dropped and corrosion current increased
since the depassivation of steel occurred. However, the extent of the potential drop and the
corrosion current increase was dependent on the simulated environments. For example,
although the potential dropped significantly for the concrete with more than 1.5% salt
contamination, its corrosion current density was about 50% lower than the concrete under
external chloride penetration at a similar chloride content. It suggests that drying–wetting
cycles can exacerbate corrosion development in concrete, probably due to the presence of
microcell corrosion in the top layer of steel, in addition to the induced macrocell corrosion.
In contrast, the internal chloride admixing at the top layer of steel ensured full-scale
depassivation and thus prevented the formation of additional cathode zones in the top steel.
In addition, by comparing the concrete exposed to carbonation and chloride penetration, it
can be seen that at the same level of corrosion potentials, the current rate was significantly
higher in the case of chloride-induced corrosion. The finding suggests that the correlation
between corrosion potential and corrosion current density is dependent on exposure
conditions.

4.4. Effect of Geometrical Parameters and Boundary Conditions

Figure 6 shows the time-dependent evolution of macrocell corrosion current density
in concrete specimens with various concrete cover thickness, steel diameters, and sealed
conditions. It can be seen that an increase in concrete cover thickness tended to decrease
the corrosion rate of steel at the same level of chloride content and anodic potentials.
It should be noted that the thickness of concrete cover was increased for the bottom
steels (cathode) but not for the top steel (anode). As designed in the specimens, the two
bottom steels took oxygen and underwent cathode reaction, while the released electron
was transported to the top steel for anode reaction. The reduction in the corrosion
rate suggests that the supply of oxygen in the cathode played an important role in
the macrocell corrosion reaction. The increase in steel diameter tended to increase the
corrosion rate, which is attributed to the enlarged contact surface of steel with concrete.
In addition, it can be seen that the specimens sealed with the S2 condition showed a
higher corrosion rate than that of the specimens sealed with the S1 condition. As the S2
condition had a higher exposure surface area of concrete to the atmosphere than the S1
condition, this allowed for a high amount of oxygen supply to the cathode. This testing
suggests that oxygen supply played a critical role in determining the macrocell corrosion
kinetics of steel embedded in concrete.

4.5. Comparison between Measured and Modeled Results

For the results in Section 4.3, the corrosion current density was modeled by substi-
tuting appropriate parameters into Equation (9). For carbonated concrete, OH− concen-
tration in the pore solution was taken as 1 × 10−5.5 mol/L; otherwise, it was given as
1 × 10−1.5 mol/L. The equilibrium potentials of the cathode were calculated according to
Equation (3) while the equilibrium potentials of the anode were taken as measured values.
By using an empirical model for concrete resistivity [50], the resistivity between the anode
and cathode for OPC, GGBS, and FA concrete groups are given as 2605, 4656, and 3361 Ω,
respectively. In the complete depassivation stage, the area ratio of anode to cathode is taken
as 1:2. The modeled corrosion current density was compared with the averaged values for
different environmental conditions, as shown in Table 3. The carbonation depth of the OPC
group did not reach the steel surface, and the upper reinforcement was passive without
any corrosion current density. The results for internally admixed chloride groups showed
that the model error was greatest when GGBS was used as an admixture in concrete. This
is because 50% GGBS replacement increases the chloride capacity of concrete greatly, re-
ducing the free chloride ion content in the pore solution. The reduction in free chloride
concentration leads to the increase in concrete resistivity, and thus the measured values
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were smaller than the modeled ones for the GGBS group. For the chloride penetration
group, the measured density was larger than the modeled value. This can be explained by
the reduction in concrete resistivity due to more absorption of water and chloride under
periodic wetting and drying conditions. This indicated that water and chloride transport
models should be combined with the corrosion rate model when corrosion caused by
chloride penetration is considered.
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Table 3. Comparison between measured and modeled corrosion current density (×10−7 A/cm2) for different environmental
conditions.

Conditions
OPC GGBS FA

Measured Modeled Measured Modeled Measured Modeled

Carbonated - - 2.05 2.16 1.40 1.46
Internally admixed with 1.5% NaCl 0.78 1.44 0.52 1.20 0.66 1.02
Internally admixed with 3% NaCl 2.62 2.31 0.68 1.62 1.03 1.45

Internally admixed with 4.5% NaCl 4.46 3.71 0.71 2.61 2.60 3.09
Chloride penetration 11.72 2.22 - - - -
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For the results in Section 4.5, a high RH was selected as an environmental condition,
so the electrochemical process became oxygen-concentration controlled and Equation (11)
was used to calculate the corrosion current density. The modeled corrosion current density
was compared with the average of the measured values, as shown in Table 4. It was found
that the error was relatively large for the steel bar diameter of 10 mm. The reason is that
the steel surface area is relatively small, and the iron rust generated by anodic reaction is
more likely to block the pores of concrete with the progress of corrosion, which hinders
the diffusion of hydrated iron ions and reduces the corrosion rate. Therefore, the oxygen
diffusion model established in this paper is not suitable for steel bars with a diameter
smaller than 10 mm.

