
 

 
 
 
 
 

 
 
 

 

 

Electrochemical Techniques to Prevent Deterioration and 
to Repair Reinforced Concrete Structures 

Cathodic protection, Chloride Extraction and Realkalization 
 
 
 

JOANA MONTEIRO MARQUES FERREIRA DA SILVA 
 
 
 
 
 
 
 
 

    

    
 

September 2007 
 



I INTRODUCTION 

The problematic of the rebars corrosion has, nowadays, an increased diversity in effective 

methods. These are not only are capable of fixing and rehabilitating reinforced concrete structures 

where the mechanism of corrosion is already in an advanced stage, but also have the ability of 

preventing the occurrence of the problem reported above. Electrochemical treatments such has 

cathodic protection, chloride extraction and realkalization, provide longer and improved effectiveness 

where concrete carbonation or chloride ingress are the responsible pathologies for the beginning and 

spread of rebars corrosion. Therefore, it is extremely important to elaborate an accurate diagnosis, 

identifying the causes behind the problematic studied in this paper, providing the choice of the most 

adequate treatment. To better understand the problems facing that decision, a study of 

electrochemical treatment rehabilitation proposal, on a marine structure, has been undertaken.       

II REINFORCEMENT STEEL CORROSION  

In reinforcement concrete structures the most significant problem associated with the degradation 

of the stability/integrity of structures is caused by rebars corrosion. The corrosion activity takes place 

when the protective film breaks down as a result of the action of the two main corrosion mechanisms 

affecting the rebars: concrete carbonation and chloride ingress. 

The carbon dioxide (CO2) in the air reacts with calcium hydroxide Ca(OH)2, a resultant product of 

cement hydration, and will gradually cause the pH of concrete to drop over time [2]. When it gets 

below 9,5 the protective film is destroyed and corrosion takes place. The reaction stated above it is 

expressed by: 

  (1) OHCaCOCO)OH(Ca
OH

2322
2

+→+

 

The other main cause for rebars corrosion is due to significant chloride ingress which penetrates 

in concrete during concrete fabrication, through the use of concrete admixtures containing chlorides, 

or simply due to marine exposure or de-icing salts commonly used in Northern countries particularly in 

bridges and parking lots [7]. The promotion of anodic reactions is increased with chloride ingress, 

promoting steel corrosion, and the following reactions take place: 

  (2) −−− +→+ eFeClClFe 422 3

 ( ) −−− +→+ ClOHFeOHFeCl 32 2  (3) 
 

The chlorides action as a rebars corrosion mechanism is characterized by the formation of 

corrosion macro cells when the chloride content reaches a critical level normally established as 0,3 to 

0.4% of the cement mass. Chloride ingress corrosion is often named pitting corrosion, due to the local 

corrosion action type which also has the ability to spread to the rebars. Due to pitting, great loss of 

sections in the rebars may occur. 
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III ELECTROCHEMICAL TECHNIQUES  

Nowadays, with the ageing of concrete structures, the rehabilitation problematic stimulates an 

increasing interest and concern surrounding this matter. As such, the promotion of adequate repair 

techniques to fight the pathologies, minimizing the level of intrusion and improving effectiveness and 

durability, takes a more relevant and important role in engineering. 

The electrochemical techniques for repairing and preventing reinforcement steel corrosion in 

concrete structures are recent methodologies, where the basic principle sits in the potential shift of the 

rebars through the imputation of an electric field. These methods have proven their efficiency, minor 

execution time and promotion of a long useful life for the structure at low cost in the long run. 

This paper approaches the three main electrochemical techniques that have numerous 

similarities: cathodic protection, chloride extraction and realkalization. 

III.1 CATHODIC PROTECTION 

Cathodic protection is the electrochemical technique, against rebars corrosion, more used in 

Portugal where the development is still delayed relatively to other European countries. This technique 

is the only permanent electrochemical method, meaning that the protective system remains in the 

structure where it is applied. Furthermore, this is still the only electrochemical method that has a 

European Technical Specification, the EN 12696:2000. 

