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High mechanical strength, long durability, and other outstanding characteristics make concretes widely 

used in the construction of bridges, buildings, sewage pipeline, and many more infrastructure items. 

However, in the long run, micro-cracking and chloride ion diffusion caused by the corrosion of steel 

reinforcement exert a hazardous effect on the properties of concretes, which has aroused special 

attention of the scholars. In this work, the failure mechanism of concrete induced by chlorine-

containing sulfate corrosion is studied via array electrode technology, electrochemical experiments, 

and corrosion morphology analysis. The results show that the failure caused by the corrosive medium 

diffusion in the cracks inside the concrete can be divided into two stages. First, the corrosive medium 

reaches the concrete - reinforcement surface and forms a corrosion galvanic cell with a large cathode 

and a small anode, which promotes the corrosion product accumulation. Second, the Cl- ions destroy 

the corrosion product layer and make the rust spread to the inside of concrete, while leading to severe 

pitting corrosion of the metal matrix. 
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1. INTRODUCTION 

 

Concrete occurred more than 150 years ago, becoming the most widely used artificial material 

due to its excellent performance in construction [1,2]. However, there are still a lot of problems 

associated with the durability of concrete, which lead to the destruction of the whole structure of the 

item, causing huge economic losses [3]. 

The research on concrete durability mainly consists in monitoring salt corrosion, freeze-thaw 

damage, carbonization, alkali aggregate reactions, etc. Salt corrosion is mainly induced by the sulfate 

chlorides and takes place in predominately hydraulic structures, coastal buildings and underground 
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structures. This type of corrosion in concretes is a relatively complex process, leading to physical and 

chemical damage of their structure. Sulfate corrosion mainly causes expansion and cracking of 

concrete [4]. When concrete cracks, its permeability increases and the corrosion medium easier 

infiltrates into the interior. This, in turn, speeds up the structural deterioration and leads to the loss of 

cohesion between cement hydration products. Under this circumstance, the concrete is manifested by 

gradually decreasing strength and mass loss [5]. 

The research on concrete in sulfate environment aims to mainly gain insight into the 

mechanism of sulfate corrosion. Sulfate corrosion in concretes is a complex process that includes both 

physical corrosion and chemical corrosion. Tennich et al. [6] carried out the dry-wet cycle experiment 

of the concrete mixed with breeze in 5 wt % Na2SO4 solution to study their dynamic modulus of 

elasticity, compressive strength, amplitude of variation characteristics. According to the results, the 

dynamic elastic modulus first declined and then rose to a stable value, finally dropping to the failure 

level. The amplitude remained unchanged in the first 100 dry-wet cycles, after which it continued to go 

down until the specimen failed [7]; in turn, the compressive strength decreased by 28%-62%. Gao et 

al. [8] studied the effect of fly ash addition on the sulfate corrosion in concrete, observing the reduction 

of the corrosive components along with the formation of ettringite and gypsum [9] and, consequently, 

the improvement in the corrosion resistance of the material. Cefis et al. [10] performed the accelerated 

corrosion test of high-strength concrete in sodium sulfate solution. After corrosion by sodium sulfate, 

the strength of the concrete first increased and then decreased, while the quality exhibited an opposite 

trend. 

Concrete is a complex composite material with a multi-scale sub-continuous structure. The 

microstructure of concrete includes voids, reinforcing agents, mortar, and the interfaces between them. 

The microstructure plays a key role in the behavior of concrete at the macroscopic level. In the past 

few decades, numerous efforts have been made to improve the corrosion resistance of concretes. In 

particular, many mesoscopic models have been proposed and developed to understand and quantify the 

effects of microstructure and local failure mechanisms on the long-term response of concretes [11]. In 

the context of the meso-structural model, the shape and size of mortar exert influence on the stress 

distribution, crack initiation and damage accumulation in the concrete until the macroscopic failure. 

Furthermore, various scholars have reported the numerical models to analyze the deterioration process 

of concretes from different perspectives; but few of them monitored the failure process based on the 

corrosion behavior of reinforcing agents in concrete [12]. Therefore, in present work, wire electrode 

technology, electrochemical testing and corrosion image analysis were used to study the reinforcement 

corrosion and failure degradation caused by the internal diffusion in concrete. The findings of this 

research enabled one to reveal the failure degradation mechanism of concrete and improve its 

durability. 

