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┼ Concrete is economical with a long life & low maintenance 
┼ Concrete does not rot, corrode, or decay. 
┼ Concrete can be molded or cast into almost any desired shape. 
┼ Concrete is fire-safe & able withstand high temperatures. 
┼ Concrete is resistant to wind, water, rodents, and insects. 
┼ 12 BILLION cu meters per year globally
┼ ~1 cu yd / person / year in USA
┼ >70 Billion cu meters placed in USA since 1930 

with ~10 Billion cu meters > 20 years old

What is Concrete?



Definitions

 Anode (–) the electrode at which 
electrons are lost and oxidation 
occurs. This is where we see rust.

 Cathode (+) the electrode at which 
electrons are gained and reduction 
occurs.

 Electrolyte – solution containing 
ions (Cl-, OH-)

 Steel Reinforced concrete is a 
unique “battery” in that the 
electrolyte….

IS THE CONCRETE

…And all its components

Presenter
Presentation Notes
The chemical process by which steel corrodes is similar to that which drives a battery.  Three elements are required:An anode – in this case the corroding steelA cathode – in this case another portion of the steel which does not rustElectrolytes – available moisture and ionic species such as chloride ions in the concrete matrix.  These are required for the “circuit” to close and allow current to flow.



De Sitter’s Law of Fives
$1 spent Monitoring =

$5 spent on Preventative Maintenance Before Corrosion Initiation = 

$25 spent on Repair and Maintenance after Localized Corrosion Initiation =
$125 spent on Repair & Replacement after Generalized Corrosion

Pay Me NOW 

OR 

Pay Me LATER
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What is the biggest ROI for concrete repair?
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Service Life

Maximum Permissible Corrosion

Corrosion Initiation 
Phase
(i.e., ingress of 
chloride, carbonation, etc.)

Corrosion Propagation 
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Tuutti Repair Diagram
REACTIVE MAINTENANCE
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Do Unto  Your Future Before Your Future Does 
Unto YOU!



Concrete & Reinforcement Steel
A Strong Connection 

Steel strengthens concrete
Concrete itself cannot withstand high 
tensile strengths
 Usage of steel reinforcement to 

provide world’s most widely used 
building composite

Concrete protects steel
A dense layer of cover concrete acts as 
a barrier to the atmosphere
Alkalinity released during hydration 
sustains a stable oxide film on the 
surface
Additionally a lime rich layer forms on 
the steel surface, assisting passivation

Presenter
Presentation Notes
There is a strong connect between and concrete steel. Concrete is a versatile construction material with excellent load-carrying capacity in compression. Because of its low tensile strength capacity, it is reinforced with steel in order to support tensile and flexural stresses for structural design requirements. This is known as “steel reinforced concrete”.Whereas the  steel gives the concrete tensile capacity, the concrete protects the steel that I embedded in it from corrosion. The dense layer acts as a barrier to the atmosphere. The hydration of cement creates a highly alkaline environment, with a pH greater than 12.5.  In this environment, a tightly bonded oxide layer prevents corrosion of the reinforcing steel. This is called the “Passivation Layer”.
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Corrosion = Iron + Oxygen + Moisture
Either

 the pH falls due to carbonation or other chemicals

 chlorides reach the steel above the threshold concentration

 an electrical charge destroys the natural protection of the steel

 Electrons flow and ions migrate

 Rust expansion causes cracking

 Rapid deterioration

 Spalling

pH >~10
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Corrosion of Steel in Concrete
A huge cost to society…   

CaCl2 Grout Lowe’s Motor Speedway 
Bridge Concord, North Carolina --
May 20, 2000

Rebar detailing and installation 
de la Concorde overpass in Laval 
Canada  — Sept. 30, 2006 

Key Facts:

All steel reinforced concrete worldwide is at risk due to 
corrosion
Global cost of corrosion 1 - 5% of GNP
Global market size of corrosion mitigation in steel 

reinforced concrete = $1 ¼ B (1 Bn€ )
As long as we reinforce concrete with steel, it will rust.

