
Research Article
Effects of Mineral Admixtures on Macrocell Corrosion
Behaviors of Steel Bars in Chloride-Contaminated Concrete

Zhong-lu Cao ,1,2 Zhong-chun Su ,2 Makoto Hibino ,3 and Hiroki Goda 3

1CCCC First Harbor Engineering Co. Ltd., Tianjin 300461, China
2CCCC Tianjin Port Engineering Institute Co. Ltd., Tianjin 300222, China
3Concrete Laboratory, Department of Civil Engineering, Kyushu Institute of Technology, Kitakyushu-shi 804-8550, Japan

Correspondence should be addressed to Zhong-lu Cao; caozhonglu@126.com

Received 1 July 2022; Accepted 2 August 2022; Published 17 August 2022

Academic Editor: Senthil Kumaran Selvaraj

Copyright © 2022 Zhong-lu Cao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Based on the macrocell corrosion theory and by alternating the microcell corrosion state and macrocell corrosion state, the
influence of mineral admixtures, such as fly ash, slag, and limestone powder, on the macrocell corrosion behaviors of steel bars
embedded in chloride-contaminated concrete were investigated and clarified. The results indicated that the inhibition effect
induced by slag on macrocell corrosion and microcell corrosion was obviously better than that induced by fly ash or limestone
powder. The presence of slag in chloride-contaminated concrete could remarkably decrease the corrosion area ratios of anodic
steel, even if the replacement levels of slag to cement reached 70%. With the addition of mineral admixtures into concrete, the
ratio of macrocell current density to microcell current density was decreased to some extent, depending on the types,
replacement levels, and replacement ways of mineral admixtures. The use of slag and fly ash in chloride-contaminated concrete
can effectively weaken the macrocell corrosion and make the corrosion be dominated by microcell corrosion. The types and
replacement levels of mineral admixtures also had a remarkable influence on the control mode of macrocell corrosion. The use
of slag was more effective than that of fly ash or limestone to weaken the cathode control mode of macrocell corrosion and
made the control mode of macrocell corrosion be dominated by jointed control.

1. Introduction

For marine or offshore reinforced concrete structures, such
as coastal ports, cross-sea bridges, and tunnels, the durability
problems caused by chloride-induced steel corrosion have
always been a hot topic for engineers and scholars. There
is general agreement that the most effective improvements
in corrosion durability of marine reinforced concrete struc-
tures can be achieved at material selection and design stage
by using mineral admixtures such as fly ash, granulated blast
furnace slag, silica fume, and limestone. These mineral
admixtures have been widely used in marine concrete struc-
ture to improve and enhance the corrosion durability by
increasing chloride binding capacity [1–3], decreasing chlo-
ride penetration and diffusion [4], elevating chloride thresh-
old level [5], and improving the size, shape, distribution, and
structure of pores in concrete [6].

The effectiveness of mineral admixtures to inhibit the
corrosion of reinforcing steel is commonly qualitatively eval-
uated by half-cell potential described in ASTM C876 and/or
quantitatively analyzed by corrosion rate obtained from the
Stern-Geary equation. The use of half-cell potential and cor-
rosion rate is usually based on the assumption that corrosion
of reinforcing steel in concrete structure is uniform, which is
practicable and feasible in microcell corrosion state that the
anodic zones and the cathodic zones are microscopic in sizes
and located adjacent to each other. However, due to the dif-
ference of exposed environments and the heterogeneity of
concrete materials, the corrosion of reinforcing steel in actu-
ally existing marine concrete structure is usually nonuni-
form, in that the anodic zones are far away from and
separate with the cathodic zones, which leads to the forma-
tion of macrocell corrosion. When macrocell corrosion is
formed, the electrochemical parameters of reinforcing steel
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in cathodic zones and anodic zones could be changed under
the action of macrocell potential difference, so the use of
half-cell potential and corrosion rate to evaluate and judge
the corrosion degree of reinforcing steel in concrete struc-
ture subjected to macrocell corrosion would not be reliable
and accurate. Therefore, it is necessary to analyze and verify
whether the mineral admixtures are effective or not, to
improve and inhibit the macrocell corrosion of reinforcing
steel in chloride-contaminated concrete.