 

 

 

2. EXPERIMENT SETTINGS 

 (1) Experimental materials. The information about the main components and HRB335 steel as 

the reinforcing agent applied in this study is available in Table 1. 
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Table 1. Main components of HRB335 steel (wt.%) 

 

Element C Si Mn P S Fe 

Content 0.25 0.80 1.60 0.045 0.045 0.52 

 

(2) Preparation of array electrodes. Using a transparent plexiglass panel, 10×10 array round 

holes were obtained by a fine engraving machine with the aperture of 2 mm; the spacing between the 

holes was 0.5 mm. After that, polished HRB335 metal wires with 2-mm diameters were inserted into 

the holes to make sure the electrodes were parallel to the plexiglass plate. The array electrodes were 

encapsulated with epoxy resin to achieve complete insulation between the wires. After curing at room 

temperature for 72 h, the array electrodes were polished to make the HRB335 metal matrix completely 

out. Then, the electrodes were polished with a metallographic sandpaper to reduce the experimental 

error caused by different surface roughness. Finally, the treated array electrodes were put into a 

vacuum drying oven for later use. A schematic of such an array electrode is shown in Fig. 1. 

 

 
 

Figure 1. Section diagram of array electrode 

 

 

(3) Preparation of concrete layer. Portland cement (P.O42.5), sand with a mud content of less 

than 3%, and gravel with a particle size of 5-20 mm were used as raw materials [13] to make concrete 

with respect to the formula in Table 2. A plastic cylinder with a diameter of 5 cm was incorporated 

into the outer part of the filament electrode to completely cover it. Finally, concrete was added to the 

cylinder and solidified at room temperature for 7 days. 

 

 

Table 2. Experimental concrete formulation 

 

Water cement ratio Sand ratio Cement (kg·m3) Sand (kg·m3) Stone (kg·m3) 

0.76 0.498 319 915 922 
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(4) Experimental conditions. The experimental solution was prepared with analytically pure 

NaCl, Na2SO4 and deionized water with a mass fraction of 3.5%, so that NaCl and Na2SO4 contents 

were 0.5% and 3%, respectively. The experimental temperature was 25℃, and the whole experimental 

device was placed in a box with constant temperature and humidity to reduce the influence of 

environmental factors on the experimental results. 

(5) Data collection. A Pt electrode served as the auxiliary electrode, whereas a saturated 

calomel electrode (SCE) was used as the reference electrode. LabView software was applied to realize 

the automatic collection of array electrode potential and current density values under different 

experimental time conditions through a data acquisition card. The experimental period was 72 h. 

 

 

 
 

Figure 2. Experimental device for surface potential and current density acquisition 

 

 

(6) Immersion experiment. Based on Fig. 2, a HRB335 sample with dimensions of 10×10×2 

mm3 was used to replace the wire electrode system to carry out the immersion experiments. The 

microstructure of concrete undergoing failure was analyzed according to the test results of array 

electrodes. The corrosion morphology of the HRB335 sample was observed by Zeiss microscope after 

removing the surface concrete and corrosion products. 

(7) EIS testing. The EIS testing was performed on the above HRB335 sample. A PARSTAT 

2273 electrochemical workstation was employed instead of LabView one. The trials were carried out 

in a frequency range of 105-10-2 Hz and the disturbance voltage of ±10 mV. Data were processed using 

ZSimpWin software. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Surface electrochemical parameter analysis 

Fig. 3 displays the surface potential and current density distribution of steel in concrete as 

functions of time. In turn, Fig. 4 depicts the potential distribution on the surface of the steel in concrete 
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after immersing 3 h, whereas Fig.5 shows the anode-cathode potential difference and the average 

current density of steel in concrete varying with time. 

