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Abstract:  The presence and ingress of chlorides, particularly when exposed to aggressive wet/dry cycles
of tropical and marine environments, is one of the main factors responsible for the deterioration of steel 
reinforced concrete structures. Electrochemical Chloride Extraction (ECE) is one of the resources available 
that can interrupt the initiation and progression of corrosion in this scenario through an electrochemical 
process which draws chloride ions already present in the concrete away from the reinforcing steel towards 
a temporarily surface-mounted anode. This process not only prevents chloride-induced corrosion of steel 
by extracting chlorides, but it also alters the concrete properties in the concrete cover and at the steel 
surface, including a measurable increase to the pH, and subsequently supporting the re-formation of a 
protective passive layer on the steel. ECE is widely used in North America and Europe, however it has seen 
minimal use in Australia despite the substantial number of reinforced structures within the extensive coastal 
area that could benefit from the technology. This paper demonstrates the emergence of ECE as a 
sustainable option for managing the life span of concrete structures in Australia.
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1. Introduction 

Corrosion of steel in reinforced concrete structures is recognised globally as a major flaw in modern 
infrastructure. Based on the US National Bridge Inventory Database by Koch et al. (1), the annual cost of 
corrosion of steel and steel reinforcement on highway bridges in US alone is estimated to be over $8 billion. 
One of the primary causes of corrosion in concrete structures, especially in Australia, is the penetration of 
chlorides. Chlorides are soluble in water and are carried through pores in concrete with constant wetting 
and drying cycles. Once they reach steel reinforcement, they break down the passive oxide layer allowing 
the destructive corrosion process to begin. 

Durability design has improved in recent decades with relevant codes of practice specifying deeper concrete 
cover depths for high exposure classes, the inclusion of specific materials that inhibit chloride migration, or 
the installation of cathodic prevention systems in new builds. However, the number of existing reinforced 
concrete structures without durability considerations or that are coming to the end of their service life this 
decade but are still necessary parts of existing infrastructure is enormous. Electrochemical protection 
systems are effective treatment options for such conditions.

The construction industry is facing immense pressure to improve sustainable practices with targets being 
set to lower emissions and reduce waste generation. It is therefore expected that non-destructive techniques 
will be encouraged in asset maintenance programs, which introduces more opportunity for electrochemical 
chloride extraction to be chosen as a preferred maintenance system.

2. History of Electrochemical Chloride Extraction in Australia

Early research on electrochemical chloride extraction began in the United States in the 1970’s (2). Studies 
were funded and operated by government transport agencies Kansas Department of Transport (KDOT), the 
US Federal Highway Administration (FHWA), and the US Strategic Highway Research Program (SHRP) as 
there was huge potential for electrochemical chloride extraction to solve their costly maintenance problems. 
In the 1980’s field trials were introduced and a Norwegian patent for ECE became commercially available. 

Since the initial research studies and trials, most electrochemical chloride extraction projects have been 
conducted in North America and Europe on inland highway bridges and overpasses where continuous 
exposure to sea spray is not a concern, yet still have high levels of chloride contamination. The source of 
chlorides for many of these structures is de-icing salts applied to roads to prevent ice-related vehicle 
accidents. Car tyres carry the de-icing salts onto concrete structures, such as car parks for example, where 
they accumulate on entry ramps and other high-traffic areas. 



The technology would have certainly been considered for coastal structures exposed to sea spray, however, 
was likely dismissed due to the method of application. Typically, ECE has been conducted by installing a 
sacrificial metallic mesh temporarily mounted to the concrete surface as the anode, encapsulated by 
spraying an absorbent cellulose fibre to carry the electrolyte as shown in Figure 1. This method is not 
practical for exposure to high winds or waves, and therefore has not seen widespread use in Australia where 
chloride contamination appears particularly in coastal environments rather than from de-icing salts on roads. 
Although a few ECE projects have been conducted in Australia, use the technology faded since the 
traditional application method did not provide the same benefits as today’s innovative application 
techniques.

Figure 1. Historical application of ECE from an overseas Supplier (3)

In 2020, Marine & Civil Maintenance was granted a patent in Australia for a unique application method of 
ECE that can be used in marine environments including high winds and tidal zones. This involves a 
prefabricated product which holds all components together and can be quickly and securely mounted to 
concrete surfaces. It is expected that this technology will become more prevalent once asset owners and 
design engineers become familiar with how it can work in combination with existing systems.