Table 4. Comparison between measured and modeled corrosion current density (×10−7 A/cm2) for
different geometrical parameters and boundary conditions.

Conditions Measured Modeled

Cover thickness
10 mm 5.21 4.67
15 mm 3.16 3.03
20 mm 3.00 2.17

Steel bar diameter
10 mm 1.48 3.14
16 mm 3.16 3.03
22 mm 2.69 2.92

Sealing of lateral surfaces
Fully sealed 3.16 3.03

Upper half sealed 5.53 6.05

5. Conclusions

In this paper, the strength, carbonation and chloride penetration resistance, and
macrocell corrosion behaviors of steel embedded in concrete exposed to carbonation,
chloride contamination, and chloride penetration were studied. In particular, a comparison
was made between the corrosion resistance of concrete prepared with various binder types,
exposure environments, specimen geometrical parameters, and boundary conditions. The
following conclusions can be drawn based on this study:

1. The addition of slag and fly ash significantly enhances the chloride-induced corrosion
resistance but undermines the carbonation-induced corrosion resistance. Internal
chloride admixing has less detrimental effects on concrete incorporated with slag and
fly ash than pure Portland cement concrete, due to the enhanced binding of admixed
chloride ions.

2. The macrocell current density due to concrete carbonation is obtained. For the OPC
group, the embedded steel bar remains passive, and the average current density
is about 1.5 × 10−8 A/cm2. The steel depassivation for the FA and GGBS groups
occurs, and the average corrosion current density in the corrosion propagation stage
is 1.40 × 10−7 A/cm2 and 2.05 × 10−7 A/cm2, respectively.

3. Although the corrosion potentials can be qualitatively correlated to the macrocell
corrosion current density, this correlation is dependent on the exposure conditions.
The drying–wetting cycle is more detrimental than the chloride contamination in
terms of corrosion acceleration at a similar chloride content in concrete. At the same
level of potential drops, the chloride-induced corrosion shows a higher rate than that
of carbonation-induced corrosion.

4. The corrosion rate model of steel bars based on two-dimensional oxygen diffusion is
verified by experiments. Compared with one-dimensional diffusion, two-dimensional
diffusion can more accurately reflect the cathodic reaction process on corroded steel
bars in practical engineering and provide a theoretical basis for considering the effect
of steel bar position.



Materials 2021, 14, 7691 15 of 16

Author Contributions: Conceptualization, Z.J.; methodology, S.L. and Z.D.; validation, T.X., formal
analysis, S.L.; investigation, Z.D. and T.X.; resources, C.F. and X.Z.; data curation, Z.J.; writing—
original draft preparation, C.F.; writing—review and editing, N.J.; supervision, X.Z.; project adminis-
tration, N.J.; funding acquisition, X.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Zhejiang Provincial Natural Science Foundation of
China, grant numbers LZ20E080003, LZ21E080002, LGF20E080019; and the National Natural Science
Foundation of China, grant number 51978620.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ahmad, S. Reinforcement corrosion in concrete structures, its monitoring and service life prediction—A review. Cem. Concr.

Compos. 2003, 25, 459–471. [CrossRef]
2. Bertolini, L.; Elsener, B.; Pedeferri, P.; Redaelli, E.; Polder, R.B. Corrosion of Steel in Concrete: Prevention, Diagnosis, Repair; John

Wiley & Sons: Hoboken, NJ, USA, 2013.
3. Alonso, C.; Andrade, C.; Castellote, M.; Castro, P. Chloride threshold values to depassivate reinforcing bars embedded in a

standardized OPC mortar. Cem. Concr. Res. 2000, 30, 1047–1055. [CrossRef]
4. Glass, G.; Buenfeld, N. The presentation of the chloride threshold level for corrosion of steel in concrete. Corros. Sci. 1997, 39,

1001–1013. [CrossRef]
5. Rodrigues, R.; Gaboreau, S.; Gance, J.; Ignatiadis, I.; Betelu, S. Reinforced concrete structures: A review of corrosion mechanisms

and advances in electrical methods for corrosion monitoring. Constr. Build. Mater. 2021, 269, 121240. [CrossRef]
6. Dong, Z.; Poursaee, A. Corrosion behavior of coupled active and passive reinforcing steels in simulated concrete pore solution.