The diffusion of a corrosive medium in concrete depends on the two aspects. First, due to the 

structure of concrete itself, there is a large number of cracks. At the initial stage of the immersion 

experiment, the corrosive medium gradually reaches the concrete-steel surface through the cracks, 

which corresponds to a failure site. Second, when the experiment is completed, the corrosive medium 

continuously destroys the concrete in the diffusion process, weakening the compactness of the material 

and resulting in the direct exposure of the array electrode to the corrosive environment. Therefore, the 

diffusion of the corrosive medium in concrete will inevitably lead to the existence of failure sites, that 

is, the corrosive medium first arrives at the concrete-steel surface [14-16]. According to the plots in 

Fig. 4, the maximum positive potential after 3 h emerged at the position (2,8), corresponding to a value 

of -0.691 V, while the most negative positions appeared at the points (9,4) (9,5) and (9,9), being 

attributed to -0.708 V. This means that the corrosive medium at the (2,8) coordinate point could have 

reached the array-electrode surface first, while three positions with the most negative potentials could 

have indicated intact protective characteristics of concrete [17]. The steel in concrete with a corrosion 

potential of -0.708 V at the position of other array electrode relative to the initial moment had different 

degrees of positive deviation, indicating that the diffusion process of the corrosive medium in concrete 

had started, and the greater the positive deviation degree, the higher the diffusion degree [18]. 

In the course of the experiment, the potential distribution of the steel in concrete at the time 

period of 6 h became more uneven, and the maximum potential difference was as high as 34 mV. 

Compared with the potential distribution image after 3 h, the anode area remained basically unchanged, 

while the potential in the cathode area exhibited the mostly positive deviation, except for some local 

sites. This means that the potential distribution within the large cathode and small anode areas tended 

to be balanced gradually. At the experiment time of 12 h, the corrosive medium had comprehensively 

reached the interface of the array electrode, and the potential of the cathode area experienced a 

pronounced positive deviation. 

When the corrosive medium achieves the surface of the local electrode, under this condition, 

activation corrosion occurs first. However, if the oxygen on the concrete-steel interface was exhausted, 

the oxygen concentration cell was formed to continue to promote a continuous local pitting process 

due to the block of the concrete-steel interface [19-22]. Therefore, when the experimental time 

increases from 3 to 6 h, the potential at the point (2,8) continued to shift positively, and the potential 

difference between the cathode and the anode enriched its maximum. After 24 h of the experiment, the 

potential of the whole steel in concrete had a significant negative shift, and the surface potential 

distribution ranged from -0.722 V to -0.738 V. Meanwhile, in the following 48 h, the surface potential 

of the steel in concrete basically remained unchanged. 

Exposing the material to 12 h of the experiment resulted in a high content of corrosive media 

on the surface of the array electrodes and the electrochemical corrosion of the interface. At this time, 

most of corrosion products at the interface diffused into the interior of the concrete, aggravating the 

deterioration of the latter [23]. Therefore, the whole steel in concrete underwent a noticeable negative 

potential deviation at a later moment and then remained unchanged for a long period of time. 
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The current density distribution of the array electrodes showed the same trend. As the 

experiment progressed, well-pronounced cathodes and anodes appeared in the array electrode, where 

the regions with the corrosive medium were referred to as anodes. An increase in time from 3 to 6 h 

led to a drastic increase in the maximum cathode/anode potential difference as well as in the current 

density of the anode and cathode, which was caused by their general equilibrium. After 24 h of the 

experiment, the current density distribution on the surface became more uniform and remained 

basically unchanged in the following 48 h, which was owing to the corrosion products blocking the 

diffusion channel at the interface and thus promoting the deterioration of concrete [24]. 

Analyzing the changes in surface potential and current density distribution with time, it can be 

seen that the failure of concrete can be divided into two stages. First, the corrosive medium reaches the 

surface of the array electrodes and forms a corrosion galvanic cell with a large cathode and a small 

anode, which promotes the corrosion on the concrete-steel surface [25]. Second, corrosion products 

diffuse into the interior of the concrete, accelerating the deterioration of the latter. Therefore, the 

cathode-anode potential difference and the average current density both decreased with the experiment 

time (Fig. 5). 

 

 

 
(a) 3 h                 (b) 6 h              (c) 12 h                (d) 24 h 

 
(e) 36 h                (f) 48 h             (g) 60 h                (h) 72 h 

(1) Potential distribution 

 
(a) 3 h                 (b) 6 h              (c) 12 h                (d) 24 h 
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(e) 36 h                (f) 48 h             (g) 60 h                (h) 72 h 

(2) Current density distribution (“+” as anode and “-” as cathode) 

 

Figure 3. The variation of surface potential and current density distribution of HRB335 steel in 

concrete with time 

 
 

Figure 4. The potential distribution on the surface of the HRB335 steel in concrete at 3 h 

 

 

 
 

Figure 5. The variation of the potential difference of anode - cathode and the average current density 

of HRB335 steel in concrete with time 
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3.2 Corrosion morphology analysis 

The immersion experiment was carried out to analyze the surface morphology of the steel in 

concrete. Fig. 6 displays the microscopic morphology of the failure site after 3 h of immersion. In turn, 

Fig. 7 depicts the corrosion morphology of the metal surface after immersion for 72 h and after 

removing the anticorrosive layer. 

