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Abstract: In this paper, the changes of free chloride ion concentration and bound chloride concentration
in cement paste with different total and proportion of mineral admixtures under carbonation were
studied. Moreover, the following corrosion resistance of steel bars buried in cement paste under
carbonation was researched by testing the electrical resistance and alternating current (AC) impedance
spectroscopy of reinforced cement paste. Results indicated that fly ash and granulated blast furnace
slag powder with the content less than 20% by mass ratio of total binder hindered the solidification of
chloride ions in cement-based materials, and blast furnace slag powder with the content higher than
20% promoted the solidification of chloride ions in cement paste. The carbonation effect was able to
decrease the amount of solidified chloride ion and increase the amount of free chloride ions leading
to accelerating the corrosion of reinforcement. Meanwhile, the blast furnace slag powder with the
content higher than 20% could effectively promote the corrosion resistance of steel bars.
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1. Introduction

Reinforced concrete is the main construction building material which has been used for many
years due to its economy and practicality [1–3]. Nevertheless, reinforced concrete is usually exposed to
various environments when in service. Corrosive environments like NaCl freeze-thaw cycles, chloride
attacking, carbonation and their coupling effects usually demonstrate corrosive effects on reinforced
concrete [4–6].

Steel bars in concrete are mainly composed of iron. The electrons were easy to lose when steel bars
were exposed to an environment of moist oxygen. The content of free chloride ions in cement-based
materials was able to corrode the passivation film and electrical conduction, thus accelerating the
corrosion of steel bars. As depicted in Liu’s paper, chloride corrosion is the most serious type of
concrete structure deterioration [7]. Some researchers [8,9] reported that the corrosion of chloride salts
can reduce the bearing capacity of the building seriously and lead to their destruction.

In recent years, the vigorous development of industrial production leads to large emissions of
carbon dioxide in the city. Hence, the concrete constructions were usually exposed to a carbonation
environment. In a highly alkaline environment, a dense alkaline passivation film was formed on the
surface of steel bars. However, when the concrete is exposed to the environment of carbon dioxide,
the calcium hydroxide will react with the carbon dioxide, leading eventually to a reduction of the
alkalinity of concrete. Consequently, the alkaline passivation film is corroded. However, little attention
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was paid to the influence of carbonation effect on the content of free chloride ions in cement-based
materials. Ben [10] reported that the effect of carbonation on reinforced concrete could affect porosity
of concrete, thus accelerating the corrosion of steel bars.

As described in some journals that alkaline environment is effective to protect the reinforcement
in concrete structures against free chloride corrosion, Glass et al. [11] reported that the carbonation
effect was able to influence the ingress of chlorides in the concrete. In order to research the corrosion
resistance of reinforcement in concrete under a corrosive environment, it is necessary to study the
state and distribution of chloride ion of reinforced concrete in the condition of carbonation. It should
be noted that electrons of iron element of steel bars in concrete are easy to lose when the concrete is
applied in corrosive environments, leading to the corrosion of steel bars and rust [12,13]. Moreover,
conductive path of pore solution is blocked by rust and the conductivity is reduced. Therefore, electrical
parameters are effective to assess the corrosion resistance of steel bars in cement paste. Nevertheless,
few researchers have paid attention to the application of AC electrical resistance and AC impedance
spectroscopy in the evaluation of corrosion resistance.

This paper aimed to study the concentrations of free and solidified chloride ions in cement paste
with 1% NaCl by mass ratio of binders (cement, fly ash and blast furnace slag) under the condition of
carbonation. The additions of 10%–30% fly ash or blast furnace slag and the assembly unit of fly ash
(10%–20%) and blast furnace slag (10%–20%) were added to the cement paste. Moreover, the X-ray
diffraction was selected to study the crystal structures of cement paste mixed with fly ash and blast
furnace slag after carbonation effect. Additionally, the electrical resistance of steel bars reinforced
concrete (Plain concrete, specimen with fly ash and specimen with blast furnace slag after) cured in a
carbonation environment of different ages, were determined. Furthermore, plain concrete cured in a
standard curing environment (with temperature of 20 ◦C and relative humidity of above 95%) was
studied as a reference group.