Natural laws: Concrete cracks – steel corrodes 

Presenter
Presentation Notes
But the corrosion of the reinforcement steel in concrete is well documented as the most important factor leading to the deterioration and reduced service life of a structure. Corrosion, particularly due to rust formation and expansion, leads to delamination (or spalling) of the concrete resulting in a reduced strength capacity and eventual failure. This creates a significant safety concern in the design of new structures and the maintenance of existing ones. The economic, social and environmental loss is also quite large, estimated to be 3 % of the GDP in industrialized countries, such as USA, UK, Japan, and Germany.  The global market for corrosion mitigation in steel reinforced concrete is estimated to be over 1billion euros. The RP&G Segment only estimates their strategic revalent market at 400 million euros. Also there is a large market opportunity  in the admixtures and waterproofing and sealants segments.



Corrosion of Steel in Concrete
Electrochemical Process and Materials Science

Passivation layer can be breached
Halide ions > ~330 ppm
pH value < ~10
In combination with Oxygen, Temperature, 
resistivity etc…

Steel corrosion is the problem
Conversion to iron oxide which occupies 4-

10 times the volume
Internal pressure builds up, results in 

cracking and spalling of concrete
Loss of strength, weakening of the concrete 

faster deterioration, up to failure

Presenter
Presentation Notes
Corrosion of reinforcing steel in concrete involves electrochemistry  and materials science. This passivation layer that protects the steel from corrosion can be breached in usually in two ways.  When there is a loss of alkalinity in the concrete and the pH falls below 10. This occurs through the reaction of carbon dioxide with the calcium hydroxide formed from cement hydration.  This is known as Carbonation.  The second way the passivation layer can be breached is by a high concentration of chloride ions. Chlorides from deicing salt and wind blown ocean spray will eventually reach a concentration where the pH of the concrete no longer provides any protection.  This chloride threshold is approximately 330 parts per million in standard concrete.  It takes an average of 8 years for chlorides to penetrate 2.5 inches of concrete cover to reach the reinforcing steel. But most chloride penetration occurs through cracks in the concrete which happens fairly quickly.The chemical process by which steel corrodes is similar to that which drives a battery.  There are several elements to a corrosion cell.  The anode (in this case the corroding steel) where oxidation products form such as rust.  The cathode in this case another portion of the steel which does not rust, the reduction reaction.  These two reaction sites are connected electrically through a metallic conductor.  Electrolytes are where ions flow. Concrete usually contains enough available moisture, oxygen and ionic species for the movement of ions through it.   Once corrosion begins the rust that forms creates an expansive pressure leading to cracking.  Cracks widen and propagate increasing the rate of corrosion and deterioration.  Eventually the cracks connect and spalling occurs.  Usually at this point is when repair to the concrete is first considered, but this is usually when the concrete is beyond simple and economical techniques to restore functionality to the structure.In the corrosion reaction, the cl ions act as a catalyst for corrosion and are not consumed but free to accumulate and continue to accelerate the steel corrosion.   
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Corrosion:
There is no perfect Solution. We are still Learning.

Why does Corrosion Occur?

Deterioration

Iron Ore Refining

Steel
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C
TIO

N

What Can We Do?

Presenter
Presentation Notes
Metals are usually present in their lowest energy state in nature as ores.  Refining and smelting use energy to reduce the metallic compounds to a purer form such as from iron ore to steel.  The metal wants to return to its original lower energy state by corroding.  The corrosion cycle must be interrupted to keep this from happening.  Prevention keeps corrosion from starting either through the selection of more noble metals, reversal of the flow of electrons from an external source, or otherwise creating conditions where corrosion does not occur.  Protection isolates the metal from its environment such as through a barrier coating.  Mitigation addresses corrosion that has begun by controlling the rate of corrosion to an acceptable level.
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Corrosion Management
Essential element of sustainable strategy

Sustainability

Environment

Protects 
resources

Social 
Responsibility

Saves LivesProvide return 
on investments

Economy

Corrosion Management of Concrete Construction 

Presenter
Presentation Notes
Corrosion management is an essential element for the development of a sustainable strategy for concrete constructionCorrosion management is economical and provides return on investments…Corrosion management protects the environment and resources…Corrosion management is socially responsible and can save lives
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Anode
• Concrete Permeability

o W/CM, Pozzolans, Chemical 
Additions

o Membrane , Silane
• Corrosion Threshold

o Inhibitor
o Change Metal (i.e. Stainless)

