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A partial replacement for Portland cement (PC) through supplementary cementitious materials is an 

alternative technique to reduce carbon steel corrosion in reinforced concrete under exposure to marine 

environment. Here, the effect of blast furnace slag (BFS) and carbon nanotubes (CNTs) admixtures 

into PC on the electrochemical corrosion resistance of carbon steel reinforced concrete was assessed 

by electrochemical impedance spectroscopy (EIS) and polarization systems during immersion in 3.5 

wt% NaCl media. The higher compressive strength was observed for BFS-CNT sample which can be 

attributed to the pozzolanic reaction of BFS filler, the formation of denser microstructure and 

acceleration of the hydration process. The polarization results show that the concrete samples 

containing CNTs admixture had a lower value of corrosion current density and corrosion rate revealing 

the superior performance than the other samples. The EIS measurements indicated that BFS-CNT 

sample was most effective for enhancing the corrosion resistance of the steel rebar due to the decrease 

of water absorptivity and chloride ion permeability. 
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1. INTRODUCTION 

The corrosion behavior of reinforced concrete is an important factor affecting its durability. 

Low corrosion resistance can predictably lead to expensive and significant repair work into the 

concrete[1, 2]. Pore structures of a concrete includes gel pores, capillary pores and air voids [3, 4]. As 

one of the main features of concrete materials, the structure of the pores has a certain ratio in concrete 
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and has significant consequences on the transfer properties [5, 6]. Parameters of pore structure 

including the distribution pore size porosity are the main components of microstructure. Previous 

research had shown that the pore structure affects physical mechanical performance, frost resistance 

and permeability of concrete [7, 8]. 

Mineral additives are usually used in several applications such as high performance concrete 

building sand bridges. Famous mineral additives include fly ash, rice husk ash, and silica fume [9-12]. 

The addition of these materials in the concrete production have positive environmental effects and 

minimizing problems related to its disposal. 

Recently, blast furnace slag (BFS) had been utilized in concrete as a partial replacement 

material in cement for several economic and environmental reasons[13].The pozzolanic reactions 

assistance to fill up in pore structures and make the concrete denser [14, 15]. Thus, partial replacement 

of Portland cement (PC) with BFS can considerably reduce the risk of chloride penetration, alkali-

silica reactions and sulfate attack and increase compressive strength[16]. 

Recently, application of nanostructures in the construction industry have received special 

attention. Studies reported that Al2O3, SiO2,Fe2O3 and CuO are generally used nanomaterials in 

concrete [17-20].Among that, carbon nanotubes (CNTs) reveal that the hybrid effect of CNTs 

improved the compressive strength and resist the formation of crack in concrete [21, 22]. 

Previous studies have been conducted solely to describe the unique properties of concrete 

materials, and very little research had been done on the development of the durability and 

microstructure of concrete by combining various additives, including BFS and CNTs. 

This work focused on the effects of BFS and CNTs admixture on compressive strength, pore 

structure and corrosion behavior of reinforced concrete in marine environment. 

 

 

2. MATERIALS AND METHODS 

In this work, the reinforced concrete mixture ratio which included various cementitious 

components such as blast furnace slag (BFS), multi-walled carbon nanotubes (MWCNTs) and Portland 

cement (PC) were studied. The composition of PC and BFS is summarized in Table 1. The MWCNTs 

have fibrous structures that are closely related to each other. MWCNTs purchased from Sigma-Aldrich 

was used for the study. 

 

Table 1. Chemical composition of BFS and PC 

 

 PC (wt%) BFS (wt%) 

SiO2 20.65 34.27 

Al2O3 4.74 9.42 

Fe2O3 3.02 1.15 

CaO  64.25 45.24 

MgO  2.04 7.42 

SO3 2.96 1.26 

LOI  0.88 0.24 
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Table 2 indicates various ratios of the concrete mixture. The PC was blended with sand, gravel, 

and water (1.5: 3: 1: 0.5) to produce concrete structure. The fresh mixture was poured into the 

cylindrical plastic molds with 25 cm height and 10 cm diameter at room temperature and 80% relative 

humidity for 24 h. The samples were cast and then the molds were removed after one day. 