It is well known that the types, structural compositions,
chemical activities, and mixed contents of mineral admix-
tures could affect the anticorrosion properties of reinforcing
steel. Since the microcell corrosion and macrocell corrosion
are common existence in marine concrete structures, the
true corrosion rate of reinforcing steel is equal to the sum
of microcell corrosion rate and macrocell corrosion rate.
So whether the different mineral admixtures play a different
role in effecting the magnitudes of microcell corrosion and
macrocell corrosion, or whether the proportional relation-
ship between microcell corrosion and macrocell corrosion
is affected by the type and mixed content of mineral admix-
tures, is a question worthy of consideration and attracts the
interests of the authors, and as far as the authors have
known, no literature gives the answer.

Additionally, known from the previous studies [7–10], the
macrocell corrosion rate and control mode are mainly deter-
mined by half-cell potential and microcell current density of
cathodic and anodic steels, macrocell potential difference
between cathodic and anodic steels, macrocell polarization
slopes, and macrocell polarization ratios of cathodic and
anodic steels. The use of mineral admixtures in marine rein-
forced concrete structure would have an effect on these above
parameters. The mechanism and efficiencies of various min-
eral admixtures to inhibit the macrocell corrosion have not
been analyzed and compared based on these parameters men-
tioned above. And up to now, the effect of mineral admixtures
on the control mode of macrocell corrosion is still an
unknown question that attracts the interest of the authors.

For all these above reasons, in this paper, experiments
were designed and carried out to investigate and clarify the
effect of mineral admixtures, such as fly ash, slag, and lime-
stone powder, on the macrocell corrosion behaviors of rein-
forcing steels embedded in chloride-contaminated concrete.
Based on the macrocell corrosion theory and by alternating
the microcell corrosion state and macrocell corrosion state,
the influence of fly ash, slag, and limestone powder on the
macrocell corrosion potential difference, macrocell corro-
sion current density, and macrocell polarization ratios of
reinforcing steels was analyzed and compared, the effect of
fly ash, slag, and limestone on the control mode of macrocell
corrosion was clarified, and the influence of fly ash, slag, and
limestone on the proportional relationships between micro-
cell corrosion current density and macrocell corrosion cur-
rent density was discussed.

2. Experiment

2.1. Materials. Hot-rolled plain steel bars with 19mm in
diameter and 180mm in length were selected and used,

which were firstly polished by sandpaper and cleaned with
acetone and then were connected to a lead wire. In order
to prevent the corrosion occurring at the end of steel bar
and ensure the reliability and accuracy of experimental
results, the two bare ends with 40mm in length of steel bars
were coated with polystyrene resin and epoxy resin in turn.
The polished surface was used to ensure that the tested steels
have the same initiate surface condition. Due to the fact that
the various steel surface conditions have an effect on the
macrocell corrosion behaviors of steel bars [11], the seawater
prerusted surface covered by black oxides with a density of
42.0mg/cm2 was also used to investigate the comprehensive
effect of rust and mineral admixtures on the macrocell cor-
rosion of steels.

Steel bar was centrally located in cement mortar block
with a dimension of 80 × 80 × 160mm. The mix proportion
of water, binder (cement+mineral admixture), and sand in
the cement mortar block was 0.6, 1.0, and 3.0. Ordinary
Portland cement P.O 42.5 was used, which had a density
of 3.10 g/cm3 and met the standard requirements of GB
175. Grade II river sand that passed through the 4.75mm
opening sieve and met the specification requirements of
GB/T14648 was selected as the fine aggregate, which had a
density of 2.58 g/cm3. Mineral admixtures including grade I
fly ash that met the specification requirements of GB/
T1596, grade S95 slag that met the specification require-
ments of GB/T18046, and limestone powder that met the
specification requirements of JGJ/T318 were used to replace
the cement or sand in equal weight, for the purpose of inves-
tigating the influence of types, replacement levels, and
replacement ways of mineral admixtures on the macrocell
corrosion behaviors of reinforcing steel.