• Reduce Reactive Surface
o Coatings

• Reduce Corrosion Rate
o Dry Out Concrete

• Force Opposite Reaction
o Cathodic Protection

eeeeee_

Cathode
• Reduce Area of Reactive Surface

o Coatings
• Dry Concrete
• Reduce Oxygen
• Reduce Cathode Effectiveness

o Inhibitors
o Cathodic Protection

Electrical Continuity
• Disconnect Anode & Cathode
• Electrical Separation of Bars

o Coatings

Ionic Path
• Higher Resistivity

o Lower W/CM
o Dry Concrete
o SCM

OH-

OH-

OH-

Anode Cathode

Electrical Continuity
Ionic Path

Presenter
Presentation Notes
Corrosion can be mitigated at all 4 components of the corrosion cell, the anode, the cathode, the electrical path, or the ionic path.  Beside each image are some of the applicable techniques.  



15

Corrosion Prevention/Mitigation Strategies
“Breaking the Chain”

Mechanical/Physical

• Remove/Replace

• Barrier

• Chloride Extraction

• Alternative Materials

Electrical

• Cathodic Protection

Chemical

• Admixtures

• Surface Applied Corrosion Inhibitors

Presenter
Presentation Notes
How, then, to break the chain of corrosion of reinforcing steel?There are three approaches to the problem:The first is a mechanical or physical approach, which may involve removing and replacing compromised concrete and reinforcement, the placement of a barrier to chlorides, moisture and oxygen, extraction of chlorides from the contaminated concrete, or the use of alternative materials which are less prone to corrosion in the first place.The second is an electrical approach, which may include cathodic protection.Finally, a chemical approach would utilize corrosion-inhibiting admixtures  or surface-applied corrosion inhibitors.



Products for Concrete Corrosion Prevention and Mitigation
include:

Steel applied Protection
Coatings
Active Primers

Concrete Replacement
Repair Mortars
Fairing Coats

Concrete Strengthening
Fiber reinforced Coatings
Pile Encapsulation

Surface applied Protection
Coatings
Impregnations

Concrete Quality
Admixtures
Alternative Reinforcement

Electrochemical Protection
Sacrificial Anodes
Surface applied C. I. 

Presenter
Presentation Notes
We offer a number of products for corrosion protection and mitigation  which varies by segment and region but we do not offer a comprehension solution and are not a recognized industry leader in this area. What I mean by that is that we sell products not system solutions.The different techniques are shown above for corrosion prevention, protection, and mitigation.  SACI is surface applied corrosion inhibitor, a technique where a liquid material is applied to the existing concrete surface in the hope that the material penetrates into the concrete to reduce the rate of corrosion to an acceptable level.  Corrosion inhibitors may also be injected into the concrete or otherwise located close to the reinforcing steel in the hope that the corrosion rate will be slowed.Galvanic anodes produce cathodic protection through sacrificial corrosion of a more active metal creating a polarizing potential on the reinforcing steel.ICCP (impressed current cathodic protection) uses an external source of electrical energy to reverse the chemical reactions of carbonation (realkalization), force chlorides away from the reinforcing steel (electrochemical chloride extraction) or create an electrical potential on the reinforcing steel forcing it to become cathodic compared to the installed anodes that either are consumed or are sufficiently chemically inert (noble) to resist corrosion.   These impressed current techniques are orange as they can both prevent corrosion, provide protection from corrosion, or mitigate corrosion depending on the time and design of the installation.Reinforcement coatings, membranes, penetrating sealers, and increased cover all provide barriers to moisture and sometimes oxygen to reduce corrosion activitiy.  Admixtures are added to freshly placed concrete to reduce corrosion activity when conditions eventually occur in the concrete where corrosion would commence.Use of non-corrosive reinforcement removes the possiblity for corrosion.Global challenges: What causes some products to prevent corrosion and others to fail? What are the coating-substrate interactions which prevent corrosion? How to predict the lifetime of coatings? How can corrosion be detected before it is visible? Focus: Alternative corrosion protection concepts Electrochemical corrosion measurement Fundamental understanding of corrosion 

http://www.nanotek.biz.tr/en/our-product-groups/construction-chemicals/item/231-mbt-mbrace-adesivo-saturant.html
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PREVENTION