3. Technical Aspects of Cathodic Protection and Electrochemical Chloride Extraction

As corrosion occurs in reinforced concrete the cathodic and anodic sites are connected via the concrete 
pore solution (acting as the electrolyte) which causes oxidation in the anode and reduction in the cathode. 
This simple electrochemical circuit is commonly called a ‘galvanic cell’. Prior to application of 
electrochemical protection, the anodic and cathodic sites are usually both located on the surface of steel 
reinforcement and the anodic site is where you would find evidence of corrosion, usually in the form of rust 
and section loss, as shown in Figure 2. 

Figure 2. Corrosion of reinforcement in concrete showing
oxidation and reduction reactions from Byrne et al. (4)

Electrochemical protection introduces a new material as the anode to either suppress cell formation or 
control a direct current to bring the steel into a potential range where corrosion damage cannot occur (the 
cathode) (5). 



The modern methods for repairing reinforced concrete with chloride-induced corrosion include conventional 
concrete repair (with or without galvanic protection), impressed current cathodic protection (ICCP), hybrid 
anode corrosion protection (HACP), and electrochemical chloride extraction (ECE). Each system has 
benefits and limitations that designers and asset owners must consider when specifying or deciding on their 
preferred maintenance system.

3.1 Galvanic Protection

Sacrificial protection, often referred to as galvanic protection, is a form of electrochemical protection that 
employs a more reactive metal, known as a sacrificial anode, to protect a much less reactive metal. While 
many different metals can be used, zinc is typically the preferred choice for sacrificial anodes in reinforced 
concrete.

When a sacrificial anode is connected to reinforcing steel in concrete, a path is created for ions to flow 
through the concrete pore structure (in this case the electrolyte) from the sacrificial anode to the reinforcing 
steel cathode. The electrochemical reaction consumes the anode and leaves the reinforcing steel 
unharmed. This procedure can be seen in Figure 3.

Figure 3. An illustration of galvanic protection from Byrne et al. (4)

Sacrificial anodes usually consist of a zinc core encapsulated in a proprietary activating medium. Some 
types come pre-encapsulated in activating mortar and others require mortar application during installation. 
These proprietary systems vary and usually consist of interconnected anodes that are embedded within the 
areas that are susceptible to corrosion and do not require any external power source. This technology only 
provides local protection where the anodes are installed and they are passive systems, meaning current will 
flow at a typically low rate, dependent on the electrochemical potential of its surroundings. 

The benefits and limitations of galvanic protection are as follows:

Benefits:
 Low cost
 Low maintenance and monitoring requirement
 Faster installation
 Ability to provided targeted “hot spot” protection to identified elements

Limitations:
 Finite design life due to the sacrificial anode being consumed
 Difficult to replace or upgrade the system after installation
 Difficult to install in areas which are highly congested by steel reinforcement
 Not appropriate for all situations and degrees of chloride contamination
 Unable to regulate output current
 Less effective due to absence of highly charged initial phase when compared to alternative 

protection systems

3.2 Impressed Current Cathodic Protection

Impressed-current cathodic protection systems have been widely used in Australia since the early 1990’s 
(6). The anode material most used is manufactured from titanium and coated in a mixed metal oxide (MMO) 
coating. Anodes are connected via titanium conductor bars or wires which are in turn connected to junction 



boxes and transformer rectifier units (TRU) which constantly power the system. This array makes up the 
positive side of the circuit as shown in Figure 4. 

Figure 4. An illustration of ICCP from Byrne et al. (4)

The negative side of the circuit is established via a direct connection to the steel reinforcement which, like 
the positive side of the circuit, is cabled back to junction boxes and TRU. Monitoring is achieved by 
embedding reference electrodes in the concrete and these electrodes are cabled back to junction boxes 
and TRU for monitoring purposes. Following installation of all system components, ICCP systems are 
energised, and the shift of the steel potential monitored to allow for initial current/voltage setting. After the 
initial energisation period, the system is then tested for compliance.

If installed and working correctly, an ICCP system will actively repel chloride ions away from the reinforcing 
steel to collect at the embedded anode material. In addition, the electrochemical reactions occurring at the 
reinforcement form hydroxyl ions, increasing the pH in surrounding concrete and thereby allowing the re-
formation of a passive film (protective layer) on the reinforcement, which will remain as long as the system 
is still functioning. 

Installing an ICCP system is a labour-heavy process. Anode materials must be embedded in the concrete, 
which requires extensive saw cutting and/or drilling of good quality concrete, careful organisation and 
labelling of cables and references, and skilled reinstatement of the repair mortar. Only experienced 
technicians should be relied on to install these systems, since small errors such as reversing polarity could 
have disastrous consequences.