The basic principles of this method consist in the potential shift of the steel for more negative 

values through the application of a direct current that flows through the concrete. The applied current 

supplies electrons to the steel, the potential shift occurs, decreasing the anodic reactions and 

increasing the cathodic ones, and the corrosion activity is reduced or even mitigated. The anode 

system is polarised, relatively to de reinforcing steel such as the steel is maintained in a non-corroding 

state. Both anodic and cathodic reaction depend on one another, meaning that if the intensity of one 

increases the other automatically decrease, always moving towards a state of equilibrium. Both anodic 

and cathodic reactions are presented below: 

 Anodic reaction:  (4) −++ +→ eFeFe 2

 Cathodic reaction: −− →++ OHeOHO 22
2
1

22  (5) 

 
The cathodic protection as an electrochemical method is normally used in chloride contaminated 

structures because its use reduces the chloride content on the surface of the rebars, as well as the 

ingress of the same ions into concrete, and is mainly constituted by a source of external energy 

(rectifier), a distribution system (anode), electrolyte (concrete), cathode (rebars), electric wires and 

monitoring systems. The anode is switched to the positive pole of the power source and the rebars, 

cathode, to the negative one. 

There are two types of cathodic protection systems: impressed current systems and sacrificial or 

galvanic systems. The impressed current systems use an external energy source, allowing the 

overcoming of the inherent tendency for steel to corrode. The most common used anodes on current 

impressed cathodic protection systems are mixed metal oxide expanded meshes and tubular anodes.  
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In the galvanic systems the external power source is substituted by a less noble anode, more 

easily corroded that the steel, creating an electric galvanic current motivated by the different electric 

potential of the anode and cathode (steel). The more positive potential, more noble the metal is, 

therefore the harder the corrosion process is in that metal. When connecting the two potential different 

materials, anode and cathode, if the anode is nobler it will polarise the steel to cathodic values. The 

anodes most commonly used in a galvanic cathodic protection system are cast magnesium anodes.  

It’s important to specify that the application of sacrificial cathodic protection, that has a much lower 

driving force comparatively to impressed current cathodic protection systems, is only viable when the 

concrete resistivity is relatively low, allowing sufficient current distribution to polarise the entire 

required steel sections [3].   

Because cathodic protection is an electrochemical technique that requires permanent current 

provision, a characteristic such as current density and intensity is extremely important for the 

effectiveness of the treatment. In aerial structures, current densities between 0,5 and 2 mA/m2, with 

respect to reinforcement area, are usually sufficient to prevent corrosion activity. These densities are 

used not in cathodic protection but in cathodic prevention, allowing an additional protective barrier to 

possible nearby future corrosion activity. To reduce the corrosion rate, when already installed, 

densities approximately 15 mA/m2 are required up to 20 mA/m2 or even more to repassivate the 

rebars [9]. It is impossible to predict a global protective potential for every type and every structure, 

therefore, some criteria are used to evaluate the performance of the cathodic protection systems. At 

least one of the three following criteria, the most commonly used, reported in the EN 12696:2000, 

must be establish: 
 

1) “Instant off” – An instant off potential (measured between 0,1 s and 1 s after switching the direct 

current circuit open) more negative than -720 mV with respect to a silver/silver chloride reference 

electrode Ag/AgCl/0,5 M KCl; 

2) “Potential Decay” – A potential decay over a maximum of 24 h of at least 100 mV from instant 

off. 

3) “Potential Shift” – A potencial decay over an extended period (typically 24 h or longer) of at 

least 150 mV from the instant off subject to a continuing decay and the use of reference electrodes 

(not potential decay sensors) for the measurement extended beyond 24 hours. 
 

It is important to refer that the life expectancy of a cathodic protection system can be up to 30 

years, a significantly superior period compared to traditional repairing techniques. 

III.2 CHLORIDE EXTRACTION 

Chloride extraction is a recent electrochemical technique that has significantly increased over the 

last years. This method is generally used in structures where corrosive activity is installed due to 

chloride ingress and constitutes a viable alternative to cathodic protection. However, its application is 

only viable when in the presence of small concrete degradation and in structures where the permanent 

contact with sea water is avoided. The chloride extraction has an extremely important advantage, as it 

eliminates not only the symptoms but also the aggressive agents. In contrast with cathodic protection 
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this technique doesn’t have a European Specification, only a North American standard proposed by 

NACE, National Association of Corrosion Engineers, for atmospheric reinforcement concrete 

structures. 