PROTECTION

MITIGATION

ALL

Corrosion Control 
Technologies

Prevention

Protection

Mitigation

Combination

Alternative 
Reinforcement

Admixture 
Corrosion Inhibitors

Membranes & 
Coatings

Rebar Coatings

Penetrating Sealers

Increased Cover

SACI

Embedment & Injection 
Corrosion Inhibitors

Discrete Galvanic Anodes

Cathodic Protection

Impressed Current

Distributed 
Galvanic Anodes

Electrochemical Chloride 
Extraction

Electrochemical 
Realkalization

Presenter
Presentation Notes
The different techniques are shown above for corrosion prevention, protection, and mitigation.  SACI is surface applied corrosion inhibitor, a technique where a liquid material is applied to the existing concrete surface in the hope that the material penetrates into the concrete to reduce the rate of corrosion to an acceptable level.  Corrosion inhibitors may also be injected into the concrete or otherwise located close to the reinforcing steel in the hope that the corrosion rate will be slowed.Galvanic anodes produce cathodic protection through sacrificial corrosion of a more active metal creating a polarizing potential on the reinforcing steel.ICCP (impressed current cathodic protection) uses an external source of electrical energy to reverse the chemical reactions of carbonation (realkalization), force chlorides away from the reinforcing steel (electrochemical chloride extraction) or create an electrical potential on the reinforcing steel forcing it to become cathodic compared to the installed anodes that either are consumed or are sufficiently chemically inert (noble) to resist corrosion.   These impressed current techniques are orange as they can both prevent corrosion, provide protection from corrosion, or mitigate corrosion depending on the time and design of the installation.Reinforcement coatings, membranes, penetrating sealers, and increased cover all provide barriers to moisture and sometimes oxygen to reduce corrosion activitiy.  Admixtures are added to freshly placed concrete to reduce corrosion activity when conditions eventually occur in the concrete where corrosion would commence.Use of non-corrosive reinforcement removes the possiblity for corrosion.The pro and con aspects of each technique are discussed on the following slides.



PRO
 Permanent

 Eliminates Corrosion 

CON
 EXPENSIVE

 Design may be different

 Compatibility with 
conventional 
reinforcing?

 Pinholes on Epoxy 
Coated

 Bond on galvanized & 
epoxy & FRP

PREVENTION

Stainless
Galvanized
Epoxy Coated Bar
FRP

Bar
Fabric
Sheet

Presenter
Presentation Notes
The pro’s and con’s of alternative reinforcing is listed along with different BASF products in this category that are hyperlinked to the BASF web site.  
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0 0.5 1 1.5 2 2.5 3

Black Bar

Epoxy Coated

Galavanized

MMFX

FRP

Stainless

Alternative Reinforcement Relative Costs

http://www.fdot.gov/materials/structural/meetings/crrb/12_deployment.pdf
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ACI Webinar D. Darwin Corrosion Protection Systems for Reinforcing Steel
Feb. 6, 2018
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ACI Webinar D. Darwin Corrosion Protection Systems for Reinforcing Steel
Feb. 6, 2018

Life Cycle Costs

Presenter
Presentation Notes
Maybe ASTM A1035 are Grade 100 and Grade 120.  There are actually 3 types CS, CM, CL differ in Cr (10.9-2%)and C (0.15-0.3%) content with CM and CS having tensile strength of 150Ksi and CL 130 Grade 100 and 150ksi Grade 120 all have either 100 or 120ksi yield str.  ECR has two types post fabricated (green, flexible) and pre-fabricated (purple gray with better adhesion and abrasion resistance as well as a more efficient protection against corrosion).  
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PRO
 Preventative

 Usage history

 Rebar Contact

CON
 May leach

 Dosage Verification 

 Dispersion Verification

 Concentration 
Dependency

 Consumption during 
inhibition?

