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			Abstract

			In reinforced concrete structure (RCS), one of the major durability problems occur due to the corrosion of embedded steel bar. Typically, the matrix properties surrounding the steel/concrete interface influence the corrosion of steel. Corrosion of steel will not happen in the presence of chloride and carbonation unless other contributing aggressive substances enter the concrete. For instance, the carbonation process mostly affects the concrete microstructure, which is not generally harmful. Also, chloride and carbonation cannot impair the integrity of concrete. However, concrete integrity may be considered to have been impaired once chloride ingress and/or carbonation occur, as the potential for corrosion then arises. Some acid and aggressive ions such as sulphate destroy concrete integrity and subsequently allow chloride, carbon dioxide and oxygen ingress, and the corrosion problem starts. Therefore, the aim of this paper is to describe the reinforcement corrosion mechanism in concrete and its measurement methods. Finally, this review paper may help researchers and designers to understand the corrosion mechanism in concrete and availability of their proper measurement methods.
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			Introduction

			Once concrete was thought of as a durable material needing little repair throughout its lifetime. This hypothesis is correct indeed, except when the environment surrounding concrete is highly hostile and beyond its performance level [1]. In the last few decades, global warming has changed the earth’s climate, ultimately influencing the performance of materials as well as of whole structures [2]. Inconsistency in the environment has brought to attention the influence thereof in numerous fields and many studies have been carried out to find the proper solution. Also the harsh environments e.g. in coastal areas, the practice of de-icing, industrial gases, etc. are usually causes for deterioration such as carbonation, corrosion, etc. As a result, some structures built more than 40-50 years ago have already deteriorated in many countries and about 50% of construction expenditure in developed countries is spent on repairs and maintenance [3].

			Corrosion is a radical destructive process which takes place in a material, causing the material to deteriorate progressively with time. The economic loss due to corrosion damage of highway 

bridge decks, motorways and other infrastructure is high in many countries. In the USA, it is reported that US $300-400 million dollars per year is required for the renovation of bridges and car parks alone [4]. In the UK, £500 million is spent on concrete repair per year, while in China, the annual loss due to corrosion has reached 100 billion RMB [4]. Improving material performance against corrosion can, therefore, make significant savings over the service lifespan of infrastructures. 

			Typically, the corrosion of a material changes its internal environmental process, which is usually influenced by the external environment. During the lifespan of a material, it often experiences different types of corrosion, and the resistance of each material type is dependent on its internal structure and composition. Indeed, material corrosion is a very complex subject since all physical (external forces, temperature, water and cyclic dampness), chemical (presence of chloride and alkali aggregate reaction) and biological (fungi, micro-organisms and insects) changes influence the corrosion process. In this paper, the description of reinforcement corrosion mechanism and its measurement methods in concrete is presented.

			Corrosion Mechanism in Concrete

			In concrete, the corrosion of steel is an electrochemical process where current passes from one medium to another (anode to cathode) as in an electrical circuit. In the hydration process of cement in concrete, a highly alkaline (sodium and potassium hydroxide) environment (12.5<pH<14) is formed. However, lower pH and carbonation are causes of corrosion [5]. The lower the pH, the lower the amount of chloride ions needed to promote corrosion in the steel bar. The alkaline environment in concrete, with a pH>12.5, therefore helps in forming a thin protective layer, called a passive film on the surface of the steel. Typically, this passive film is composed of different degrees of hydrated iron oxide Fe2+ and Fe3+, and it is only a few nanometres thick. Usually, the passive film of steel is secure from any kind of mechanical damage [6]. The whole process of corrosion in the steel is called depassivation. The time for such process to lead to corrosion is referred to as the initiation period of corrosion of steel in concrete as it is illustrated in Figure 1. By providing good quality, less permeable concrete and higher cover depth, the initiation period can be increased in reinforced concrete structure (RCS) [7-9]. So, the resistivity of concrete is related to the severity of corrosion. Table 1 shows the limit of resistivity and the corresponding possible corrosion in concrete [10,11].

			Table 1: Relationship between corrosion rate, resistivity and severity in concrete.
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			Initiation and propagation period 

			A simple corrosion model developed by Tutti [12], which was later modified by Liu & Weyers [7] with more graphical representation, is presented in Figure 1. This model shows the different stages of the corrosion scenario in RCS. According to the Tutti model, the total service life of a RCS can be divided into two major phases: 

			i.	The initiation period and

			ii.	The propagation period. 