It is a slow process that chloride ions penetrate and dif-
fuse from outer environments into the surface of steel and
initiate the corrosion of steel embedded in marine concrete
structures. In order to accelerate the corrosion of steel, chlo-
ride ions (3wt% of binder) were directly added into the
cement mortar at the time of casting by ways of dissolving
NaCl in the mix water. Although adding chloride ions into
the cement mortar made the steels have no time to be passiv-
ated and had an influence on the physical and mechanical
properties of cement mortar, the reasons for doing this were
firstly to accelerate the corrosion of steel, secondly to pro-
duce the same total chloride content at the steel-mortar
interface transition zone, and to easily compare the effect
of various mineral admixtures on the macrocell corrosion
behavior of steels.

All the cement mortar blocks containing steels were
allowed to set and harden in the mold for 1 day, then
demolded, and continuously cured in water for the next
two weeks. After that, they were allowed to dry in a labora-
tory environment with 20°C constant temperature for
another two weeks, prior to the beginning of experiment
measurements.

2.2. Methods. Experiments were designed and carried out as
shown in Table 1 and Figure 1. Each case given in Table 1
consisted of two separate mortar blocks that were defined
as A-side and B-side. The mortar blocks in A-side and B-
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side had the same water-binder ratio but contained different
chloride contents and different mineral admixtures. The
chloride content in the mortar blocks of A-side was 0wt%
of binder while the chloride content in the mortar blocks
of B-side was 3wt% of binder which was much higher than
the chloride threshold level for active corrosion. The differ-
ence in chloride contents could form a significant half-cell
potential difference between the steels in mortar blocks of
A-side and B-side, which provided conditions for the forma-
tion of macrocell corrosion. Since the area ratio of cathode
to anode has a remarkable influence on the macrocell corro-
sion current, macrocell polarization ratios, and control
mode, the effect of mineral admixtures on macrocell corro-
sion behavior of steels would be investigated and analyzed
under the condition that the area ratio of cathode to anode
steel bar is 1 : 1.

In order to investigate the effect of mineral admixtures
on macrocell corrosion, the mortar blocks in A-side con-
tained 0% mineral admixture, while the mortar blocks in
B-side were mixed with various mineral admixtures. For
mortar blocks in B-side, mineral admixtures with various
chemical activities such as fly ash, slag, and limestone pow-
der were used to replace 25%, 50%, and 70% cement in equal
weight or to replace 15% and 30% sand in equal weight,
respectively. The high replacement levels of fly ash, slag,
and limestone were used for the purpose of forming a nota-
ble difference in steel corrosion and allowed for clear obser-
vation of macrocell corrosion and polarization behaviors of
steels. Mineral admixtures are commonly used to replace
cement and rarely used to replace sand or fine aggregate.
Using mineral admixtures instead of natural sand as fine
aggregate of concrete can not only broaden the utilization
ways of mineral admixtures but also reduce the consump-
tion of natural sand by concrete and protect the limited nat-
ural sand resources. In literature [12], a research had been
made to study the physical properties of concrete prepared
by substituting a large quantity of mineral powder including
fly ash, slag, and limestone for part of fine aggregate, as an
alternative to Portland cement for the reduction of the envi-
ronmental load, preservation of resources, and improvement
of performance. Literature [13, 14] preliminary investigated
the effect of nonground-granulated blast-furnace slag and
bottom ash used as fine aggregate on the strengths, chloride
permeability, water absorption, and freezing-thawing resis-
tance of concrete and concluded that the slag and bottom
ash can be used to replace sand or fine aggregate to produce
durable concrete. Therefore, in order to broaden the usage
forms and levels of mineral admixtures and reduce the con-
sumption of natural sand by concrete, this paper attempts to
clarify the influence of replacement ways and replacement

levels of limestone powder, fly ash, and slag on the microcell
and macrocell corrosion durability of steel bars embedded in
chloride-contaminated concrete, which would provide a
solution or a suggestion for the comprehensive utilization
of mineral admixtures.