2. Experimental

2.1. Raw Materials

Ordinary Portland cement (produced by Zhejiang Ningbo conch Co., Ltd.) whose strength grade
was 42.5 MPa, was applied in the study. Grade HPB300 plain round steel bars with a diameter of
10 mm were used in experiments. Type I fly ash (FA) was used as a mineral admixture and type S95
fine blast furnace slag (BFS) were used as another mineral admixture. The particle passing percentage
and chemical composition of cement are shown in Tables 1 and 2. The water-binder ratio of all groups
was 0.4 and the mix proportion of cement paste is shown in Table 3. The specific surface areas of FA,
BFS and cement in this study were 387, 421, and 391 m2/kg, respectively.

Table 1. Particle passing percentage of the cementitious materials.

Types
Particle Size/µm

0.6 1 4 8 64 360

Cement 0.33 2.66 15.01 28.77 93.59 100
BFS 0.85 3.51 19.63 35.01 97.90 100
FA 0.12 1.23 2.31 5.68 91.10 100

Table 2. Chemical composition of the cementitious materials.

Types
Chemical Composition/%

SiO2 Al2O3 Fe2O3 MgO CaO SO3 R2O MnO H2O

Cement 20.86 5.47 3.94 1.73 62.23 2.66 0.48 0 0
BFS 34.06 14.74 0.83 9.73 35.93 0.23 3.51 0.74 0.23
FA 32.95 13.99 2.91 34.5 7.66 0 0 0 0



Coatings 2020, 10, 1071 3 of 9

Table 3. Mix proportions of cement paste.

Types FA (%) BFS (%) Cement (%) NaCl/Binder (%)

A0 0 0 100 1
A1 10 0 90 1
A2 20 0 80 1
A3 30 0 70 1
A4 0 10 90 1
A5 0 20 80 1
A6 0 30 70 1
A7 10 20 70 1
A8 15 15 70 1
A9 20 10 70 1

2.2. Samples Preparation and Measurement

To prepare cement paste samples, the water and binder materials were mixed uniformly in the
pot of NJ-160A cement paste mixer (Leiyun Co., Ltd., Shanghai, China) and agitated at 140 rpm for
2 min. After this mixing, all mixtures were agitated at 285 rpm for another 2 min. When the mixing
progress of cement paste was finished, the mixture was poured into the oiled molds to form prism
specimens with a size of 40 × 40 × 160 mm3. All specimens were cured in natural curing condition
for 1 day, and then the specimens were demolded. After that, the specimens were then cured at a
standard fog room (95% RH, 20 ± 2 ◦C) for another 26 days. After standard curing, some specimens
were cured in the carbonation box for 240 days and the remaining specimens were kept in the standard
fog room for the same time. After standard curing or carbonation, core samples of the specimens
were applied for the measurement of chloride ion concentration and X-ray diffractometer (PANalytical
B.V. Co., Ltd., Almelo, The Netherlands). The core samples were crushed and sifted out from square
sieve with the diameter of 0.08 mm to form powder. The sieved powder with the particle size less
than 0.08 mm was dried in a vacuum drying oven at the temperature of 60 ± 5 ◦C for 3 days. For the
determination of free chloride ions, the experiment process was described as follows: The dried
powder was put in the deionized water and stirred uniformity by magnetic mixer in the deionized
water for 30 min and then vacuum filtration was provided to test the concentration of free chloride
ions by 3000CS chlorine and sulfate analyzer (Thornton Co., Ltd., Shanghai, China). The solidified
chloride ions were calculated by “Concentration of sodium chloride added in cement paste minus
the concentration of free chloride”. Moreover, some powder was put into the D8 advance X-ray
diffractometer (Thornton Co., Ltd., Shanghai, China) produced by Brooke AXS Company to carry out
the routine phase analysis and quantitative analysis. Specimens with size of 50 × 50 × 50 mm3 were
selected to determine the electrical resistance of steel bar reinforced cement paste. TH2810D LCR
digital electric bridge (Changzhou Tonghui Co., Ltd., Changzhou, China) was used to test the electrical
resistance with the testing frequency of this electric bridge, ranged from 100 Hz to 10 kHz, and the
testing AC voltage varied from 0.1 to 1 V. The schematic diagram of the test device was shown in
Figure 1. The measurement of electrical parameters was conducted according to Reference [13]. Each
specimen was embedded with a steel bar with length of 6 cm and diameter of 10 mm. A 316L stainless
steel mesh and steel bar were served as two electrodes of each specimen, space between steel mesh
and axis of steel bar was 2.0 cm. As obtained from prior research [14,15], the signals of AC electrical
resistance and AC impedance spectroscopy were relatively stable and accurate, and so therefore they
were selected to investigate the corrosion resistance of steel bars in cement paste in this study.
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Figure 1. The measurement of electrical parameters.

