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INTRODUCTION
Corrosion of steel reinforcement is one of the most 
significant resiliency challenges that concrete structures 
face throughout the world. Corrosion typically results from 
the ingress of chlorides or carbonation which breaks down 
the naturally passive state of steel in concrete. There are a 
multitude of preservation options for reinforced concrete 
including galvanic anodes and impressed current cathodic 
protection. However, electrochemical treatments can also 
provide significant service life extensions with minimal 
maintenance and upkeep, making them very attractive 
options for infrastructure preservation. In the preservation 
of reinforced concrete structures, there are two primary 
electrochemical treatments that are implemented, 
electrochemical chloride extraction and re-alkalization.  

Electrochemical chloride extraction (ECE) draws chlorides 
away from the embedded steel reinforcement and out of 
the concrete thereby restoring the steel’s passivity.  Re-
alkalization increases the alkalinity of carbonated concrete 
and restores the passivity of the steel reinforcement.  Both 
these processes are achieved by temporarily installing an 
externally mounted anode and applying an electric field 
between the temporary anode and the steel reinforcement.  
In ECE, this electric field transports chloride ions away from 
the steel, and in re-alkalization, it transports an alkaline 
solution into the concrete. These methods are also covered 
in ICRI 510.1, Guide for Electrochemical Techniques to 

Mitigate the Corrosion of Steel for Reinforced Concrete 

Structures¹, that provides a great resource regarding 
electrochemical preservation techniques.       

This article will focus on two electrochemical treatment case 
histories; Interstate 480 (I-480) through downtown Omaha, 
Nebraska in which ECE was conducted on the substructure 
and University Hall at the University of Chicago in which re-
alkalization was implemented on the façade.  

CHLORIDE INDUCED CORROSION
Reinforcing steel in concrete is protected from corrosion by 
the high alkalinity of the concrete pore solution, typically 
greater than a pH of 12. The high pH of the pore solution 
causes the formation of a passivating film on the surface of 
rebar, thereby preventing corrosion.  Reinforced concrete 
structures exposed to chloride ions from seawater, de-
icing salt application or chloride-containing soil can have 
the passivating film destroyed. Chloride ions diffuse from 
the concrete surface, and once their concentration at 
reinforcement depth reaches a threshold value, corrosion 
is initiated. The generally accepted chloride threshold for 
the initiation of corrosion at the depth of steel in reinforced 
concrete is between 1 to 2 lbs (0.45 to 0.9 kg) of chloride 
per cubic yard (0.76 cubic meter) of concrete.  Concrete 
can also contain background chlorides, which are either 
admixed into fresh concrete or are naturally present in 
cement products or aggregates.  Admixed chlorides could 
be added to the concrete mix through the use of chloride-
containing chemical admixtures or the use of seawater 
instead of potable water. Admixed chlorides and chloride 
ions that diffuse into the concrete from the environment 
are referred to as “free” chlorides and are responsible 
for chloride-induced corrosion in reinforced concrete. 
Chemically bound chlorides present in aggregate are not 
able to initiate corrosion.  

CARBONATION INDUCED CORROSION
Carbonation lowers concrete’s pH as carbon dioxide 
diffuses into moist concrete. The carbon dioxide reacts with 
the free lime present in the concrete pore structure, thereby 
reducing the OH- concentration within the concrete. If 
the pH of the concrete surrounding the reinforcing steel 
is lowered below pH 11, depassivation of the reinforcing 
begins and general corrosion initiates. Carbonation can 
cause corrosion in concrete that has not been contaminated 
with chlorides and can also propagate through cracks. In 
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chloride-contaminated concrete, carbonation can work 

in tandem with chlorides to initiate corrosion much more 

quickly and at lower concentrations.  

ELECTROCHEMICAL CHLORIDE EXTRACTION (ECE) AND 
RE-ALKALIZATION PROCESS
The primary objective of the ECE and re-alkalization process 

is to reestablish the passivity of the reinforcement steel.  

In the ECE process, this is conducted by a combination 

of moving chloride ions away from the reinforcement and 

generation of additional hydroxyl ions at the steel surface 

(Fig. 1). With re-alkalization (Fig. 2), this is implemented by 

increasing the concrete pH around the steel by transporting 

a basic solution into the concrete.