The basic principle of chloride extraction consists in the application of an electric field between the 

rebars and an exterior anode inserted in an electrolytic solution applied on the concrete surface. This 

allows the occurrence of some electrochemical processes, ionic migration and electrolyse, that 

promotes the elimination of great chloride content. In addition, hydroxide ions (OH-) are produced 

allowing the reinstatement of the usual alkaline concrete conditions reestablishing rebars passivity, 

expressed by the electrolyse reactions bellow:  

   (6) −− →++ OHeOHO 442 22

   (7) −− +→+ OHHeOH 22 22

This technique is applied for a short period of time, usually between 4 to 8 weeks, and despite 

being preferentially destined to be applied in current impressed systems, the use of sacrificial anodes 

can also be considered. The anode system is formed not only by an anode material but also by an 

electrolyte solution, fine current distribution solution, where the anode is inserted and an electrolyte 

medium that supports the anode system. This system is attached to concrete in multiple ways. To 

date, most chloride extraction systems are constituted by catalyzed titanium or steel mesh anode, an 

electrolyte consisting of water, calcium hydroxide or lithium borate solution, an electrolyte medium of 

sprayed cellulose fibber, synthetic felts mats or surface mounted tanks. The use of water as an 

electrolyte may not be viable when using an inert anode because the acidification of the solution may 

occur when no periodic substitutions are made [11]. Has an alternative calcium hydroxide, a buffer 

solution, can be used. A buffer solution has the ability to resist to pH changes when adding small 

amounts of acid or basic solutions. Therefore, the possible electrolyte acidification is controlled. The 

lithium borate solution is suitable for concrete affected by alkali-silica reactivity.  

Like in cathodic protection systems, the reinforcement is connected to a power supply, developing 

a negative charge that drives the chloride towards the anode, positively charged and placed on the 

concrete surface. The chlorides extracted are collected in the electrolyte solution and removed for 

disposal. The efficiency of this technique depends essentially on the applied current, current density in 

a period of time, and its distribution. The North American standard proposed by NACE limits the 

current density at 4 A/m2 of steel surface area and the voltage shall be in the range 30 to 50 V DC. 

The same standard requires that at least one of the following criteria shall be used in order to 

conclude the treatment: 
 

1) “Chloride Content within the Concrete”: Treatment shall be continued until the chloride content 

within the concrete in the vicinity of the reinforcing steel is reduced to a predetermined level; 
 

2) “Amp hours per square meter”: This criterion ensures a minimum treatment of charge density 

per unit area of steel. 600 A-hr/m2
 is a typical minimum target. 1,500 Ahr/m2

 is a very conservative 

value and should not be exceeded for most applications. There are some structures for which it might 

not be practical to achieve a given accumulated charge; 
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3) “Chloride/hydroxyl ratio”: Using this criterion, the chloride/hydroxyl ratio in the vicinity of the 

reinforcing steel is reduced to less than 0,6. 
 

There is no official criteria to indicate when a chloride extraction treatment should be discontinued, 

therefore, it should be a joint decision between the supplier of the method and the owner of the 

structure. Usually, conclusion of the process occurs when the remaining chloride content in the 

concrete is less than 0,4% of the cement mass [11]. To evaluate the level of chloride remaining, 

concrete samples are taken and the level of chloride is measured by chemical analysis.   

Typical current densities of chloride extraction are 100 times superior to those used in a cathodic 

protection system. The design current density is typically in the range of 0,5 to 2 A/m2 concrete surface 

area, considerable high values, therefore the possibility of some adverse effects occurring on the 

concrete, the most commonly referred being alkali-silica reactivity, lost of bond strength of steel in 

concrete and cracking are commonly discussed. Prestressing steel may be sensitive to hydrogen 

embrittlement, therefore, due to the high current densities required for chloride extraction the use of 

this technique may not be safe and has to be thoroughly analyzed. Despite all concerns, chloride 

extraction has proven to be a safe technique with carefully controlled current output.  