The experimental process is presented in Figure 1. The
steel in the mortar block of A-side acted as a cathode while
the steel in the mortar block of B-side acted as an anode,
which were firstly disconnected for two weeks to simulate
the microcell corrosion state and then were connected for
another two weeks to simulate the macrocell corrosion
state. These four weeks were defined as one cycle, and 16
cycles were carried out in this study. A two-week duration
was selected for both disconnected and connected periods,
because it was a sufficient amount of time for the recovery
and stabilization of steel corrosion state during the discon-
nected period and was also suitable for the stabilization of
macrocell current and macrocell polarization during the
connected period. The advantage of using two separate
mortar blocks was that firstly, in the disconnected state,
the microcell corrosion behavior of steels in A-side and
B-side did not interfere with each other; secondly, in the
connected state, the macrocell corrosion polarization
behavior of steels in A-side and B-side could be easy to
observe and investigate; and thirdly, the influence of vari-
ous mineral admixtures on the proportional relationship
between microcell corrosion current density and macrocell
corrosion current density could be quantitatively analyzed
and evaluated.

In the experimental process, mortar blocks in A-side and
B-side were partially immersed in water to enhance the elec-
troconductivity of mortar [7–11], the half-cell potential
(Ecorr) referred to the Ag/AgCl electrode, and the resistance
of steel (Rp) and resistance of mortar (Rcon) were measured
at set intervals by the use of a corrosion detection device
CM-SE1 developed by Nippon Steel Techno Research.
Microcell corrosion current density of steel was defined as
the corrosion current density of steel in the disconnected
periods [15–18], which was calculated by the use of the
Stern-Geary equation: icorr−mi = B/Rp, where Rp was the
resistance of steel and B was a constant which was com-
monly considered to be 26mV for steel in a corroded state
and 52mV for steel in a passive state. Macrocell corrosion
current density of steel was calculated by the equation:
icorr−ma = Ima/Aa, where Ima was the macrocell current flow-
ing between cathode (steel in A-side) and anode (steel in
B-side) and Aa was the surface area of steel that acted as
an anode. In the connected periods, macrocell current natu-
rally flowing between A-side and B-side was directly mea-
sured by zero resistance ammeters.

……16th Cycle
2 Weeks 2 Weeks

2nd Cycle

A B A B

2 Weeks 2 Weeks
1st Cycle

A B A B

Figure 1: Experimental process.
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The effect of mineral admixtures on the macrocell corro-
sion behaviors of steels was also analyzed and evaluated by
the use of macrocell potential difference, macrocell polariza-
tion ratios, and macrocell corrosion control mode. The def-
inition and calculation of these parameters were given in
literatures [7–9]. Macrocell potential difference ΔEcorr 1
was defined as the potential difference between the cathode
and anode during the disconnected periods, and ΔEcorr 4
was the potential difference between the cathode and anode
during the connected periods. While ΔEcorr 2 was the poten-
tial difference of cathodic steel during the disconnected
periods and connected periods, ΔEcorr 3 was the potential
difference of anodic steel during the disconnected periods
and connected periods. In the macrocell corrosion state, it
was important to know the relative contributions from the
polarization of the cathode and anode and the mortar resis-
tance, as described by ΔEcorr 1 = ΔEcorr 2 + ΔEcorr 3 + ΔEcorr 4,
or in another way, 1 = ΔEcorr 2/ΔEcorr 1 + ΔEcorr 3/ΔEcorr 1 +
ΔEcorr 4/ΔEcorr 1, which had been graphically illustrated in
literatures [7–9]. The ratios of ΔEcorr 2/ΔEcorr 1, ΔEcorr 3/Δ
Ecorr 1, and ΔEcorr 4/ΔEcorr 1 were defined as the macrocell
polarization ratio of the cathode, the macrocell polarization
ratio of the anode, and the macrocell polarization ratio of
mortar resistance, respectively.

3. Results and Discussions

3.1. Time Evolution Curves of Corrosion Parameters. Due to
the difference of particle size, chemical compositions, and
hydration activity, the usage of limestone powder, fly ash,
and slag in concrete would inevitably have an impact on
concrete microstructure, porosity, pore solution chemistry,
and chloride binding capacity [1, 6, 12, 19, 20] and then
affect the availability of oxygen, internal humidity, and con-
crete resistivity. The changes of concrete internal environ-
ments, such as oxygen, humidity, and resistivity, induced
by the use of mineral admixtures, would have a direct impact
on the corrosion behaviors of steel bars, which could be
reflected by the changes of corrosion parameters such as
half-cell potential, microcell corrosion current density, and
macrocell corrosion current density.