3. Results and Discussion

3.1. The State and Content of Chlorine in Cement Paste

Figure 2 shows the chlorine concentration of cement paste with a different dosage of fly ash and
blast furnace slag. As shown in Figure 2, the concentration of free chloride ion increased and the
amount of solidified chloride ions decreased with the addition of FA. This might be attributed to the
fact that fly ash possessed large specific surface area, thus adsorbing more chloride ions and leading
eventually to increasing the amount of free chloride ions and decreasing the amount of solidified
chloride ions. However, the content of free chloride ions first increased and then decreased with the
increasing dosage of BFS, while the opposite result occurred to the solidified chloride ions. Moreover,
it can be observed from Figure 2, the carbonation effect was able to increase the amount of free chlorine
content and decrease the concentration of solidified chloride ions. Furthermore, the specimens with
FA possessed higher concentration of free chloride ions than that of specimens with BFS. This was
attributed to the fact that BFS possessed large specific surface area and could adsorb free chloride ions,
leading to decreasing the free chloride ions in cement paste [16,17].

Coatings 2020, 10, x FOR PEER REVIEW 4 of 9 

 

signals of AC electrical resistance and AC impedance spectroscopy were relatively stable and 
accurate, and so therefore they were selected to investigate the corrosion resistance of steel bars in 
cement paste in this study. 

 
Figure 1. The measurement of electrical parameters. 

3. Results and Discussion 

3.1. The State and Content of Chlorine in Cement Paste 

Figure 2 shows the chlorine concentration of cement paste with a different dosage of fly ash and 
blast furnace slag. As shown in Figure 2, the concentration of free chloride ion increased and the 
amount of solidified chloride ions decreased with the addition of FA. This might be attributed to the 
fact that fly ash possessed large specific surface area, thus adsorbing more chloride ions and leading 
eventually to increasing the amount of free chloride ions and decreasing the amount of solidified 
chloride ions. However, the content of free chloride ions first increased and then decreased with the 
increasing dosage of BFS, while the opposite result occurred to the solidified chloride ions. 
Moreover, it can be observed from Figure 2, the carbonation effect was able to increase the amount of 
free chlorine content and decrease the concentration of solidified chloride ions. Furthermore, the 
specimens with FA possessed higher concentration of free chloride ions than that of specimens with 
BFS. This was attributed to the fact that BFS possessed large specific surface area and could adsorb 
free chloride ions, leading to decreasing the free chloride ions in cement paste [16,17]. 

10 15 20 25 30 35

0.0

0.5

1.0

1.5

Co
nc

en
tra

tio
n(

g/
L)

Content/%

 Free chloride ion-Carbonation-FA
 Carbonation free chloride ion-Non-carbonation-FA
 Solidified chloride ion-Carbonation-FA
Solidified chloride ion-Non-carbonation-FA
 Free chloride ion-Carbonation-BFS
 Carbonation free chloride ion-Non-carbonation-BFS
 Solidified chloride ion-Carbonation-BFS
 Solidified chloride ion-Non-carbonation-BFS

 
Figure 2. The chlorine concentration of cement paste. 