Constr. Build. Mater. 2020, 240, 117955. [CrossRef]
7. Fu, C.; Jin, N.; Ye, H.; Jin, X.; Dai, W. Corrosion characteristics of a 4-year naturally corroded reinforced concrete beam with

load-induced transverse cracks. Corros. Sci. 2017, 117, 11–23. [CrossRef]
8. Ye, H.; Fu, C.; Jin, N.; Jin, X. Performance of reinforced concrete beams corroded under sustained service loads: A comparative

study of two accelerated corrosion techniques. Constr. Build. Mater. 2018, 162, 286–297. [CrossRef]
9. Ye, H.; Jin, N.; Fu, C.; Jin, X. Rust distribution and corrosion-induced cracking patterns of corner-located rebar in concrete cover.

Constr. Build. Mater. 2017, 156, 684–691. [CrossRef]
10. Zhu, W.; François, R.; Liu, Y. Propagation of corrosion and corrosion patterns of bars embedded in RC beams stored in chloride

environment for various periods. Constr. Build. Mater. 2017, 145, 147–156. [CrossRef]
11. Stefanoni, M.; Angst, U.; Elsener, B. Corrosion rate of carbon steel in carbonated concrete—A critical review. Cem. Concr. Res.

2018, 103, 35–48. [CrossRef]
12. Dangla, P.; Dridi, W. Rebar corrosion in carbonated concrete exposed to variable humidity conditions. Interpretation of Tuutti’s

curve. Corros. Sci. 2009, 51, 1747–1756. [CrossRef]
13. Huet, B.; L’Hostis, V.; Santarini, G.; Feron, D.; Idrissi, H. Steel corrosion in concrete: Determinist modeling of cathodic reaction as

a function of water saturation degree. Corros. Sci. 2007, 49, 1918–1932. [CrossRef]
14. Stefanoni, M.; Angst, U.; Elsener, B. Kinetics of electrochemical dissolution of metals in porous media. Nat. Mater. 2019, 18,

942–947. [CrossRef] [PubMed]
15. Stefanoni, M.; Angst, U.; Elsener, B. The mechanism controlling corrosion of steel in carbonated cementitious materials in wetting

and drying exposure. Cem. Concr. Compos. 2020, 113, 103717. [CrossRef]
16. Poursaee, A. Corrosion of steel in concrete structures. In Corrosion of Steel in Concrete Structures; Woodhead Publishing: Sawston,

UK, 2016; pp. 19–33.
17. Jiang, Z.L.; Gu, X.L.; Huang, Q.H.; Zhang, W.P. Statistical analysis of concrete carbonation depths considering different coarse

aggregate shapes. Constr. Build. Mater. 2019, 229, 116856. [CrossRef]
18. Revert, A.B.; De Weerdt, K.; Hornbostel, K.; Geiker, M.R. Carbonation-induced corrosion: Investigation of the corrosion onset.

Constr. Build. Mater. 2018, 162, 847–856. [CrossRef]
19. Laurens, S.; Deby, F. Electrochemical Methods. In Non-Destructive Testing and Evaluation of Civil Engineering Structures; Elsevier:

Amsterdam, The Netherlands, 2018; pp. 173–197.
20. Heine, M.A.; Keir, D.S.; Pryor, M.J. The specific effects of chloride and sulfate ions on oxide covered aluminum. J. Electrochem. Soc.

1965, 112, 24–32. [CrossRef]
21. Williamson, J.; Isgor, O.B. The effect of simulated concrete pore solution composition and chlorides on the electronic properties of

passive films on carbon steel rebar. Corros. Sci. 2016, 106, 82–95. [CrossRef]

http://doi.org/10.1016/S0958-9465(02)00086-0
http://doi.org/10.1016/S0008-8846(00)00265-9
http://doi.org/10.1016/S0010-938X(97)00009-7
http://doi.org/10.1016/j.conbuildmat.2020.121240
http://doi.org/10.1016/j.conbuildmat.2019.117955
http://doi.org/10.1016/j.corsci.2017.01.002
http://doi.org/10.1016/j.conbuildmat.2017.10.108
http://doi.org/10.1016/j.conbuildmat.2017.09.033
http://doi.org/10.1016/j.conbuildmat.2017.03.210
http://doi.org/10.1016/j.cemconres.2017.10.007
http://doi.org/10.1016/j.corsci.2009.04.029
http://doi.org/10.1016/j.corsci.2006.10.005
http://doi.org/10.1038/s41563-019-0439-8
http://www.ncbi.nlm.nih.gov/pubmed/31358940
http://doi.org/10.1016/j.cemconcomp.2020.103717
http://doi.org/10.1016/j.conbuildmat.2019.116856
http://doi.org/10.1016/j.conbuildmat.2017.12.066
http://doi.org/10.1149/1.2423459
http://doi.org/10.1016/j.corsci.2016.01.027