With both systems, a temporary external anode is installed 

along the surface of the element to be treated. Typically, 

the temporary anode is comprised of carbon steel like a 

welded wire fabric; however, in some applications, stainless 

steel or titanium mesh is used. Spacers are used to offset 

the anode from the surface of the element, enough so 

that a conductive media can completely encapsulate the 

anode. Once the anode is in place, the conductive media 

(electrolyte) is placed over and around the anode to create 

an ionic couple between the anode and concrete surface. 

The conductive media allows for charge transfer to occur 

between the external anode and the steel reinforcement 

within the concrete. The media is kept wet using soaker 

hoses and by wrapping the treatment in plastic.  

The temporary anode is wired to the positive terminal of a 

DC power source while the reinforcement in the element 

being treated is connected to the negative terminal of the 

power source. The power source provides approximately 

100 mA to 200 mA of current per square foot (0.1 square 

meter) of steel surface area during the treatment process. 

In the ECE process, the positively charged anode will 

draw chlorides towards it while the negatively charged 

steel reinforcement will push the chlorides away. In the 

re-alkalization process, potassium carbonate solution is 

included in the conductive media. The potassium carbonate 

is drawn to the embedded reinforcing steel by the charge 

transfer between the temporary external anode and the 

embedded steel reinforcement.  

A benefit of the ECE and re-alkalization processes is that 

when the steel is negatively charged during the treatment, 

an electrochemical reaction occurs at the steel in which 

hydroxide ions are formed. This increases the pH locally 

around the steel reinforcement resulting in the formation 

of a passive layer, similar to when the steel is first cast into 

fresh concrete. The process of removing chlorides and 

increasing the concrete pH will passivate active corrosion 

of steel reinforcement and buffer against further corrosion 

activity.   

CASE STUDIES
I-480 Omaha – Substructure Rehabilitation
I-480 is an elevated highway structure that carries traffic 

through downtown Omaha. The Nebraska Department of 

Transportation (NDOT) in the summer of 1998 undertook 

a major rehabilitation of the approximately 0.6 mile (1 km) 

long structure. The rehabilitation included replacement 

of the deck in both the eastbound and westbound 

directions, along with major repairs to the substructure. 

The substructure is comprised of approximately 50 

hammerhead piers. The bridge was suffering from chloride-

induced corrosion resulting from the application of de-icing 

chemicals.  

The substructure was being exposed to chlorides contained 

in contaminated runoff from the deck through leaking deck 

joints. In addition, the drainage piping that collects runoff 

from the deck was built inside the piers. Unfortunately, 

the piping was backing up and leaking inside the piers, 

providing the piers with another chloride contamination 

source. The rehabilitation of the substructure included 

typical concrete repairs, moving the drainage piping to 

the exterior of the piers and then performing ECE on 23 of 

the hammerhead piers. Figure 3 is an example of the piers 

prior to the rehabilitation. It can be clearly seen that there is 

water and corrosion staining along the pier face.  

Fig. 1: Electrochemical chloride extraction (ECE) process Fig. 2: Re-alkalization process
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The first step in the rehabilitation of the I-480 piers was to 

remove and replace the delaminated and spalled concrete 

that had resulted from years of corrosion activity (Fig. 4) as 

ECE cannot restore physical deterioration that has occurred 

to the concrete.  ECE can only mitigate corrosion; therefore, 

physically deteriorated concrete must be removed and 

repaired prior to the ECE treatment.  

Once the concrete had been repaired, the temporary 

external anode was installed on the complete surface of 

the pier (Fig. 5). Wood battens were used to space the steel 

welded wire fabric anode away from the surface of the pier 

so that the conductive media could fully encapsulate the 

anode.  Once the anode was in place, and wire connections 

were made to both the anode and the steel reinforcement, 

the conductive media was sprayed completely over the 

pier to fully encapsulate the anode (Fig. 6). Once the 

conductive media was applied, the piers were wrapped 

Fig. 3: Pre-treatment pier condition

Fig. 4: Removal of delaminated and spalled concrete

Fig. 5: Application of temporary external anode

Fig. 6: Application of cellulose electrolyte
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in plastic to prevent the media from drying out.  Soaker 

hoses were also used to keep the media wet throughout 

the treatment process. The conductive media provides a 

low resistance path to pass current between the anode 

and steel reinforcement. The DC power source was then 

connected and the treatment proceeded on each of the 23 

piers for approximately 6 weeks (Fig. 7).  When the treatment 

was complete, the temporary anode and conductive media 

were removed and the pier was abrasive blasted and 

coated to help prevent future exposure to chlorides. Figure 

8 shows the completed piers after treatment and coating.