The compressive strength assessment was done according to ASTM C109-16a[23].The 

compressive strength was considered by the following equation: 

 

Fcc (N/mm2) = Ultimate load (N)/ Sample area (mm2)             (1) 

 

Table 2. The ratios of the concrete mixture 

 

Sample  PC (g) Gravel (g) Sand (g) Water (g) BFS (g) MWCNTs (g) 

PC 750 500 1500 250 0 0 

BFS 675 500 1500 250 75 0 

BFS-CNT 600 500 1500 250 75 75 

 

In order to study the effect of BFS and CNTs admixtures on corrosion resistance of the steel 

reinforced concretes, electrochemical tests were performed on carbon steel rebar after one month 

exposure to 3.5 wt% NaCl solution. The chemical composition of carbon steel bar is shown in Table 3. 

 

Table 3. The chemical composition of carbon steel bar (wt%) 

 

Carbon Mn Si Cu Al Cr Ni Fe 

0.13 0.75 1.5 0.34 0.017 0.09 0.10 Residual 

 

The three-electrode electrochemical system was applied to study corrosion behavior of the steel 

rebar by electrochemical impedance spectroscopy (EIS) technique. Carbon steel rebar, a standard 

copper/copper sulfate and graphite electrodes were used as a working electrode, reference and counter 

electrodes, respectively. All analysis were performed in a 3.5 wt% NaCl environment. The EIS was 

done at a frequency range of 10 mHz to 0.1MHz. The polarization tests were done at a potential range 

of -700 mV to 100 mV with 1 mV/s scanning rate. The surface morphologies of samples were 

considered by scanning electron microscope (SEM, Zeiss Sigma 300 VP). 

 

3. RESULTS AND DISCUSSION 

Figure 1a shows FESEM images MWCNTs with 10 to 20 µm length and 150 to 200 nm 

diameter which were used in this study. BFS was obtained by quenching molten iron blast furnace slag 

(Fig. 1b). The BFS powder can improve the later strength, reduce the hydration heat in concrete, and 

increase the microstructure of concrete which was used as partial replacement in the PC. 
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Figure 1. FESEM images (a) MWCNTs and (b) BFS 

 

The compressive strength results attained for different samples after one month of curing is 

shown in figure 2. As shown, the mixture containing CNT nanostructures had superior compressive 

strength than the other samples which was 94% higher than the PC. The enhancement in compressive 

strength for BFS-CNT sample can be ascribed to the use of BFS as a filler in improving 

microstructure. Moreover, the BFS as an activator contributed to the pozzolanic reaction which form a 

denser microstructure and accelerated the hydration process, enhancing the compressive strength [24]. 

On the other hand, the crystal growth of carbon matrix enhanced the compressive strength of concrete 

containing CNTs [25].  

 

 

 

Figure 2. Compressive strength of different samples after one month of curing 

 

The water absorption of different samples after one month exposure to 3.5 wt% NaCl solution 

were obtained 11.9%, 6.8% and 4.3% for PC, BFS and BFS-CNT, respectively. It was found that the 
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admixtures had significantly affected the water absorption results which indicated the use of BFS and 

CNTs as cement replacement strangely varied water absorption of the concrete. This finding could be 

directly useful in justifying the corrosion behavior of carbon steel reinforced concrete. 

 

 

Figure 3. Polarization plots of carbon steel rebar in different concrete specimens immersed to 3.5 wt% 

NaCl media after one month exposure time 

 

 

Figure 3 indicates Polarization plots of carbon steel rebar in different concrete specimens 

immersed to 3.5 wt% NaCl media after one month exposure time. The corrosion parameters attained 

from polarization curves are summarized in Table 4. As shown, the sample containing CNTs was 

revealed to have a higher corrosion potential value which can be attributed to the higher electrical 

conductivity of the CNTs. The excellent conductivity of partial replacement cement using MWCNTs 

was attained as the CNTs were aligned in a certain direction and optimum CNTs loading were 

selected[26]. Furthermore, it was found that the BFS-CNT sample had lesser value of current density 

compared to the PC and BFS samples. The better performance of BFS-CNT samples was caused by 

the combined effect of CNTs and BFS admixtures which accelerated the hydration reaction because of 

the reactivity and high specific area of the nanostructures. It can form a denser concrete and decreased 

the mortar permeability and reduced the current flow [27]. On the other hand, the lower current density 

in the BFS-CNT sample can be attributed to the change in the structure or the thickness of the passive 

layer on the steel rebars [28]. Moreover, the concrete sample containing CNTs admixture had the 

lowest corrosion rate with 5.48 times smaller than the PC sample. The results show that BFS-CNT 

sample had a lower value of corrosion concrete and the corrosion rate revealed a superior performance 

than the other samples. 
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Table 4. The corrosion parameters attained from polarization curve 