			In the initiation period, carbonation and chloride ingress take place in the concrete as discussed in previous sections. The propagation period starts when the steel is fully depassivated and reaches a limiting state when corrosion is no longer acceptable. Water and oxygen must be present for corrosion to take place. In the absence of either water or oxygen, the corrosion process will not take place or will be very insignificant. Therefore, it can be said that the presence of wider cracks in concrete might reduce the service life of RCS since water, carbon and oxygen can easily penetrate the concrete and reach the steel.

			Mechanism of breaking passive film

			The passive film is the barrier that protects steel from corrosion, which can be influenced by the external environment as well as the steel substrate [13]. Typically, it forms from the cement hydration products which then create an interlocking network of discrete crystallites and bind the aggregate and the reinforcement together [14]. The process of depassivation of reinforcing steel in concrete is not yet clearly understood. This is because of its complexity and the many factors involved in the process. Typically, the passive film is a very thin layer and because it is inside the concrete, it makes it difficult to examine correctly. The hypothesis is that, when chloride comes into contact with the passive film, it reduces the resistance of the passive film [15]. However, in concrete, the contact between chloride and the passive film is not uniform and where it happens, an anodic region forms more rapidly and corrosion continues. On the other hand, the unaffected or remaining area of steel bar remains passive. Another hypothesis is that, chloride ions form a dissolvent compound with Fe2+ ions, and as a result, a passive film cannot form and the process encourages further metal corrosion [15].

			Micro-cell and macro-cell corrosion

			In any corrosion process, the steel surface is affected such that part of the steel acts as an anode and other adjacent parts act as the cathode. The corrosion rate in the steel is highly influenced by these two zones. Depending on their positions in the steel bar, corrosion can be classified as either micro-cell or macro-cell corrosion. The formation of micro-cell and macro-cell corrosion in cracked concrete is discussed below.

			Micro-cell corrosion: When the distance between the anode and the cathode is very small or difficult to separate, it is called micro-cell corrosion [16]. So, in finely distributed cracks in concrete like some fibre reinforced concretes (FRCs), there is a big possibility of forming micro-cell corrosion. In this case, cracks act as a path for oxygen penetration to the cathode. Since the cathodic area is small, it is expected that there will be less damage in the RCS from this type of corrosion process [17,18]. 

			Macro-cell corrosion: In this case, the anode and cathode areas are far apart and the anode area is limited to the crack zone. Oxygen penetrates to the cathode part through the uncracked portion of concrete. Since the cathode area in the macro-cell corrosion process is much larger than in micro-cell corrosion, the corrosion rate due to macro-cells is also higher [19-21]. 

			Re-passivation of corrosion

			Once corrosion starts in the steel, it is not always certain that the corrosion rate will increase. Due to the complex electro-chemical mechanism of steel corrosion in concrete, the rate of corrosion may decrease or stop [22]. Typically, when pitting corrosion takes place, current circulation in the anodic part incites and gradually increases the chloride content and acidity, so that propagation may take place even if the potential of the steel is reduced, e.g. owing to an external cathodic polarization. This activity is illustrated in Figure 2. It can be seen that the current growth replaced anodically during cyclic polarization in which the potential of the steel (by external polarization) is first raised above pitting potential ([image: ]) to initiate localized attack and then lowered until conditions of passivity are established again. To stop the attack, it is necessary to reach a potential value, called the protection potential ([image: ]), which is more negative than [image: ]. Thus, the interval of the potential between [image: ] and [image: ]is characterized by the fact that it does not initiate the attack, but if the attack has already begun, it permits propagation of the attack. [image: ]varies, as does [image: ], with the chloride level, pH, and temperature [11]. Depending on the potential of steel and chloride content in the concrete, it is possible to define different domains where pitting corrosion can or cannot initiate and propagate, and other effects may take place [11]. This phenomenon can only be valid in chloride-induced corrosion since the localized pitting corrosion mostly occurs in a chloride-laden environment. 
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			Another reason for the reduction in corrosion rate may be due to the self-healing behaviour of materials [23,24]. Not many studies have been done on this issue since it is complicated by the formation of oxides, crack patterns and different chemical reactions. If self-healing can take place in concrete, it can also reduce the further penetration of chemical substances resulting in a lower rate of corrosion [25,26]. It has also been postulated that the steel bar interface with the surrounding cement-based matrix plays a significant role in corrosion protection. Experimental evidence has shown that a strong interface layer surrounding the steel increases the corrosion initiation period [27].