Because the time evolution curves of corrosion parame-
ters such as half-cell potential, microcell corrosion current
density, macrocell corrosion current density, and mortar
resistance for all cases designed in Table 1 had the same
expression way, only the results of case 1, case 5, case 11,
and case 17 were given out and are shown in Figure 2. It
can be seen from these figures, in the disconnected state,
there was a remarkable difference in half-cell potential,
microcell corrosion current density, and mortar resistance
between the cathode (specimen in A-side) and anode (spec-
imen in B-side), which created the condition for the forma-
tion of macrocell corrosion. When the cathodic steel of A-
side was connected with the anodic steel of B-side, macrocell
corrosion was formed, and the macrocell polarization behav-
iors of cathodic steel and anodic steel were clearly observed.
Under the action of electrochemical driving force in terms of
macrocell potential difference, the half-cell potential of
cathodic steel was polarized to a lower value while the

half-cell potential of anodic steel was polarized to a higher
value. The electrons released by the anodic steel of B-side
were partly transferred to and consumed by the cathodic
steel of A-side, which resulted in the flow of macrocell cur-
rent from the cathode to anode.

For all cases designed in Table 1, the compositions,
materials, and experimental conditions of cathode (speci-
men in A-side) were the same, so the ability of cathodic
steels in A-side to consume and react with the electrons
was considered to be the same and keep the relative constant
during the whole experimental process. Therefore, the
macrocell current flowing between the cathode and anode
was mainly controlled by the ability of anodic steel in B-
side to release the electrons. The change of types, replace-
ment levels, and replacement ways of mineral admixtures
could have an effect on the moisture content of mortar, the
diffusion and transmission of oxygen, the chloride binding
capacity, the change of microstructure in the interface tran-
sition zone between steel and mortar, and the change of
composition of iron oxides formed on the steel surface and
therefore could have a direct influence on the ability of
anodic steels to release electrons and finally affect the magni-
tude of macrocell potential difference and the magnitude of
macrocell current density, as well as the macrocell polariza-
tion ratio and the control mode of macrocell corrosion.

3.2. Effect of Mineral Admixtures on the Macrocell Potential
Difference and Macrocell Current Density. The effect of
replacement levels and replacement ways of limestone pow-
der, fly ash, and slag on the macrocell potential difference
and macrocell current density is presented in Figure 3. The
use of mineral admixtures to replace sand with the same
amount was more effective than that to replace cement, to
reduce both the macrocell potential difference and macrocell
current density. When mineral admixtures were used to
replace cement with the same amount, the macrocell poten-
tial difference ΔEcorr1 increased gradually with the increas-
ing replacement levels, while the macrocell current density
decreased firstly and then increased. The macrocell current
density is the minimum at the 25% replacement level of
mineral admixtures to cement. When limestone powder,
fly ash, and slag had the same replacement levels, the inhibi-
tion effect induced by slag on macrocell corrosion was obvi-
ously better than that induced by fly ash or limestone
powder.

At the conditions that no mineral admixtures were used,
such as case 1 and case 2, the initiate prerusted surface of
steel was helpful in reducing the macrocell current density
and weakening the macrocell corrosion. However, when
the replacement levels of limestone powder, fly ash, and slag
were higher and reached to 70%, such as case 8, case 14, and
case 20, the initiate prerusted surface of steel could result in
the increase in macrocell current density and accelerate the
macrocell corrosion.

3.3. Effect of Mineral Admixtures on the Relationship between
Microcell Current Density and Macrocell Current Density. As
shown in Figure 4, using limestone powder, fly ash, or slag to
replace sand was more effective than that to replace cement,
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Figure 2: Continued.

6 International Journal of Corrosion



to reduce both the microcell current density and macrocell
current density. The higher the replacement levels of mineral
admixtures to sand, the more obvious the decrease in micro-
cell current density and macrocell current density. When
limestone, fly ash, or slag was used to replace cement, there
was an optimal replacement level to minimize the macrocell
current density, but it could not effectively reduce the micro-
cell current density. The higher replacement levels of min-