Figure 3 shows the solidified rate of chloride ions of cement paste. As shown in Figure 3, the 
solidified rate of chloride ions decreased with the increasing dosage of FA. However, the solidified 
rate first decreased and then increased with the increasing dosage of BFS. It can be observed from 
Figure 3, when the FA was added into the mixture, the solidified rate was increased by the 

Figure 2. The chlorine concentration of cement paste.

Figure 3 shows the solidified rate of chloride ions of cement paste. As shown in Figure 3,
the solidified rate of chloride ions decreased with the increasing dosage of FA. However, the solidified
rate first decreased and then increased with the increasing dosage of BFS. It can be observed from
Figure 3, when the FA was added into the mixture, the solidified rate was increased by the carbonation
effect. However, the solidified rate was decreased by the carbonation effect when the specimens were
mixed with BFS. This may be related to some complex reasons which will be studied in the future.
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Figure 3. The solidified rate of chloride ions of cement paste.

Figure 4 shows the X-ray diffraction of plain sample and specimens with 20% FA and 20%
BFS under standard curing environment and carbonation, respectively. As illustrated in Figure 4,
the samples were composed by SiO2, Ca(OH)2 (CH), 3CaO·SiO2 (C3S), 2CaO·SiO2 (C2S) and CaCO3.
Diffraction peak of calcium hydroxide (CH) decreased with the addition of FA and BFS. This was
attributed to the fact that FA and BFS were able to increase the content of SiO2, which was obtained by
the diffraction peak of calcium hydroxide SiO2 thus effectively promoting the secondary hydration of
cement leading eventually to decreasing the content of CH [18,19]. However, it could be observed
from the diffraction peak of CaCO3, the amount of CaCO3 was increased and Ca(OH)2 was decreased
by carbonation effect. This was attributed to the fact that Ca(OH)2 reacted with CO2 and CaCO3 was
formed after the carbonation effect [20].
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3.2. Corrosion Resistance of Steel Bars

As described in some researches, the electrons loss of iron element on the interface between
steel bar and air or water is essential in steel bars’ corrosion. After corrosion, the conductive path
of pore solution is blocked by the rust, leading eventually to reducing the conductivity of steel bars
reinforced concrete [21,22]. Therefore, specimens with higher electrical resistivity possess better
corrosion resistance.

Figure 5 shows the AC electrical resistance-time curves of steel bars reinforced RHA cement
paste. The plain samples and specimens with 20% BFS and 20% FA were cured in the environment of
carbonation for 12 months. Moreover, the electrical resistance of plain samples cured in standard curing
environment (with temperature of 20 ◦C and relative humidity of above 95%) were studied as a reference
group. As shown in Figure 5 that the increasing speed of the variation rate of electrical resistance of
specimens decreased in the order of Carbonation-Plain > Plain > Carbonation-BFS > Carbonation-FA
confirming the corrosion resistance of specimens decreased in this order of Carbonation-Plain < Plain <

Carbonation-BFS < Carbonation-FA. This was attributed to the fact that the free chloride ions increased
in the order of Carbonation-Plain < Plain < Carbonation-BFS < Carbonation-FA, which was related
with the AC electrical conduction [23,24]
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As obtained from some researches [25–27], the electrochemical impedance spectroscopy (EIS)
could be determined to reflect the corrosion resistance of steel bars in cement paste. Figure 6 shows the
EIS for the specimens after being cured for 12 months. The testing frequency of EIS ranged from 105

to 1 Hz. It was observed from Figure 6, the imaginary part (electrical reactance) of electrochemical
impedance spectroscopy of specimens with 20% fly ash cured in carbonation and the plain specimens
cured in standard curing environment increased linearly with the increasing real part (electrical
resistance) as the testing frequency of EIS decreased from 105 to 1 Hz. However, the imaginary part
firstly decreased and then increased with the increasing the real part. The minimum value of EIS
decreased in this order: Carbonation-Plain > Plain > Carbonation-BFS > Carbonation-FA further
confirming corrosion resistance as described in Section 3.2.
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