			Corrosion rate of steel 

			The damage of steel in concrete is determined by the corrosion rate. Depending on the exposure type, the corrosion rate in RCS can vary from 2 to 100µm/year as the relative humidity (RH), CO2 and chloride concentration at the reinforcement level changes with time [28]. Corrosion rate also increases in more harsh exposure conditions. A higher corrosion rate can be observed in RCS in coastal regions as well as in structures where salt is used to dissolve ice such as bridge decks, motorways, etc., since the chloride concentration level in such structures is very high. Until now, the corrosion mechanism is not fully understood because many factors are involved. However, it is suggested that higher resistivity of concrete can lead to lowering the corrosion rate because when the reinforcing steel bar corrodes, electrons flow through the bar and ions flow through the concrete. The ion flow in concrete is controlled by the resistivity or electrical conductance of concrete and therefore, lower resistivity means a higher ion flow and as a result, higher corrosion is expected in concrete.

			Factors influencing the corrosion rate: As previously mentioned, in a chloride-laden environment, when the amount of chloride reaches the threshold level, it creates an environment that damages the protective film of steel bars embedded in concrete. Many factors such as amount of moisture in concrete, steel surface area ratio at the anode and cathode area, concrete resistivity, humidity and temperature, etc. in concrete influence the corrosion rate of steel bars [29-31]. In the corrosion process, the presence of oxygen accelerates the corrosion rate of a steel bar. However, it also depends on the amount of moisture present in the concrete. If the concrete is fully saturated, the oxygen diffusion rate is lower because oxygen cannot diffuse through moisture. However, in dry concrete, oxygen can easily diffuse through pores or cracks in the concrete. It is found that the wetting and drying cycles of concrete accelerates the steel corrosion process [32]. In the wetting process, the presence of moisture in concrete acts as an electrolyte which causes lower resistivity of concrete than in the drying process. As a result, higher half-cell potential values can be found in concrete when it is in contact with moisture than when it is in a dry environment. A sufficient amount of oxygen is also necessary in the rapid corrosion process. Concentrated polarization occurs when there is not a sufficient amount of oxygen in the concrete for the cathodic reaction, and so the corrosion current is reduced [32].

			Corrosion products: After corrosion initiation in reinforced concrete, steel corrosion propagates and produces expansive rust surrounding the steel bar (mainly ferrous and ferric hydroxide Fe(OH)2 and Fe(OH)3), that occupies a much larger volume than the original reinforcement and thereby generates radial stress in the surrounding concrete at the interface between the reinforcement and concrete. Figure 3 shows the corrosion products and their relative volumes. When the stress from these products exceeds the maximum tensile capacity of the concrete cover, the concrete cracks and may eventually spall off. This scenario is very common in RCS and it can also be observed visually [33].
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			Types of Corrosion

			Depending on the types of materials and their exposure conditions, different types of corrosion exist. The corrosion mechanism in different materials is also different since the element compositions are not the same. In the reinforcement within the concrete, different potential may exist in different places, which may form corrosion cells by continuous chemical processes that cause a flow of electrons or ions from one position to another. In electrochemical corrosion, the anode serves as an electrode which normally releases electrons while the cathode receives electrons. In both anodic and cathodic processes, the total load exchanged must be equal. Typically, the cathodic process is slower and the speed of corrosion is determined from this process [34]. Figure 4 shows the reactions that take place in the anode and cathode areas during the corrosion process. Some of the oxidations in different environments are shown below:

			Oxygen reduction in aqueous environment:

			                    [image: ]	                           (1)

			Hydrogen reduction in acidic environment:

			                         [image: ]		           (2)

			Metal oxidation in anode due to environmental reaction:

			                                   [image: ]	                      (3)
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			The corrosion types can be classified in different ways based on the corrosion mechanism, final damage appearances, environment induced corrosion, etc. The classification of corrosion types is not absolute and the definition of corrosion type can only be applicable under certain conditions [35]. Corrosion types according to corrosion mechanisms are described in this section.

			Uniform corrosion

			When the distance between the anodic and cathodic areas is small, uniform corrosion is typically the effect. It is common in carbonated concrete structures since the carbonation of concrete normally proceeds in all the exposed areas of concrete structure, and the decrease of pH value would be expected over a relatively large area. Oxygen is also available over the exposed area. As a result, anodic and cathodic area may possibly be distributed over the rebar surface [35].