After finishing the treatment, all systems are removed and the concrete surface is cleaned and left 

unchanged. There’s no need to monitor the rehabilitated structure; however, to control possible 

reinstating of chloride ingress and corrosion activity, it is advisable to promote periodic inspections or 

the use of embedded reference electrodes. Because chloride extraction is still a recent 

electrochemical technique, the useful life associated to this method is yet unknown. However, it has 

been proven that its effectiveness persists for over 10 years. 

III.3 REALKALIZATION 

Realkalization is an impressed current electrochemical technique that eliminates the cause of 

carbonation induced corrosion, reestablishing steel passivity. Resembling chloride extraction, this 

technique is also applied during a limited period of time and despite having a NACE standard 

proposal, this techniques also has a European Technical Specification prEN 14038-1 “Electrochemical 

re-alkalisation and chloride extraction treatments for reinforced concrete – Part 1: Re-alkalisation”. 

The basic principle of realkalization consists in the application of an electric field between the 

rebars and an external anode embedded on an electrolyte solution attached to the concrete surface. 

This increases concrete pH, restabilising its natural passivity formerly ruined by carbonation, through 

five different processes: electro-osmotic flow, electromigration, diffusion, capillary absorption and 

electrolysis [8]. These reactions take place not only at the anode immediacy but also at cathode and 

are expressed by: 

 At the anode: −− ++= eOHOOH 2
2
12 22  (8) 

 At the cathode:  (9) −−+ +=+ OHHeOH 2222 23
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As showed, the cathodic reaction promotes the formation of the required hydroxide ions in order to 

increase concrete pH and concrete alkalinity is also increased, fighting carbonation. 

Realkalization and chloride extraction systems are very similar. The main differences can be found 

in the anode system, in particular at the electrolyte solution. In this technique the alkaline electrolyte 

solution not only provides a correctly current distribution but also allows the ingress of some alkaline 

species essentials to achieving rebars repassivation. The alkaline characteristics of the solution have 

to be kept so an extremely tied control and monitoring have to be ensured in order to prevent 

electrolyte acidification. The anode is either a steel or a catalyze titanium mesh, and sodium carbonate 

is usually used has electrolyte solution. Potassium carbonate and less common lithium hydroxide can 

also be used, however these solutions are much more expensive. The electrolyte media are exactly 

the same used on chloride extraction.  

The amount of realkalization required to treat carbonated concrete depends directly on the total 

amount of electric current supplied to the structure. The usual design current density used in this 

technique is typically in the range of 0,2 to 5 A/m2 concrete surface area. Despite the fact that design 

current densities used for realkalization and chloride extraction are the same, the period of treatment, 

one to two weeks, is shorter when applying relakalization. Like in chloride extraction, some worries 

relating the high current densities are also a matter of discussion. To prevent possible expansive 

alkali-silica reactions, lithium compounds can be used instead of sodium compounds as the external 

electrolyte solution. Lithium has an extremely high affinity with silica, forming lithium silicates through a 

set of non expansive reactions. According to prEN 14038-1, the maximum voltage induced to the 

system is limited to 50 V, however, the NACE standard proposes an inferior value of 40V. The 

treatment ends when carbonation levels in concrete are proximally zero and the NACE standard 

specifies that at least one of the following criteria has to be accomplished: 
 

1) “Amp hours per square meter”: This criterion ensures a minimum treatment of charge density 

per unit area of steel. A minimum treatment of 200 Ah/m2 delivered to the steel surface is a suitable 

minimum target. 

2) The effectiveness of the electrochemical realkalization (ER) process is demonstrated by pH 

testing using phenolphthalein in each anode zone with the extent of ER indicated by pink coloration 

surrounding the reinforcement to a minimum of 10 mm (0.4 in.) or the bar diameter, whichever is 

smaller. 
 

The criteria most frequently used to evaluate the effectiveness of the treatment is the last one 

mentioned above. The phenolphthalein test can be undertaken directly on concrete surface or in 

collected samples and cores. The European Technical Specification makes no statement regarding 

realkalization end points criteria. 

After finishing the treatment, all systems are removed and concrete surface is cleaned and left 

unchanged. The rebars condition can be monitored with the help of embedded reference electrodes 

placed during the system installation procedures. 
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IV CASE STUDY – CATHODIC PROTECTION ON DOCK 22 OF LISNAVE 
SHIPYARD 

To better understand the main particularities associated with the diagnosis and choice of an 

electrochemical repairing technique, the study of a traditionally rehabilitated marine dock will be 

undertaken, and an alternative rehabilitation proposal, using only electrochemical methods, will be 

presented, with an economical and effectiveness evaluation. 