 

Mixture 
Corrosion potential 

(mV) 

Corrosion current 

density (µA/cm2) 

corrosion rate 

(MMPY) × 10-3 

PC -242 0.32 3.4 

BFS -293 0.09 1.1 

BFS-CNT -356 0.06 0.62 

  

 

 

Figure 4. Nyquist diagrams of carbon steel embedded in different concrete samples immersed to 

marine environment. The inset shows an equivalent circuit model used to fit EIS data 

 

EIS technique was used to evaluate the corrosion resistance of low carbon steel rebar 

embedded into the concretes with various admixtures in 3.5 wt% NaCl solution. Figure 4 shows the 

Nyquist plots reached by the EIS analysis. The equivalent circuit used to fit EIS data is shown in the 

inset of Fig. 4. Where Rs is the solution resistance.C1 and R1 reveal the capacitance and resistance of 

the coated concrete, respectively. C2 and R2 are the double-layer capacitance and the charge transfer 

resistance of steel rebar surface, respectively [29, 30]. The obtained data are shown in table 5. 

 

Table 5. The attained data from the equivalent circuit used to fit EIS data 

 

Mixture Rs (Ω) R1 (Ω) C1(μF cm-2) R2 (Ω) C2(μF cm-2) 

PC 38.4 2896 9.59 4056 12.25 

BFS 28.8 3947 7.32 5974 10.63 

BFS-CNT 32.7 5643 5.89 7985 8.25 
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These findings reveal that by the suitable replacement of BFS and CNTs in the PC, R1 

increases and C2 reduces, which indicates an improvement in the stability of the passive film and 

corrosion resistance on the carbon steel rebar [31]. Due to the high surface area of the BFS, it can form 

a strong adhesion to hydrated cement, causing a better growth inhibition of the calcium hydroxide[32]. 

The admixtures fill the tiny cracks and capillary pores and ultimately shrink the structure of cement. 

These agents enhance the corrosion resistance of carbon steel rebars in aggressive solutions. 

Furthermore, comparing C2 and C1, it was observed that C1 was lower than C2 in all specimens which 

had proven that the formation of double and passive layers at the interfaces had high capacitive 

behavior[33].  

 

 

 
 

Figure 5. FESEM images of carbon steel surface for (a) PC, (b) BFS and (c) BFS-CNT samples after 

one month immersed to 3.5 wt% NaCl environment 
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Figure 5 shows the SEM images of carbon steel surface for PC, BFS and BFS-CNT samples 

after one month immersion in a 3.5 wt% NaCl environment. The surface of BFS-CNT indicates low 

pits and corrosion products, showing a mild pitting corrosion happened on the surface of carbon steel 

rebar, which was in accordance to the results derived from electrochemical experiments. It can be 

associated to the water reduction and decrease of chloride ion permeability into the concrete. The 

reaction of BFS with calcium hydroxide may produce hydration products that considerably reduce the 

porosity of concrete. Moreover, the structure of concrete can be affected by mixing of CNTs in the 

concrete. However, the entire porosity cannot be eliminated by the addition of the BFS and CNTs, but 

the large pores may be turned into smaller pores and thus changing the microstructure of the cement 

paste. These results indicate that partial replacement of BFS and CNTs simultaneously in PC led to a 

reduction in corrosion rate and improved corrosion resistance of carbon steel rebar because of the 

decrease of chloride ion and water permeability[34]. 

 

 

4. CONCLUSIONS 

In this work, the effect of BFS and CNTs admixtures into PC on the electrochemical corrosion 

resistance of carbon steel reinforced concrete was assessed by EIS and polarization systems during 

immersion in 3.5 wt% NaCl media. The higher compressive strength was observed for BFS-CNT 

sample which can be attributed to the pozzolanic reaction of BFS filler, the formation of a denser 

microstructure and the acceleration of the hydration process. The polarization results show that the 

concrete samples containing CNTs admixture had a lower value of corrosion current density and 

corrosion rate revealing a superior performance than the other samples. The EIS measurements 

indicate that BFS-CNT sample was most effective for enhancing the corrosion resistance of the steel 

rebar due to the decrease of water absorptivity and chloride ion permeability. The SEM image of the 

samples indicate low pits and corrosion products of BFS-CNT, showing a mild pitting corrosion 

happened on the surface of carbon steel rebar, which was in accordance to the results derived from 

electrochemical experiments. 
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