eral admixtures to cement had a risk of increasing the
microcell current density. When the replacement levels of
limestone, fly ash, and slag were constant, the inhibition
effect induced by slag on the microcell and macrocell current
density was obviously better than that induced by fly ash or
limestone. Whether mineral admixtures, such as limestone,
fly ash, and slag, were added or not, the initiate prerusted
surface of steel was less helpful in reducing the microcell
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Figure 2: Time evolution curves of corrosion parameters such as half-cell potential, microcell corrosion current density, macrocell corrosion
current density, and mortar resistance for case 1, case 5, case 11, and case 17: (a) half-cell potential of steel in case 1, (b) corrosion current
density of steel in case 1, (c) resistance of the mortar in case 1, (d) half-cell potential of steel in case 5, (e) corrosion current density of steel in
case 5, (f) resistance of the mortar in case 5, (g) half-cell potential of steel in case 11, (h) corrosion current density of steel in case 11, (i)
resistance of the mortar in case 11, (j) half-cell potential of steel in case 17, (k) corrosion current density of steel in case 17, and (l)
resistance of the mortar in case 17.
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current density. The presence of initiate prerusted surface
could accelerate the microcell corrosion of steel.

With the addition of mineral admixtures into concrete,
the ratio of macrocell current density to microcell current
density was decreased to some extent, depending on the
types, replacement levels, and replacement ways of mineral
admixtures. The use of mineral admixtures, especially slag
and fly ash in chloride-contaminated concrete, can effec-
tively weaken the macrocell corrosion and make the corro-
sion be dominated by microcell corrosion.

3.4. Effect of Mineral Admixtures on the Macrocell
Polarization Ratios and Control Mode. The magnitude of
macrocell polarization ratios of cathodic steel, anodic steel,
and concrete resistance has determined the control mode
of macrocell corrosion. The macrocell polarization ratios of
cathodic steel and anodic steel induced by limestone powder,
fly ash, and slag are given in Figures 5–7, respectively.

Whether limestone was used to replace cement or sand,
the macrocell polarization ratio of cathodic steel was always
greater than 0.60, and that of anodic steel was less than 0.30,

so the control mode of macrocell corrosion was always cath-
ode control. The replacement levels and replacement ways of
limestone powder had an influence on the macrocell poten-
tial difference but had little effect on the control mode of
macrocell corrosion.

The use of fly ash to replace 15% and 30% sand or 50%
and 70% cement had a remarkable effect on the macrocell
potential difference but had less influence on the macrocell
polarization ratio of cathodic steel and anodic steel, the
macrocell polarization ratio of cathodic steel was always
greater than 0.60, and that of anodic steel was less than
0.30; the macrocell corrosion was always in the mode of
cathode control. However, when fly ash was used to replace
25% cement, the macrocell polarization ratio of cathodic
steel was decreased and distributed in the range of 0.30 to
0.60, and that of anodic steel was increased and distributed
in the range of 0.30 to 0.60; the macrocell corrosion was con-
sidered to be controlled by both cathodic steel and anodic
steel, which was a jointed control mode.

The replacement levels of slag to sand or cement not
only had a significant influence on the macrocell potential
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Figure 3: Effect of the replacement levels of (a) limestone, (b) fly ash, and (c) slag on the relationships between ΔEcorr 1 and macrocell
current density.
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Figure 4: Effect of the replacement levels of (a) limestone powder, (b) fly ash, and (c) slag on the relationships between microcell current
density and macrocell current density.
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Figure 5: Effect of the replacement levels of limestone powder on the macrocell polarization ratios of cathodic steel and anodic steel.
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difference but also had an effect on the macrocell polariza-
tion ratio of cathodic steel and anodic steel. For case 1, the
macrocell polarization ratio of cathodic steel was distributed
in the range of 0.77 to 0.94, while that of anodic steel was
distributed in the range of 0.01 to 0.14; the control mode
of macrocell corrosion was typically cathode control. Com-
pared with case 14, when slag was used to replace 30% sand,
the macrocell polarization ratio of cathodic steel was
decreased and distributed in the range of 0.30 to 0.60, and
that of anodic steel was increased and distributed in the
range of 0.10 to 0.36, which means that the cathode control
mode was weakened and the macrocell corrosion was jointly
controlled by the cathode and anode. When slag was used to
replace 15% sand, the macrocell polarization ratio of