			Galvanic corrosion

			In reality, it is often impossible to form uniform corrosion over the whole length of rebar because of concrete heterogeneity. Depending on the exposure types, the cathodic process in most sites is stronger than the anodic process, while at some sites, anodic reaction can be faster than the cathodic reaction [18]. Higher cathodic and anodic ratios will also produce more concentrated corrosion damage to the rebar. In large dimensioned concrete structures, galvanic corrosion plays an important role because of the fact that the oxygen, carbonation and chloride attack simultaneously and the possible breakdown of passive film is not constant over the total length of rebar [35].

			Localized corrosion

			The corrosion damage morphology can be referred to as the localized corrosion. It can also be classified as pitting or crevice corrosion. In this case, the anodic to cathodic are aratio is very small (localized corrosion), but the corrosion penetration rate in the anodic area is relatively higher [18]. Localized corrosion mostly happens due to the chloride attack in concrete on some particular sites. The chloride ions tend to accumulate in the affected/pit area and the pH of the solution decrease drastically. This leads to the environment in the pit area becoming aggressive and in turn, further accelerates the anodic dissolution of steel in the pits. The loss of rebar cross-section and strength is a major concern for pitting corrosion. Therefore, a relatively small amount of pitting corrosion can induce significant damage to the reinforcement [35] due to the localised damage and reduction of the cross-section.

			Methods of Corrosion Rate Determination in Concrete

			Information regarding the corrosion rate of steel bars is an important parameter for the evaluation of the service life as well as the required repair pattern (extensive or normal) of any RCS. Measuring the real corrosion rate in steel is a difficult task. Currently, there are several methods to measure the corrosion potential and/or rate of steel in concrete and some of them are discussed in this section.

			Half-cell potential (HCP) method

			The half-cell potential (HCP) measuring technique is a standard method for the inspection of corrosion probability in RCS as set out by the American National Standards (ASTM C876). Typically, two types of half-cell, namely a copper-copper sulphate electrode (CSE) and a silver-silver chloride electrode (SCE) are used to measure the corrosion potential ([image: ]) in millivolt (mV). The test is limited by the fact that a direct connection to the reinforcing steel has to be made. It is also only applicable to uncoated reinforcing steel imbedded in concrete where the surface has not been coated with a di-electric material. The half-cell is composed of an unreactive outer sleeve with a copper rod that is suspended in a saturated solution of copper sulphate. A saturated solution is maintained by ensuring that un-dissolved crystal copper sulphate is visible in the distilled water solution within the half-cell. The tip of the half-cell (also referred to as a reference electrode) is made of a porous material, normally wood or ceramic, which allows it to remain wet by capillary action. The half-cell is connected as illustrated in Figure 5 and a voltmeter is used to measure the potential difference between the steel and the reference electrode.
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			The potential value measured can only be used to give a general indication of the probability of corrosion activities. The measurements are interpreted according to Table 2. It must be noted that certain conditions may arise where potential readings will reflect values more negatively than - 350mV without having significant corrosion activity occurring. This may be as a result of a polarisation phenomenon created by limited oxygen diffusion. Concrete resistivity is dependent on matrix properties and the HCP reading is influenced by the resistivity. 

			Table 2: Corrosion condition related to half-cell potential [36].
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			Note:*Ag/AgCl and +Cu/CuSO4 half-cell

			Factors influencing HCP reading: The HCP reading in concrete can be more negative/higher than the typical range of potential values recommended by the ASTM [36]. This is due to the fact that the polarisation phenomenon is significantly affected by the slow oxygen diffusion in concrete [37,38]. A study by Gu & Beaudoin [38] summarized a number of factors influencing the HCP reading and suitability of following ASTM guidelines in determining the corrosion probability of steel in concrete as shown in Table 3.

			Table 3: Effect of different factors on HCP readings and corrosion probability [38].
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			Various factors such as oxygen, corrosion inhibitors, carbonation, epoxy coating in steel, types of steel, concrete density, etc. significantly influence the HCP reading. Insufficient oxygen in concrete causes steel to become more active even if there is no sign of corrosion and as a result, a more negative potential value may be obtained in concrete from a half-cell reading. HCP value can also be influenced by the higher density of the concrete layer above reinforcing steel. Dense concrete provides a strong barrier against chloride reaching the steel as well as limiting oxygen diffusion. Typically, HCP readings are taken at a distance from the reinforcing steel, which is inside the concrete at a depth varying according to the designed cover depth. In this case, the obtained HCP readings are actually of mixed potential. This implies that the cathodic region influences the potential readings and hence, the readings are more negative than the actual potential near to the reinforcing steel [39]. Cusson & Qian [40] concluded that if concrete permeability can be reduced, the oxygen level near the reinforcing steel will also be reduced and this may cause more negative HCP readings in the steel bar. 