Materials 2021, 14, 7691 16 of 16

22. Ghods, P.; Isgor, O.B.; Carpenter, G.J.C.; Li, J.; McRae, G.A.; Gu, G.P. Nanoscale study of passive films and chloride-induced
depassivation of carbon steel rebar in simulated concrete pore solutions using FIB/TEM. Cem. Concr. Res. 2013, 47, 55–68.
[CrossRef]

23. Macdonald, D.D. The point defect model for the passive state. J. Electrochem. Soc. 1992, 139, 3434. [CrossRef]
24. DorMohammadi, H.; Pang, Q.; Murkute, P.; Árnadóttir, L.; Isgor, O.B. Investigation of chloride-induced depassivation of iron in

alkaline media by reactive force field molecular dynamics. NPJ Mater. Degrad. 2019, 3, 19. [CrossRef]
25. Ghods, P.; Isgor, O.B.; McRae, G.A.; Li, J.; Gu, G.P. Microscopic investigation of mill scale and its proposed effect on the variability

of chloride-induced depassivation of carbon steel rebar. Corros. Sci. 2011, 53, 946–954. [CrossRef]
26. Cao, Y.; Gehlen, C.; Angst, U.; Wang, L.; Wang, Z.; Yao, Y. Critical chloride content in reinforced concrete—An updated review

considering Chinese experience. Cem. Concr. Res. 2019, 117, 58–68. [CrossRef]
27. Kenny, A.; Katz, A. Steel-concrete interface influence on chloride threshold for corrosion—Empirical reinforcement to theory.

Constr. Build. Mater. 2020, 244, 118376. [CrossRef]
28. Yu, L.; François, R.; Dang, V.H.; L’Hostis, V.; Gagné, R. Distribution of corrosion and pitting factor of steel in corroded RC beams.

Constr. Build. Mater. 2015, 95, 384–392. [CrossRef]
29. Chalhoub, C.; François, R.; Carcasses, M. Effect of cathode–anode distance and electrical resistivity on macrocell corrosion

currents and cathodic response in cases of chloride induced corrosion in reinforced concrete structures. Constr. Build. Mater. 2020,
245, 118337. [CrossRef]

30. Bazant, Z.P. Physical model for steel corrosion in concrete sea structures—Theory. J. Struct. Div. 1979, 105, 1137–1153. [CrossRef]
31. Raupach, M. Chloride-induced macrocell corrosion of steel in concrete—Theoretical background and practical consequences.

Constr. Build. Mater. 1996, 10, 329–338. [CrossRef]
32. Dong, Z.; Gu, X.L.; Jin, Z.H.; Poursaee, A.; Ye, H.L. Experimental and numerical investigations on the rate-limiting step for

macro-cell corrosion of reinforcing steel in concrete. J. Mater. Civ. Eng. 2022, 34, 04021407. [CrossRef]
33. Hansson, C.; Poursaee, A.; Laurent, A. Macrocell and microcell corrosion of steel in ordinary Portland cement and high

performance concretes. Cem. Concr. Res. 2006, 36, 2098–2102. [CrossRef]
34. Yu, H.; Shi, X.; Hartt, W.H.; Lu, B. Laboratory investigation of reinforcement corrosion initiation and chloride threshold content

for self-compacting concrete. Cem. Concr. Res. 2010, 40, 1507–1516. [CrossRef]
35. ASTM G109-99. In Test Method for Determining the Effect of Chemical Admixtures on the Corrosion of Embedded Steel Reinforcement in

Concrete Exposed to Chloride Environment; ASTM International: West Conshohocken, PA, USA, 1999.
36. Papadakis, V.G.; Vayenas, C.G. Physical and chemical characteristics affecting the durability of concrete. ACI Mater. J. 1991, 8,

186–196.
37. Li, G.; Zhao, X. Properties of concrete incorporating fly ash and ground granulated blast-furnace slag. Cem. Concr. Compos. 2003,

25, 293–299. [CrossRef]
38. Lian, C.; Zhuge, Y.; Beecham, S. The relationship between porosity and strength for porous concrete. Constr. Build. Mater. 2011, 25,

4294–4298. [CrossRef]
39. Chen, X.; Wu, S.; Zhou, J. Influence of porosity on compressive and tensile strength of cement mortar. Constr. Build. Mater. 2013,

40, 869–874. [CrossRef]
40. Papadakis, V.G. Effect of supplementary cementing materials on concrete resistance against carbonation and chloride ingress.