cathodic steel was further decreased and distributed in the
range of 0.24 to 0.45, and that of anodic steel was further
increased and distributed in the range of 0.44 to 0.66, which
made the control mode of macrocell corrosion be dominated
by jointed control. When slag was used to replace 25%
cement, the macrocell polarization ratio of cathodic steel
was distributed in the range of 0.20 to 0.40, and that of
anodic steel was distributed in the range of 0.50 to 0.77;
the control mode of macrocell corrosion was dominated by
jointed control or by anode control. However, with the fur-
ther increase in the replacement level of slag to cement, the
macrocell polarization ratio of cathodic steel had a trend to
increase and that of anodic steel had a trend to decrease.
When slag was used to replace 50% or 70% cement, the
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Figure 6: Effect of the replacement levels of fly ash on the macrocell polarization ratios of cathodic steel and anodic steel.
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Figure 7: Effect of the replacement levels of slag on the macrocell polarization ratios of cathodic steel and anodic steel.
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macrocell polarization ratio of cathodic steel was distributed
in the range of 0.27 to 0.94, and that of anodic steel was dis-
tributed in the range of 0.04 to 0.67; the macrocell corrosion
was dominated by jointed control or by cathode control.

3.5. Effect of Mineral Admixtures on the Corrosion State of
Anodic Steel. In order to check the real corrosion state of
anodic steel and confirm the effect of various mineral admix-
tures on the corrosion, at the end of experiments, mortar
blocks of B-side were split and the anodic steels were taken
out and observed. The true corrosion states and corrosion
area ratios of anodic steel in chloride-contaminated concrete
with various amounts of limestone, fly ash, and slag are pre-
sented in Figures 8 and 9.

The types and replacement levels of mineral admixtures
played an important role in controlling the corrosion degree
of anodic steel. For the same replacement revel, slag was the
most effective in inhibiting the corrosion area of anodic steel,

followed by fly ash and limestone powder. Using limestone
powder to replace cement or sand could not effectively
improve the corrosion area ratios of anodic steel. In particu-
lar, the presence of limestone powder in concrete to replace
cement in equal weight had a risk of accelerating the corro-
sion of anodic steels. Using fly ash to replace sand had a pos-
itive effect on decreasing the corrosion area ratios of anodic
steels, but using fly ash to replace cement could not effectively
reduce the corrosion area ratios of anodic steels, especially
when the replacement amount of cement was more than
50%. Due to the high activity of slag, the presence of slag in
chloride-contaminated concrete could remarkably decrease
the corrosion area ratios of anodic steel and significantly
inhibit the corrosion of anodic steels, even if the replacement
levels of slag to cement reached 70%. Compared to fly ash
and limestone powder, the use of slag in concrete could not
only improve the porosity of the interfacial transition zone
and make it denser and have lower permeability but also
enhance the chloride binding capacity [3, 6, 12, 19–21] and
reduce the free chloride content and therefore weaken the
function of chloride ions to induce corrosion.

4. Conclusions

The use of mineral admixtures to replace sand was more
effective than that to replace cement, to reduce both the
macrocell current density and microcell current density.
When limestone powder, fly ash, and slag had the same
replacement levels, the inhibition effect induced by slag on
macrocell corrosion and microcell corrosion was obviously
better than that induced by fly ash or limestone.

With the addition of mineral admixtures into concrete,
the ratio of macrocell current density to microcell current
density was decreased to some extent, depending on the
types, replacement levels, and replacement ways of mineral
admixtures. The use of mineral admixtures, especially slag
and fly ash in chloride-contaminated concrete, can effectively
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Figure 8: Corrosion states of anodic steel in chloride-contaminated concrete with various amounts of limestone powder, fly ash, and slag.
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weaken the macrocell corrosion and make the corrosion be
dominated by microcell corrosion.

The types and replacement levels of mineral admixtures
had a significant effect on the macrocell polarization ratio of
cathodic steel and anodic steel and therefore had a remark-
able influence on the control mode of macrocell corrosion.
The use of slag was more effective than that of fly ash or
limestone to weaken the cathode control mode of macrocell
corrosion and made the control mode of macrocell corro-
sion be dominated by jointed control.

Compared to fly ash and limestone powder, the presence
of slag in chloride-contaminated concrete could remarkably
decrease the corrosion area ratios of anodic steel, even if the
replacement levels of slag to cement reached 70%.
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