 

 

 
 (a) ×1000                     (b) ×2000                     (c) ×5000 

 

Figure 6. Surface morphology of the steel in concrete when immersion for 3 h 

 

  
(a) Concrete surface                         (b) Metal surface 

 

Figure 7. Morphology of steel in concrete and metal surface for 72 h 

 

 

According to Fig. 6, the surface morphology of the steel in concrete was relatively smooth and 

uniform, without remarkable changes at the local level (×1000). From the local magnification of the 

surface topography (×2000), it can be seen that the color of some positions changed from black to 

white. Furthermore, the ×5000 magnification revealed dramatic differences in the positions from the 

surrounding sites. In particular, the local thickness increased, resulting in the bright white color of the 

corresponding areas, which was attributed to the diffusion of the corrosive medium toward the 
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concrete-reinforcement interface. In turn, the occurrence of the electrochemical reaction led to the 

change of the concrete thickness [26,27]. 

With the increase of immersion time to 72 h (Fig. 7), the concrete surface had no obvious 

change compared with that after 3 h. From the above analysis, when the immersion time was increased 

to 72 h, a large amount of the corrosive medium had reached the concrete-reinforcement interface, and 

the electrochemical corrosion process of the interface was fully developed. After removing the surface 

concrete and corrosion products, the metal surface exhibited the signs of severe pitting corrosion. 

 

3.3 EIS analysis 

Fig. 8 depicts the EIS characteristics of the steel in concrete, varying with time. In turn, Table 3 

shows the equivalent circuit fitting parameters at different immersion times. 

Once the corrosive medium arrived at the surface of HRB335 steel, activation corrosion 

became the main electrochemical reaction, leading to the accumulation of the corrosion products on 

the metal surface [28]. As a result, a complete capacitive arc in the Nyquist diagram could be observed. 

When the immersion time was prolonged, the Cl- ions penetrated the corrosion product film, yielding a 

dramatic decrease in the radius of the Nyquist plot at 6 and 12 h. No other reactions, however, 

occurred on the metal surface. Therefore, the equivalent circuit Rs(QRp) was selected within a range of 

0-12 h, in which Rs is the solution resistance, Q is the system capacitance, and Rp is the polarization 

resistance. At this stage, according to Table 3, the polarization resistance (Rp) of the steel in concrete 

was 3.435×104 Ω•cm2, gradually decreasing to 1.161×104 Ω•cm2 as the diffusion progressed. At the 

same time, the system capacitance increased from 1.399×10-5 to 4.256×10-5 F/cm2. As mentioned 

above, this was because the complete corrosion product film on the metal surface was destroyed by the 

Cl- induced corrosion. Moreover, there were multiple local resistors on the metal surface, connected in 

parallel, resulting in a decrease in the total polarization resistance of the whole surface. However, a 

series of local capacitors increased the capacitance of the entire system, and the dispersion index (n = 

0.51-0.59) remained basically unchanged. This indicates that the roughness of the concrete surface was 

equal to degree of uniformity of the corrosion current density at different test times, which had no 

influence on the test results [29,30]. 

When the experiment was carried out for 18 h, the Nyquist diagram of the steel in concrete 

exhibited obvious double capacitance resistance characteristics, meaning that there were 

simultaneously two time constants [31]. The first constant represented the corrosion process associated 

with Cl- ions on the metal surface, whereas the second one was attributed to the damage of Cl- ions on 

the corrosion product film and the diffusion of the corrosion products toward the interior of the 

concrete. However, due to the limitation of the internal structure of concrete, the diffusion of corrosion 

products had a certain blocking effect owing to a finite layer diffusion process. Therefore, 

Rs(Q(RpO(CdlRct)) was selected as the equivalent circuit, in which Rs is the solution resistance, Q is the 

system capacitance, Rp is the polarization resistance, O is the effective layer capacitance, Cdl is the 

double layer capacitance, and Rct is the charge transfer resistance.  