			Electrochemical corrosion test

			Corrosion behaviour in concrete is an electrochemical process, and therefore the potential and current due to reduction/oxidation of reinforcing steel can be measured by electrochemical testing. There are several possible ways in which these two variables can be measured, while all the techniques force a potential on the working electrode and measure the resulting current or vice versa. So, ultimately the corrosion process in RCS can be monitored by this technique without any destruction. It is due to the fact that all electrochemical tests follow some fundamental model of the electrode kinetics associated with corrosion processes to quantify corrosion rates. The magnification of the electrical signals created during these tests permits very precise and sensitive measurements to be carried out. Some of the electrochemical corrosion testing techniques are discussed in this section.

			Polarization resistance technique: The polarisation resistance ([image: ]) technique may be considered to be the most encompassing and attainable method of measuring the rate of corrosion in steel at present [11]. It has been used for nearly three decades with continuous improvements with respect to the accuracy of its application as found in literature over the years [41-43]. The method uses the measurement of the instantaneous corrosion current density [image: ](μA/cm2) to determine the rate of degradation of a concrete structure affected by corrosion. However, the method is limited since it cannot quantify the loss of steel cross-section but will be able to distinguish between areas of active and passive corrosion [43]. The free corrosion potential ([image: ]) as described previously and the electrical concrete resistance ([image: ]) are used to validate and add to the reliability of the method.

			The most accurate setup required to measure the [image: ]effect is a so-called modulated guard ring technique [44]. The setup is an improvement of the direct current (DC) polarisation resistance measurement with ohmic drop that has been used since the 1970’s. It comprises of a central reference electrode (RE) surrounded by two concentric electrodes, one acting as a counter electrode (CE) and the outer electrode as a guard electrode (GE). Figure 6 depicts the setup of the whole system. The steel reinforcing acts as the working electrode (WE) and is connected, with the other electrodes, to a potentiostat. The guard ring technique is further modulated by two reference electrodes between the CE and GE which help to control the polarisation of the electrodes and the concrete beneath them.
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			The greatest problem in obtaining a reliable [image: ]measurement, and the cause for the need of the guard ring technique, is the non-uniform current distribution between the counter electrode and the steel reinforcing in the concrete [44]. Figure 7 shows how the current will be distributed between a small counter electrode and the steel reinforcing when no guard ring is present. This distribution allows for a much larger area of steel to be polarised than the area right beneath the electrodes. This is a particular problem when localised corrosion occurs. It may yield elevated corrosion rates without actually having any corrosion occurring under the area of study (Figure 8). It is because the polarization current is confined with a guard ring electrode. The confining effect ensures that the critical length of steel that the reference electrode is exposed to is equal to the length of contact of the reference electrode itself. Figure 9 depicts the ideal current distribution when a modulated guard ring electrode is used.

			Potentiodynamic polarization curves (PPC): The change of electrical potential measurement of a system is described by the PPC. In electrochemical corrosion testing, this term is often used in describing the polarization methods. It is a laboratory-based corrosion-measuring technique which helps prove valuable information regarding corrosion mechanism, rate and probability in selected environments [45].

			Electrochemical Impedance Spectroscopy (EIS): Electrochemical impedance spectroscopy (EIS) is a corrosion measuring technique that works in the frequency domain. It postulates that an electrochemical interface, as found on the surface of corroding steel reinforcing can be interpreted as a combination of electrical circuit elements such as resistance, capacitance and inductance. EIS has many advantages in comparison with other electrochemical techniques. During EIS experiments, an alternating voltage is applied to the elements and the resulting current is computed using Ohm’s law. Therefore, it is a non-destructive method for the evaluation of a wide range of materials, including coatings, anodized films and corrosion inhibitors. It can also provide detailed information of the systems under examination; parameters such as corrosion rate, electrochemical mechanisms and reaction kinetics and detection of localized corrosion can all be determined from these data [46]. This method is still in a development phase, but research has suggested that it gives a better insight into the corrosion process. It is stated that smaller interpretations are necessary to obtain results from EIS than for the polarisation resistance technique [39]. However, the application of EIS for on-site measurements is still very complex and not feasible [43].