To verify the reduction in chloride, concrete samples 

were collected from the piers before and after the ECE 

treatment. Figure 9 provides the average results of the 

chloride concentration before and after the ECE treatment 

process. It can be seen that there is a very significant 

decrease in chloride concentration throughout the sampled 

depths. There was an average 74% reduction in chloride 

concentration in the concrete after the ECE process (66% 

reduction at a sample depth of 0-1 in [0-25 mm], 76% at 1-2 

in [25-50 mm], and 80% at 2-3 in [50-75 mm]).  At the steel 

depth, ranging from 2 to 2.5 in (50-65 mm), the chloride 

concentration is well below the threshold for chloride 

initiation after the ECE process.

In 2018, the author revisited the I-480 bridge and performed 

a site inspection to review the condition of the piers at 20 

years after the treatment process. From purely a visual 

assessment, the piers looked to be in great condition (Fig. 

10). For most piers, signs of corrosion deterioration were 

not observed.  In a few instances, some signs of corrosion 

distress were observed at the ends of the piers (Fig. 11).  

This issue appears to be due to joints above those piers 

that are leaking chloride contaminated water onto the 

piers again. This re-exposure had allowed new chlorides 

to migrate into the concrete matrix. However, on the rest 

of the pier surface area where the chloride exposure was 

mitigated, the ECE process has effectively prevented 

further deterioration of the piers. The service life of the 

I-480 piers has been substantially extended due to the ECE 

process.

University of Chicago – University Hall Façade Repair
The re-alkalization process was recently conducted on 

the University of Chicago’s main administrative building, 

University Hall, designed by legendary architect Walter 

Netsch in the Brutalist style (Fig. 12). University Hall is 

a 28-story tower built in 1963 and has a cast-in-place 

reinforced concrete frame façade with precast concrete 

window panel infill. Due to age and environmental 

exposure, carbonation-induced corrosion of the reinforcing 

steel has been occurring resulting in concrete damage, 

such as cracking and spalling.  As a result, the façade 

needed extensive repairs and restoration.  To mitigate 

future deterioration and restore the exterior appearance 

of the building, façade concrete repairs and re-alkalization 

treatment of the surface concrete was conducted.  In total, 

Fig. 7: ECE treatment in progress

Fig. 8: Completed ECE process and coated piers

Fig. 9: Results of chloride sampling before and after ECE treatment

72,300 sf (6,715 m2) of concrete surface was treated with 

re-alkalization at the University Hall façade.  
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Fig. 10: Typical pier at 20 years after ECE treatment

In this case, the temporary anode utilized was a mixed metal 

oxide coated titanium mesh.  The building was separated 

into treatment zones and the re-alkalization process was 

conducted throughout the entire façade. Once each 

section of the façade was prepared, the treatment was 

typically run for 7 days with the anode and conductive 

media being kept wet with a potassium carbonate solution.  

Once the treatment was complete in a section, the system 

Fig. 11: Potential deterioration at leaking joint

was removed and the next treatment zone was prepared.  

This process was repeated throughout the whole building 

façade.

To ensure that the re-alkalization process was effective, 

cores where removed after treatment and tested with 

phenolphthalein, a pH indicator.  Phenolphthalein reacts to 

an alkaline environment of pH 9.5 or greater by changing 

color from clear to a deep purple/pink.  Figure 13 depicts 

a core collected prior to the re-alkalization treatment 

and a core collected after re-alkalization. Both cores had 

been sprayed with phenolphthalein. The core prior to re-

Fig. 12: University of Chicago – University Hall

Fig. 13: Pre and post-treatment core testing
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alkalization has a pH below 9.5 as the phenolphthalein 

remained clear. The core collected after the treatment 

process turned purple/pink due to the phenolphthalein 

reacting with the high pH concrete indicating that the 

concrete pH has been increased.  All treatment zones had 

cores removed after the treatment process to verify pH 

with phenolphthalein testing.