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211248 

  

10 

As can be seen from the Nyquist diagram, the impedance radius of the real part of the material 

diffusion after 18 h of immersion decreased greatly under the double capacitive reactance 

characteristics [32]. This was because the Cl- ions damaged the corrosion film layer, increasing the 

concentration of loose corrosion products on the metal surface, which reduced the diffusion resistance 

of the concrete. With a further increase in the immersion time to 24 h, the diffusion characteristic of 

the finite layer completely disappeared, being replaced by Weber diffusion impedance. At the same 

time, the shape of the Nyquist plot did not change in the following 12 h, and the whole reaction 

process was mainly characterized by the activation corrosion of metal. Therefore, the equivalent circuit 

was Rs(Q(RpW(CdlRct)), where Rs is the solution resistance, Q is the system capacitance, Rp is the 

polarization resistance, W is the Weber diffusion resistance, Cdl is the double layer capacitance, and Rct 

is the charge transfer resistance. 

 

 
(1) Nyquist diagrams                            (2) Bode plots   

 

Figure 8. The change curves of EIS characteristics of steel in concrete with time 

 

 

Table 3. Fitted results of equivalent electric circuits 

 

Time 

Parameter 
12 h 24 h 36 h 48 h 60 h 72 h 

Rs (Ω·cm2) 269.9 184.7 157.5 141 129.5 117.7 

Q (F/cm2) 1.399 3.303 4.256 2.48 3.443 3.966 

n 0.59 0.56 0.51 0.56 0.55 0.51 

Rp (Ω·cm2) 3.435 1.54 1.161 0.2035 1.273 1.413 

O (F/cm2) - - - 2.588 - - 

B - - - 0.142 - - 

W (Ω·cm2) - - - - 1.162 2.98 

Cdl (F/cm2) - - - 8.601 87.48 75.28 

Rct (Ω·cm2) - - - 1.554 2.714 5.115 

 

In the Bode plots, the phase angle was divided into the three distinct stages. In the first stage 

(0-12 h), the curve contained a single peak, indicating that there was only one time constant associated 

with the metal activation corrosion. During the experiment, the maximum phase angle slightly 
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decreased (44.7°→41°→39.9°), whereas the corresponding maximum frequency gently increased 

(7.9→13.7→24 Hz) [33,34]. The results revealed that the corrosion effect of Cl- on the dense corrosion 

product film became stronger. Furthermore, two obvious time constants appeared at 18 h, indicating 

that the corrosion products diffused from the surface of HRB335 steel to the inside of concrete, 

accelerating the failure of the latter. However, in the final stage (24-36 h), the "peak" of the double 

layer dramatically shifted to the low frequency range, while the maximum phase angle and frequency 

remained unchanged by analogy with their behavior at the second stage. These findings agreed with 

the Nyquist diagram. 

 

 

4. CONCLUSION 

In this work, the combination of array electrode technology and electrochemical impedance 

spectroscopy enabled one to monitor the failure process caused by the diffusion of the corrosive 

medium in concrete. Based on the results, the main conclusions can be drawn as follows. 

(1) The failure caused by the corrosive medium diffusion in the cracks inside the concrete 

could be divided into two stages. First, the corrosive medium reached the surface of the wire electrode 

and formed a corrosion galvanic cell with a large cathode and a small anode, which promoted the 

reaction process on the concrete-reinforcement surface. Second, corrosion products were spreading 

inside the concrete structure, accelerating its deterioration. Therefore, the cathode-anode potential 

difference and average current density decreased in the course of the experiment. 

(2) The EIS testing revealed that the damage of concrete, induced by chlorinated sulfate, could 

be described by the two-stage process. As soon as the corrosive medium achieved the metal surface, 

the corrosion process occurred, yielding the corrosion products accumulation and the formation of the 

corrosion layer on the concrete-reinforcement surface. Moreover, the small radii of Cl- ions allowed 

them to penetrate the corrosion product film and enrich the surface of the metal matrix. On the one 

hand, the corrosion layer was destroyed and the corrosion products were spreading in the inside of 

concrete, resulting in the expansion and rupture of the material. On the other hand, Cl- ions caused 

severe pitting of the metal matrix. 
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