The benefits and limitations of the ICCP can be summarized as follows:

Benefits:
 Effective verses heavily chloride contaminated structures
 Long design life 
 Can be applied as a preventative measure to future degradation
 Performance evaluated in relation to established and recognized standards

Limitations:
 Costly due to high labour requirements of installation and valuable materials
 Ongoing monitoring is required
 Necessity of a continuous power supply 
 Numerous electrical systems and cables that might be damaged by collision, vandalism, and 

ordinary wear and tear
 Large amount of good quality concrete is wasted during installation

3.3 Hybrid Anode Corrosion Protection

Hybrid anode systems use a combination of impressed current and galvanic systems. They typically require 
less cabling, monitoring, and control than ICCP systems while providing an added benefit of initial 
passivation compared to galvanic systems. Hybrid anodes are typically installed in an array dependent on 



the geometry of the concrete structure and connected between one another and to the steel reinforcement 
via a string of insulated titanium wire. Utilizing zinc cores, hybrid anodes either depend on an external 
temporary 8-9V DC power source for the initial energization phase or an internal battery embedded within 
the proprietary activating mortar, as shown in figure 5.  

Figure 5. Hybrid anode which uses an external power source on the left (7) and one which uses an 
internal battery on the right (8)

During the initial impressed current phase, chloride ion contamination would be repelled from the 
reinforcement, however the main intended benefit of this system over simple sacrificial anodes is that sites 
with active corrosion are initially re-alkalised similarly to ICCP systems. It is understood that the re-formation 
of the passive film will provide protection from degradation, resulting in an extended service life.

These systems, however, are not without challenges and drawbacks. The initial design and installation of 
hybrid systems may be just as complex as similar ICCP systems and require equal compliance testing 
requirements yet provide only a limited increase in service life. This option is often chosen by asset owners 
who do not want to commit to ongoing monitoring costs or may have difficulty in providing a reliable power 
source.

The common benefits and limitations of the HCP are as follows:

Benefits:
 “Re-sets” the service life by passivating steel reinforcement
 Less cabling versus ICCP
 Less need for monitoring and maintenance
 Ability to provided targeted “hot spot” protection to identified elements

Limitations:
 Costly due to high labour requirements of installation and valuable materials
 Unable to regulate output current after initial energization period 
 Finite design life due to anode consumption
 Design life depends on current output, which may vary over time
 Challenging to replace or upgrade following consumption of the anode cores
 Large amount of good quality concrete is wasted during installation

3.4 Electrochemical Chloride Extraction 

ECE utilises a temporary anode applied to the concrete surface. From there, a direct connection to 
reinforcement is established and the system is connected via similar cables to an external power source 
and control unit. Like ICCP and HACP, chlorides are repelled with ECE treatment and the steel is re-
passivated in the active stage of application. One key design benefit when compared to alternative systems, 
however, is that since the temporary anode is applied to the external concrete surface, as shown in Figure 
7, chlorides are drawn completely out of the concrete structure rather than accumulating inside the cover 
concrete. An ECE system is designed to extract chlorides to acceptable concentrations whereby corrosion 
does not initiate. 



Figure 7. Electrochemical chloride extraction process

The innovation introduced in Australia with the 2020 patent is related to the method of ECE application 
rather than the proven technical theory behind the technology. By using a prefabricated system in which the 
anode, electrical components, and electrolyte dosing equipment are held together, it is not affected by high 
winds or waves. It can be applied by two people inside a boat and subsequently removed in the same 
manner, eliminating the need for scaffolding or other large-scale access installations. Since the 
prefabricated components are modular, quantities can be scaled up or down to suit various geometries and 
power supplies can be run in parallel depending on the area being treated. ECE can now be applied in less 
than half the time as an equivalent hybrid system, so is an attractive solution for asset owners wanting to 
minimise disruption to their operations.

The common benefits and limitations of electrochemical chloride extraction are as follows:

Benefits:
 “Re-sets” the service life by eliminating the problem chlorides and passivating steel reinforcement 

throughout the application area
 Significant reduction in waste generation and environmental risk due to non-destructive nature
 Significant reduction in construction program 
 Less need for monitoring and maintenance 
 Can be applied generally over large areas or with a targeted approach
 Effectiveness/compliance can be easily verified 

Limitations: 
 Chloride ions penetrating behind the reinforcement would not be extracted (in this case a cathodic 

protection system would be preferred)
 Application on pre or post-tensioned slabs still comes with a risk of hydrogen embrittlement 

(similar to alternative systems) 
 Reactive aggregates (due to risk of accelerating ASR)
 Effectiveness is dependent on reinforcement electrical continuity 

 

4. Business Case for Electrochemical Chloride Extraction

Until the 1970s when the relevant concrete codes of practice began to acknowledge issues of durability and 
long-term performance, reinforced concrete was believed to be a maintenance-free building material. It is 
now broadly acknowledged that this is not the case (9) and that reinforced concrete structures require 

ECE application

Prior to treatment During treatment After treatment



ongoing inspections and maintenance to ensure good operating capacity for their lifetimes. Coastal concrete 
structures built in the 1960’s and 1970’s are now exhibiting cracking, delamination, and spalling defects. 
Today, asset owners must face significant infrastructure maintenance or upgrade costs to continue 
operations.  