			Transient techniques

			This method includes techniques such as the galvanostatic pulse technique (GPT) also called potentiostatic method and Coulostatic method. These methods work in the time domain and may be preferred because of the slow steel/concrete interface reactions [39]. The GPT is similar to the polarisation technique, however, a small current is applied to the reinforcing steel and the transient potential is then recorded. Typically, a known amount of small current (10-20mA) is injected into the reinforced concrete for a certain amount of time (<10mS), and then potential decay is observed for a few seconds. A Randles equivalent circuit shown in Figure 10 describes the potential decay due to corrosion of steel in concrete [47]. A Randles circuit entails an active electrolyte resistance ([image: ]) in series with the parallel combination of the double layer capacitance (C) and an impedance of a faradic reaction. This model can be used to calculate the Polarization resistance ([image: ]).

			[image: ]

			                        [image: ]                               (4)

			Where [image: ]is the total potential change in the working electrode (WE), [image: ]is the ohmic drop between the WE and the reference electrode (RE) in the concrete, [image: ] is the effective polarisation at charging time, [image: ]is the polarisation resistance of the rebar, and [image: ]is the Coulostatic time constant.

			The moment current is disturbed, the charge attained by the interfacial layer also called double layer (it refers to two parallel layers of charge surrounding the object), is gradually used in the corrosion reaction. This is because the electrode potential immediately loses the ohmic drop ([image: ]) contribution, and its measurement expresses its actual polarisation. So, during corrosion testing, if no further current is applied to the steel bar, the potential decays can be represented exponentially with time as follows:

			                                      [image: ]                                       (5)

			Where [image: ]is the potential shift ([image: ]) at time [image: ]and [image: ]is the initial potential shift. Polarization resistance [image: ]is then obtained from the time constant ([image: ]) and interfacial C as follows:

			                                                    [image: ]                                                 (6)

			                                                [image: ]                                               (7)

			                                               [image: ]                                             (8)

			                                               [image: ]                                            (9)

			                                               [image: ]                                        (10)

			Where qs is the amount of charge, [image: ]is the amount of current sent, [image: ]is the pulse duration. [image: ]and [image: ] values can be determined by drawing an exponential function fitted to the perturbation (mV) vs time (sec) curve. A is the steel surface area ([image: ]) and B is the Stern-Geary constant varying from 26 to 52 mV depending on the passive and active corrosion. Andrade & Alonso [43], Gonzalez et al. [47], Glass [48], and Paul & van Zijl [49] broadly explained this corrosion rate measuring technique.

			Due to the corrosion in steel bars, consequences such as loss of rebar tensile resistance and pitting depths from this observation were then compared with the experimental outcomes. In this regard, Eqs (4.11), (4.12) and (4.13) estimate uniformly corroded depth ([image: ]) with time, estimate mass loss with time [image: ]and change in rebar yield resistance due to cross section reduction [image: ].
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			                                                (11)                                                          

			                      [image: ]                              (12)

			                  [image: ]                                   (13)

			In these equations, [image: ]is the initial corroded depth, [image: ]corroding period, [image: ]is the steel density, [image: ]is the length of steel, [image: ]is the steel diameter and [image: ]is the nominal yield stress of steel. 

			Concluding remarks

			Corrosion of reinforcement has been widely investigated by researchers in the last 20 to 30 years. Indeed, corrosion is one of the major problems for reinforced concrete structures (RCS). This typically occurs when the steel bars in the concrete are exposed either to chloride or carbonation environment. Chlorides may permeate into concrete from its ingredients or penetrated from the surrounding chloride laden environment. Carbonation may occur due to the penetration of acidic gases into the concrete. Besides these, there are few more factors, some related to the concrete quality, such as w/c ratio, cement content, impurities in the concrete ingredients, presence of surface cracks, etc. Others are related to the external environment such as moisture, oxygen, humidity, temperature, bacterial attack, stray currents, etc., which affect reinforcement corrosion [50,51]. Several ways have been identified for protecting steel bars or delaying corrosion process in concrete such as increase cover depth, improve quality of concrete for ensuring denser microstructure, etc. There are some other protection methods such as using epoxy coating, stainless steel and non-metallic reinforcement.

			In this paper, details of corrosion mechanisms, which include initiation and propagation, and the parameters which contribute to the corrosion process, are described. Indeed, it is a difficult task to measure the actual damage in steel due to corrosion. However, using the corrosion measuring techniques described in this paper, it is possible to estimate the possible damage in steel due to corrosion. Apart from the corrosion measuring techniques reported here, techniques such as eddy current testing [52], acoustic emission technique [53,54], etc. are also available to detect and evaluate corrosion and failures of high-strength steel strands. Of course, the results obtained from different methods may be different but they may be sufficient to represent the corrosion damage with acceptable reliability for decision on repair.
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