Back in 1995, the time of the traditional rehabilitation techniques proposal executed by A2P 

Consult, Dock 22, with dimensions of 350x55 m, presented a significant amount of deterioration. This 

situation was mostly due to the extreme environmental conditions that characterize marine exposure 

and the low quality concrete. The main pathologies associated with these aggressive conditions are 

chloride induced corrosion as, mentioned in chapter II. The tests results that support this study were 

also undertaken by A2P Consult and a dock scheme is presented below. 

 
Figure 1 – Cross-section of dock 22. 

IV.1 PATHOLOGIES AND DETERIORATION LEVELS IN THE DIFFERENT STRUCTURAL 

ELEMENTS 

A visual inspection, conducted back in 1995, revealed the existence of significant delamination 

and spalling of the concrete, caused by reinforcement corrosion. The intensity of those symptoms 

varies from zone to zone associated to the different exposure conditions. The most problematic 

elements are the upper part of the walls and the technical galleries.   

The buried elements showed chloride levels above the usual design level 0,4% of cement mass. 

The tests also concluded that chloride ingress occurs from inside out, meaning that the landing 

surrounding the dock is not contaminated. The measurement of rebars potentials demonstrated that 

they very likely have corrosion activity installed, and that the passivity is lost in accordance with the 

chloride content results.  

The outer bottom slab surface does not appeared to be significantly deteriorated, however, some 

intense localized delamination zones were found and a chloride profile was obtained also showing a 

high content, superior to the critical level. 

Relatively to the outer surface walls, a more intense delamination was observed on the upper 

parts and the significant spalling on the lower parts revealed intense rebars corrosion activity. The 

North wall presents a more extensive concrete delamination in comparison to the other walls. This 
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results from regular solar exposure that rapidly dries the concrete, decreasing its humidity, and 

therefore increasing the rate of corrosion. The chloride profile was also obtained and once more the 

chloride content is above the critical value, similarly to the bottom slab. Both profiles are presented 

bellow: 

               
Figure 2 – Chlorides profiles obtained in the bottom slab and walls of dock 22. 

 

The deterioration at the technical galleries is extremely high, mainly due to rebars corrosion 

activity. The columns showed severe concrete delamination and intense rebars corrosion activity with 

some section losses.  However, the most deteriorated element is the roller crane beam, where a great 

loss of rebars sections occurred in various zones. There, the existing delamination is also extremely 

severe.  

It’s important to mention that not all tests’ results and pathologies were presented in this paper, 

but only the more important to evaluate a possible electrochemical treatment. Carbonation is not a 

problem is this structure and tests demonstrated that the carbonation depth is very small. Due to a 

constant contact with water, in this structure the concrete pores are always saturated, reducing carbon 

dioxide penetration and therefore carbonation reactions. 

IV.2 REHABILITATION EVALUATION AND PROPOSAL 

According to the pathologies and tests results presented above, the choice of an electrochemical 

rehabilitation intervention is either chloride extraction or cathodic protection. Realkalization is not a 

worthy option to be considered, since carbonation is not the main cause for deterioration, chloride 

ingress is. There isn’t any pre-stressed steel, so both methods can be safely applied. However, the 

significant amount of delamination and spalling, and the permanent chloride exposure, make the 

temporary chloride extraction electrochemical technique impracticable. Cathodic protection is the 

electrochemical technique most suitable for this structure and environment.  

To better suit the geometrical and functional conditions of dock 22, distinct cathodic protection 

systems are proposed for each structural element.  

Cast tubular titanium current impressed anodes are appropriated to rehabilitate the walls. These 

anodes must be placed on holes dug in the landing soil with a 10 m distance from each other. These 

 8



anodes require the use of a backfill promoting a better current distribution, and therefore protection 

effectiveness. 