There are several variables to consider when determining a maintenance programme for a reinforced 
concrete structure affected by chloride ingress. To ensure that the most appropriate system is deployed, it 
is critical that the structure is thoroughly investigated by appropriately qualified personnel and that root 
causes of any deterioration are identified. If chloride-induced corrosion is identified as the cause of concrete 
cracking, delamination and spalling, an electrochemical protection system in conjunction with other repair 
techniques may offer a suitable solution (6). In addition, the environment, stakeholder interests, the power 
source reliability, the project scale and budget, as well as the client’s appetite for ongoing monitoring of the 
structure, are all factors that the designer of the electrochemical protection system must consider. 

There is no electrochemical protection system solution that is appropriate for all scenarios. With the inclusion 
of ECE in the diverse range of protection systems available today, it is generally possible to choose an 
electrochemical solution, or a combination of protection systems that will allow continued use of the structure 
for any duration that the asset owner requires. This maintenance optimisation provides an opportunity for 
asset owners to stretch their budget further and increase the service life of their assets. 

4.1 Sustainability

It is widely accepted that maintaining a concrete structure to extend its service life is a much more 
sustainable practice compared to rebuilding once it no longer meets the required performance. The 
generation of new steel and cement contributes to the highest global CO2 emissions of all building materials 
(10) so there is an increasing call to the construction industry to reduce the demand of those new materials.

While electrochemical protection is considered a sustainable approach to maintenance in general, ECE 
treatment can be considered the most sustainable of the available options. Since the prefabricated system 
can be reused, waste generation could be limited to the reinforcement electrical connections, quality 
compliance tests, intermittent water to keep the system saturated, and consumables that can be expected 
for any construction sites. Compared to alternative electrochemical protection systems, ECE produces less 
waste and a drastically reduced project duration. 

Considerable indirect CO2 emissions are generated on a construction site. For each additional day in a 
construction program, one must account for generators and other petrol equipment, site amenities, forklifts 
and other material handling equipment, boats or other access equipment, and daily transport for labour and 
materials. Marine & Civil Maintenance have calculated a reduction of 37.5kg of CO2 emissions for every 
labour man-day saved in a construction program. 

4.2 Economic/Commercial
Waste generation, emissions, and project duration are all correlated with project cost. Where ECE is a viable 
option technically, it would most certainly be the most attractive option for asset owners, allowing for more 
area to be protected within the same budget. Since a typical application time for ECE is four to eight weeks, 
most of which is spent monitoring remotely without labour on site, operations can continue with minimal 
downtime. This optimisation allows concrete structures to operate at a high capacity for more of their service 
life.

5. Standards and Compliance for Electrochemical Chloride Extraction
There is one existing standard for ECE, which is NACE/AMPP SP107-2021 “Electrochemical Realkalization 
and Chloride Extraction for Reinforced Concrete” (11). The standard provides three end point criterion: 

 Criteria A – Chloride content within the concrete, which ensures chloride contamination is reduced 
to a predetermined level.

 Criteria B – Ampere-hours (A-h) per square metre of steel surface area, which ensures a minimum 
treatment of charge density per unit area of steel to be treated.



 Criteria C – chloride/hydroxyl ratio, which ensures suitable electrochemical properties at the 
steel/concrete interface.

These criteria are relatively simple tests to specify in the design, to carry out during application, and are 
meaningful results for all stakeholders.

7. Conclusions

Electrochemical protection systems are effective treatments for reinforced concrete structures affected by 
chloride contamination and have a proven history in Australia. These systems have evolved and improved 
over recent decades with the introduction of hybrid systems, advanced anode materials, remote monitoring 
capabilities, and most recently with innovative application techniques for electrochemical chloride extraction. 
This breakthrough enables service life extensions for more structures within equivalent budgets, while at 
the same time reducing waste, emissions, and application time. 

Each type of system has advantages and disadvantages, however, nowadays are often specified in 
combination for a targeted, optimized approach. It is critical that structures are thoroughly investigated by 
appropriately qualified personnel and that design engineers consider the available innovative solutions 
where suitable.
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