 Proprietary

PREVENTION

Inorganic (Nitrite)
Fe+2+OH–+ NO2

–→ NO↑+γFeOOH
Organic
Anode and Cathode effects
Coat steel & decrease permeability

Presenter
Presentation Notes
The pro’s and con’s of corrosion inhibiting admixtures are listed along with different BASF products in this category that are hyperlinked to the BASF web site.  Many different schemes of classifying corrosion inhibitors exist, only one of which is shown.

https://www.master-builders-solutions.basf.us/en-us/products/concrete-admixtures/corrosion-inhibitors


Admixtures

BINDER

RETARDER

SHRINKAGE 
REDUCING

ANTI-
BLEED 
(VMA) DEFOAMER

DISPERSANT

CORROSION

INHIBITOR
ACCELERATOR

SHRINKAGE 
COMPENSATION

PLASTIC
EXPANSION

AIR 
ENTRAINMENT

Mineral 

Admixture



Cementitious Binder Types
 OPC=Ordinary Portland Cement, Blended, & Performance-Based 

Hydraulic Cement

 HAC= High Alumina Cement

 AAP=Alkali Activated Pozzolan

 CSA=Calcium Sulfoaluminate Cement

 Polymer Cement = Polymer (Latex) Modifier + binder

 MagPhos=Magnesium Ammonium Phosphate

 Gypsum=Calcium Sulfate



PRO
 Renewable

 Inexpensive

 Possible to Enhance  
Appearance

CON
 Consumable (coatings)

 Section thickness 
increase (cover)

 Load increase

 Defects may magnify 
issues

 Detail and Inspection 
Intensive

PROTECTION

Wall Coating Products

Structural Repair

Shotcrete

Presenter
Presentation Notes
The pro’s and con’s of increased cover is listed along with different BASF products in this category that are hyperlinked to the BASF web site.   In addition to increasing the thickness of the concrete over reinforcing steel, some materials create “equivalent cover” that reduces the permeability of the concrete to chloride ions, carbonation, or other deterioration mechanisms.

https://www.master-builders-solutions.basf.us/en-us
https://www.master-builders-solutions.basf.us/en-us/products/concrete-repair-and-structural-reinforcement/repair-mortars
https://www.master-builders-solutions.basf.us/en-us/products/mining-and-tunneling/shotcrete-and-ground-support
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PRO
 Aethestic Appearance

 Relatively Inexpensive

 Recoatable & Repairable

CON
 May Need Dry 

Substrate

 Surface Preparation

 Maintenance

 Abrasion & CTE

 Snow Removal

 Impermeable Trap 
Moisture

PROTECTION

Deck Membrane Products
Resinous Flooring

Presenter
Presentation Notes
The pro’s and con’s of barrier membranes are listed along with different BASF products in this category that are hyperlinked to the BASF web site.   These overlay materials also create equivalent cover over the reinforcing steel.

https://www.master-builders-solutions.basf.us/en-us/products/deck-coatings
https://www.master-builders-solutions.basf.us/en-us/products/resinous-flooring


Barriers:  
Paints, Coatings, Penetrating Sealers, & Membranes

 Paint  Any pigmented liquid, liquefiable, or mastic composition 
designed for application to a substrate in a thin layer that is 
converted to an opaque solid film after application. Used for 
protection, decoration, identification, or to serve some other 
functional purposes (SSPC)

 Coating  A liquid, liquefiable, or mastic composition that is converted 
to a solid protective, decorative, or functional adherent film after 
application as a thin layer (usually >5 mils dry) (SSPC)

 Penetrating Sealer A material that has the ability to penetrate and 
seal the surface to which it is applied to either prevent or decrease 
the penetration of liquid or gaseous media (after ICRI/SSPC)

 Membrane A  protective surface treatment with a thickness greater 
than 30 mils (0.75 mm) and less than 250 mils (6 mm) applied to the 
surface of concrete
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PROTECTION

PRO
 Field application

 Low cost

 Mature technology

 Some claim 
bonding agents

CON
 Pinholes & Under-bar

 Bond to Concrete 
Window?

 Continuity of Coating

 Hardening Depending 
on Environment

 Incipient Anode

Rebar/Corrosion Protection

https://www.master-builders-solutions.basf.us/en-us/products/corrosion-inhibition/rebar-primer
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PRO
 Renewable

 Inexpensive

 No Appearance 

 Easy to apply

 Hydrophobization

CON
 Consumable 

 Maintenance

 Effectiveness Monitoring

 High Hydrostatic

 Crack Bridging

 Solvent?