For the bottom slab, titanium catalyzed mesh is the easiest applied anode type.  The mesh is fixed 

with plastic nails or special glue in order to avoid the occurrence short circuits occurrence. To promote 

a better current distribution, the mesh has to be divided in electric independent panels. A similar 

anode system can be applied on the technical galleries but in the form of catalyzed titanium mesh 

ribbons. It is much easier to apply this system around the technical pipelines and its use prevents 

possible delamination effects caused by the high current flow. All cathodic protection systems 

proposed for the rehabilitation of dock 22 are impressed current systems, therefore permanent 

monitoring is required. Reference electrodes should be placed to control rebars potentials and 

passivity conditions.  Despite the fact that all systems proposed for this structure are current 

impressed, combined galvanic and current impressed systems can be used to optimize the treatment.   

The cathodic protection costs must include the following operations: concrete delamination repair, 

systems´ installation, energy and electric components, and, finally, useful life monitoring operations 

costs.  

Table 1 – Delamination repair budget 

Element Area [m2] % Delamination Area to Repair 
[m2] Cost (Unit) [€/m2] Total [€] 

East and West Wall 6300 30 % 1890 75 141750 
North Wall 660 30 % 198 75 14850 

Bottom Slab 19250 30 % 5775 75 433125 
Technical Galleries 3220 30 % 966 75 72450 

     662175 

Table 2 –Tubular titanium system budget for walls cathodic protection 

 Quantity Cost [€/unit] Installation [€] Total [€] 
Anodes 81 1000 1000 162000 

Reference Electrodes 70 200 100 20880 
Wiring 151 30 100 19578 

Rectifier 1 30000 - 30000 
Cables and Boxes (Electric) - - - 10000 

Project and Monitoring - - - 25000 
    267458 

 

Table 3 – Titanium mesh anode system budget for the button slab 

Surface to protect [m2] 19250 
Cathodic Protection Cost [€/m2] 100 

Total [€] 1925000 
 

Table 4 – Titanium ribbons mesh budget for the technical galleries 

Surface to protect [m2] 3220 
Cathodic Protection Cost [€/m2] 150 

Total [€] 483000 
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Having all installation and material costs, it’s extremely important to estimate energy and 

monitoring costs. An estimated annual budget regarding those aspects is presented bellow:  
 

Table 5 – Energy budget for dock’s cathodic protection systems 

 I [A] Energy [KWh] Energy Cost [€/KWh] Total [€] 
Walls 174000 4510,08 0,06 270,60 

Button Slab 174000 4510,08 0,06 270,60 
Technical Galleries 80500 2086,56 0,06 125,19 

 453000   666,40 
 

Table 6 – Annual monitoring and energy budget for dock’s cathodic protection systems 

Energy Annual Cost (€) 666,40 
Annual Monitoring(€) 5000,00 
Total Annual Costs (€) 5666,40 

  

V CONCLUSIONS 

The main deterioration mechanisms affecting reinforced concrete structures are due to rebars 

corrosion caused by chloride ingress, speeding up anodic reactions and, therefore, increasing 

corrosion activity, and concrete carbonation, that decreases concrete pH, breaking the passive layer 

of rebars. 

Bibliographical research has revealed that electrochemical repairing techniques are the less 

intrusive rehabilitating interventions and have demonstrated their effectiveness and economical 

viability, greatly increasing the structure’s useful life.  

Cathodic protection and chloride extraction are electrochemical techniques highly appropriated for 

chloride contaminated concrete. Cathodic protection, being a permanent applied technique, is the 

most suitable method for structures exposed to the aggressive conditions of a marine environment, in 

constant contact with chloride ions.  However, chloride extraction is the only technique that can 

eliminate not only the rebars corrosion symptoms but also the aggressive agent. 

Realkalization is the electrochemical technique suitable for stopping concrete carbonation, 

restoring the inherent alkaline concrete condition and therefore re-establishing the rebars passivity. 

The deterioration levels evidenced by dock 22 and the permanent extreme environmental 

exposure made cathodic protection the design technique to rehabilitate the structure. To optimize the 

repairing solution, three different current impressed anode systems were proposed: cast tubular 

titanium catalyzed anodes, titanium catalyzed meshes and titanium catalyzed ribbon meshes. The 

economical evaluation of installation and maintenance of all cathodic protection system was made, 

showing the annual costs associated with this practice. 
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