Cem. Concr. Res. 2000, 30, 291–299. [CrossRef]
41. Arya, C.; Buenfeld, N.; Newman, J. Factors influencing chloride-binding in concrete. Cem. Concr. Res. 1990, 20, 291–300.

[CrossRef]
42. Ye, H.; Jin, X.; Chen, W.; Fu, C.; Jin, N. Prediction of chloride binding isotherms for blended cements. Comput. Concr. 2016, 17,

655–672. [CrossRef]
43. Ye, H.; Jin, N.; Jin, X.; Fu, C.; Chen, W. Chloride ingress profiles and binding capacity of mortar in cyclic drying-wetting salt fog

environments. Constr. Build. Mater. 2016, 127, 733–742. [CrossRef]
44. Chindaprasirt, P.; Jaturapitakkul, C.; Sinsiri, T. Effect of fly ash fineness on compressive strength and pore size of blended cement

paste. Cem. Concr. Compos. 2005, 27, 425–428. [CrossRef]
45. Hong, S.Y.; Glasser, F. Alkali binding in cement pastes: Part I. The C-S-H phase. Cem. Concr. Res. 1999, 29, 1893–1903. [CrossRef]
46. ASTM C876-941. In Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete; ASTM International: West

Conshohocken, PA, USA, 1999.
47. Poursaee, A.; Hansson, C.M. The influence of longitudinal cracks on the corrosion protection afforded reinforcing steel in high

performance concrete. Cem. Concr. Res. 2008, 38, 1098–1105. [CrossRef]
48. Andrade, C.; Buják, R. Effects of some mineral additions to portland cement on reinforcement corrosion. Cem. Concr. Res. 2013,

53, 59–67. [CrossRef]
49. Sandberg, P. Chloride Initiated Reinforcement Corrosion in Marine Concrete; Report TVRM-1015; Lund Institute of Technology,

Division of Building Materials: Lund, Sweden, 1998.
50. Bohni, H. Corrosion in Reinforced Concrete Structures; CRC Press: New York, NY, USA, 2005.

http://doi.org/10.1016/j.cemconres.2013.01.009
http://doi.org/10.1149/1.2069096
http://doi.org/10.1038/s41529-019-0081-6
http://doi.org/10.1016/j.corsci.2010.11.025
http://doi.org/10.1016/j.cemconres.2018.11.020
http://doi.org/10.1016/j.conbuildmat.2020.118376
http://doi.org/10.1016/j.conbuildmat.2015.07.119
http://doi.org/10.1016/j.conbuildmat.2020.118337
http://doi.org/10.1061/JSDEAG.0005168
http://doi.org/10.1016/0950-0618(95)00018-6
http://doi.org/10.1061/(ASCE)MT.1943-5533.0004042
http://doi.org/10.1016/j.cemconres.2006.07.005
http://doi.org/10.1016/j.cemconres.2010.06.004
http://doi.org/10.1016/S0958-9465(02)00058-6
http://doi.org/10.1016/j.conbuildmat.2011.05.005
http://doi.org/10.1016/j.conbuildmat.2012.11.072
http://doi.org/10.1016/S0008-8846(99)00249-5
http://doi.org/10.1016/0008-8846(90)90083-A
http://doi.org/10.12989/cac.2016.17.5.655
http://doi.org/10.1016/j.conbuildmat.2016.10.059
http://doi.org/10.1016/j.cemconcomp.2004.07.003
http://doi.org/10.1016/S0008-8846(99)00187-8
http://doi.org/10.1016/j.cemconres.2008.03.018
http://doi.org/10.1016/j.cemconres.2013.06.004

	Introduction 
	Experimental Programs 
	Materials and Mix Proportion 
	Strength and Porosity 
	Carbonation Resistance 
	Chloride Penetration Resistance 

	Electrochemical Model for Steel Corrosion in Concrete 
	Results and Discussion 
	Strength and Porosity 
	Carbonation and Chloride Resistance 
	Corrosion Resistance 
	Effect of Geometrical Parameters and Boundary Conditions 
	Comparison between Measured and Modeled Results 

	Conclusions 
	References