 Overspray

PROTECTION

Water Repellents

Presenter
Presentation Notes
The pro’s and con’s of penetrating sealers are listed along with different BASF products in this category that are hyperlinked to the BASF web site.  In  addition to reducing the ingress of water, the penetrating sealers all water in the concrete to evaporate to slow the corrosion reaction.

https://www.master-builders-solutions.basf.us/en-us/products/water-repellent
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CON
 Inhibition, not solving

 Effectiveness monitoring

 Penetration 

 Residue

 Volatility

 Many technologies

 Life cycle

 Product compatibility

PRO
 Renewable

 Inexpensive

 No Appearance 

 Easy to apply

MITIGATION

SACI

Presenter
Presentation Notes
Surface Applied Corrosion Inhibitors, also called topically applied or penetrating surface treatments for corrosion mitigation have different pro’s and con’s.  Their effectiveness remains somewhat in debate, except for the amino functional silane materials.  Other technologies contain water soluble active ingredients or materials with comparatively high vapor pressure.  Repeated wetting and drying cycles may rinse these active ingredients from the concrete before they reach the reinforcing steel.  Materials with high vapor pressures will evaporate in warm conditions.  The silane groups remain chemically bound to the concrete to allow drying to occur, to reduce ingress of chlorides and carbonation, as well as to produce a passive protective film on the surface of the steel when the amine finally arrives.

https://www.master-builders-solutions.basf.us/en-us/products/corrosion-inhibition/surface-applied-corrosion-inhibitor
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PRO
 Point source or general protection

 Follow corrosion activity (i.e. RH-Temp)

 Effectiveness monitoring

 Ring / incipient anode

 Self powered

CON
 Consumable 

 Passivation?

 Excavation

 Oxidation buildup

Galvanic Anodes

PREVENTION

MITIGATION

PROTECTION
Electrochemical

Anodes

Presenter
Presentation Notes
The pro’s and con’s of galvanic anodes are listed along with different BASF products in this category that are hyperlinked to the BASF web site. 

https://www.master-builders-solutions.basf.us/en-us/products/corrosion-inhibition/cathodic-protection-anode


Example of NOT breaking the chain

Fixing one patch causes the surrounding concrete to act like an incipient anode.  
This is also called “Halo Effect” or “Ring Anode Effect”

Presenter
Presentation Notes
When we halt the corrosion of reinforcement in a localized area by removing deteriorated concrete, cleaning the reinforcement, and then patching the area, we have done nothing to the steel in the surrounding concrete. This untreated steel is referred to as an “incipient anode”, where new corrosion can take place.Because the area around the patch experiences subsequent corrosion, the result is often called the “Ring Anode” or “Halo” Effect.
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Galvanic Anodes – How They Work

Repair Area, chloride-freeHost concrete, high chloride content

At the Anode:
• Zinc dissolves into the 
electrolyte
as positively charged ions

• physical effects of corrosion 
seen here
• metal loses mass and form

At the Cathode:
• Excess electrons are 
consumed in a
series of reactions within the 

electrolyte
• No physical change in the 
structure of
the steel takes place

• Corrosion does not occur at 
 

e- e-e-

Anode -

Cathode +

Electrolyte

electron flow

ion flow (OH)

Presenter
Presentation Notes
Here is the same patch we saw earlier. Only this time, a sacrificial zinc anode is attached to the steel inside the patch, and because it is less noble than the steel, it gives up its electrons and oxidizes, while the steel, now a cathode, remains intact. Depending on conditions (temperature, humidity, levels of chloride contamination, etc.), the density of reinforcing steel in the concrete, the mass of zinc in the anode, and the number of anodes used, the anode can function for many years before oxidation begins to take place on the surface of the steel.
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PRO
 ICCP Proven to Prevent

 Usage History

 Various Systems

CON
 Expensive

 Design and maintenance 
critical

 Reinforcement continuity

 Anode acidification

 May cause AAR

 H2 Generation?

 Appearance?

PREVENTION

MITIGATION

PROTECTION
Electrochemical
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Good Trade Practices
DDAS with design 
Low W/CM
Satisfactory Material Quality
Enough Binder for Strength
Consistency for Consolidation
Enough Cover
Sufficiently Cured…

Keep the Water Out!

It’s not so much about letting it go as 
submitting to the inevitable

Concrete Maintenance
Verify
Inspect
Fix cracks
Keep the Water Out!

Don’t Delay, Problems GROW
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Questions

Fred Goodwin FACI, FICRI, FASTM
Head Corrosion Competency Center
I-Wen (Evan) Huang, Corrosion Scientist
BASF Construction Chemicals, EB-N

?
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