Sustainability
In both of the presented projects, steel reinforced 

concrete was exposed to contamination that led to serious 

corrosion and subsequent physical deterioration. The 

electrochemical treatments improved the environment 

around the reinforcement and returned the steel to a 

passive state.  

Maintaining existing concrete in place is not only an 

economical benefit, but also provides a substantial 

environmental benefit over replacement. Concrete 

production and transportation generates emissions, wasted 

heat generation, and consumption of natural resources.  In 

the I-480 project, the useful service life of 6,700 cy (5,125 

m3) of concrete was extended and maintained, while in the 

University of Chicago project, 1,300 cy (995 m3) of concrete 

was protected.  

Rebuilding these concrete elements would have created 

a significant negative impact on the environment. Table 

1 estimates the environmental impact of replacing these 

structures that has been prevented by the use of the 

electrochemical treatments.  

CONCLUSION
Electrochemical chloride extraction and re-alkalization 

are effective and economically beneficial methods of 

addressing active corrosion and extending the effective 

service life of reinforced concrete structures. The use of 

these electrochemical treatments positively contributes to 

the structure’s sustainability and improved environmental 

impact.
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Table 1: Environmental Impacts Deferred by I-480 and University of Chicago Projects

Description I-480 University of Chicago

Concrete Maintained In-place: cy (m3) 6,700 (5,125) 1,300 (995)

Release of Nitrous Oxide: lbs (kg)5 6,530 (2,962) 1,267 (575)

Release of Carbon Dioxide: tons (kg)1 3,663 (3,323,018) 

(equivalent to annual emissions of 833 people)2

711 (645,008) 

(equivalent to annual emissions of 162 people)2

Use of Natural Resources: tons (kg)3 13,191 (11,966,674) 2559 (2,321,486)

Use of Potable Water (Personal Daily Use): days/person4 1,695 329

Solid Waste in Landfill: tons (kg)6 15,975 (14,492,276) 2633 (2,388,617)

Waste Heat Generation: MMBTU (GJ)7 15,141 (15,975) 2,938 (3,100)

1 Based on CO2 emissions of 0.13 kg CO2/kg concrete + 2.8  kg CO2/kg of steel, Scrivener (2014) Options for the Future of Cement, The Indian Concrete Journal, Vol.88, Issue 7, pp 11-21.

2 Based on 20 metric tons per person per year; https://www.sciencedaily.com/releases/2008/04/080428120658.htm

3 1.6 tons of ore to make 1 ton of pig iron, https://www.worldsteel.org/steel-by-topic/raw-materials.html; 1.5 tons of raw materials to make 1 ton of cement, http://ietd.iipnetwork.org/content/raw-material-prepara-

tion;  and raw material calculations for coarse and fine aggregates are based on typical mix proportions.

4 Only mixing water was considered at 100 gal of water/day per person, https://www.phila.gov/water/educationoutreach/Documents/Homewateruse_IG5.pdf

5 1.8 kg Nox /tonne  clinker, https://www.ademe.fr/sites/default/files/assets/documents/33324_guide_nox_anglais.pdf

6 Mass of retained concerete is volume of retained concrete x concrete density

7 A.K. Schindler, K.J. Folliard, Heat of Hydration Models for Cementitious Materials, ACI Mater. J. 102 (2005) pp 24–33; Summerbell, D. L., Barlow, C. Y., and Cullen, J. M. (2016), Potential Reduction of Carbon 

Emissions by Performance Improvement: A Cement Industry Case Study, Journal of Cleaner Production, 135, pp 1327-1339; and Kuroki, T., Kabeya, K., Makino, K., Kajihara, T., Kaibe, H., Hachiuma, H., and 

Fujibayashi, A. (2014), Thermoelectric Generation Using Waste Heat in Steel Works, Journal of Electronic Materials, 43(6), pp 2405-2410.
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