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BASF Building Systems is a Registered Provider with The American
Institute of Architects Continuing Education Systems. Credit earned on
completion of this program will be reported to CES Records for AIA
members. Certificates of Completion for non-AIA members are available on
request.

This program is registered with the AIA/CES for continuing
professional education. As such, it does not include content that may be
deemed or construed to be an approval or endorsement by the AlA of any
material of construction or any method or manner of handling, using,
distributing, or dealing in any material or product. Questions related to
specific materials, methods, and services will be addressed a %&“U 04/‘/

conclusion of this presentation. @
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Corrosion In Steel Reinforced Concrete

Structures
“The Science of Corrosion”

This presentation is protected by US and International
Copyright laws. Reproduction, distribution, display and
use of the presentation without written permission of the

speaker is prohibited.
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Presenter
Presentation Notes
This presentation is copyrighted.  If you would like a copy, please ask me at the end of the presentation and I will provide you with one.  


Learning Objectives

At the conclusion of this program, you will be able to:

Understand the types and causes of corrosion of concrete
reinforcing steel

Understand the electrochemical corrosion process
Anticipate conditions which promote corrosion

Effectively specify different corrosion mitigation strategies
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W When steel corrodes, iron is
converted to iron oxide (rust)

™ Iron oxide occupies 4-10x the volume
of the original steel

W Internal pressure results in cracking
and spalling of concrete

Corrosion results in loss of ‘_J
steel cross section
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Presentation Notes
Why are we talking about corrosion?



Modern structural concrete is designed to be used with steel reinforcement.  The reinforcing steel increases the ability of concrete to transfer loads smoothly, and to resist forces which would otherwise destroy it.



When that reinforcing steel begins to oxidize, or corrode, the resulting oxide occupies between 4 and 10 times the volume of the original steel from which it came.  This generates significant tensile forces in the concrete, and causes cracking and spalling.



Cracking and spalling lead to accelerated corrosion. As more of the steel is oxidized, the reinforcement loses mass, and also strength. Ultimately, if left unchecked, corrosion will lead to catastrophic failure of the concrete. The financial implications alone can be staggering when a bridge is closed for repair or replacement, or when a parking garage can no longer generate revenue. But in many cases, the sudden failure of concrete structures can result in injury and death.



And THAT is why we are talking about corrosion.


What Causes Corrosion?

In steel reinforced concrete, corrosion is the deterioration of steel caused by a
change in its concrete surroundings (environment).

The “chemical change” can be brought on by many different factors:
® CHLORIDES
® CARBONATION
® DISSIMILAR METALS
® CHEMICAL ATTACK
® STRAY CURRENTS |
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Where do the chlorides come from ? R

The Chemical Company

Internal Sources
Mix Water
Aggregate

Admixture

External Sources
De-icing salts

Precipitation
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So where do all these chlorides come from?



Chlorides can be present in concrete from the moment of placement if it is present in the mix water, the aggregate or the sand used.  This occasionally happens in coastal construction, when seawater, beach sand or chloride laden coarse aggregates are used.  Admixtures can also contribute chlorides, most notably set accelerators.



Most chloride contamination, however, is from external sources, most notoriously chloride deicing salts used on roadways and salt spray in coastal areas.  Some also comes in the form of precipitation, as the following slide will show.


CAST IN CHLORIDES
“Internal Sources”
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Presenter
Presentation Notes
Chart shows the time of corrosion for concrete with different water/cement ratios and depth of steel. 

The plot lines represent the time to initiate corrosion due to chlorides (red curves) and the time from carbonation (blue curve).  

As an example, a concrete mix with a 0.5 w/c ratio and 2 inches of  cover would start corroding due to chloride ions in about 20 years, while it would take 100 years to start corroding due to carbonation.

This is why the main emphasis is on chloride induced corrosion rather than carbonation induced.
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Anode — the electrode at which Net
Oxidation occurs. This is where we
see rust.

W Cathode — the electrode at which
Net Reduction occurs.

W Electrolyte — solution containing
lons (Cl, OHY)

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

IS THE CONCRETE

...And all its components
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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 steel

A cathode – in this case another portion of the steel which does not rust

Electrolytes – 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.
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Electrochemical Corrosion Reactions

Reactants Products

Fet? + 2Cl- FeCl,
FeCl, + H,O + OH — Fe(QH), + H* + 2CI-

»
»

v

v

20 + H,0 + 2e- > 20H  cathode

\ J
Y

Electrolyte

Important Takeaways:
Chlorides are not consumed in the process
Reinforcing steel acts as both the “Anode” and “Cathode”
[H+] produced drops pH and further deteriorates the passivation layer
The electrolyte is the ion-rich pore solution in the concrete
Anode-Cathode reactions occur at the same rate
Need both oxygen and water to complete the reaction

9/29/2009
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Presentation Notes
Some chemistry basics, all the items on the left side of arrows are consumed in reaction and everything on the right side of the arrows is generated, or a product of the reaction.

Note that there is no net consumption of chloride ions (Cl-).  This is important to note because once the chloride concentration threshold has been reached, the reaction is self-sustaining as long as there is moisture, oxygen and a supply of iron to oxidize. 

Anode and cathode reactions must occur at the same time and at the same rate.  The significance of this is that a corrosion inhibitor needs only to stop one of the reaction and the corrosion process is halted.


Electrochemical Corrosion Reactions

Once corrosion has been initiated

the process is like a chain...... it will
continue to proceed unless you
break one of the links.

The question is “which link do
you break ?

9/29/2009
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Corrosion Rate vs. RH
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Presentation Notes
Internal Relative Humidity plays a significant role in the corrosion process

What is wrong with the chart at the 100% RH?  It would theoretically drop to zero.

The corrosion rates drops as the humidity approaches 100% because when the concrete is saturated with moisture, the reaction is deprived of O2, another critical element in the corrosion reaction.

Notice the variations in corrosion current during the wetting and drying cycles.  Look at 75% on both lines.  This difference is exactly the reason why we cannot measure RH and correlate it exactly to any given corrosion current or rate.

There is a definite relationship, but not a direct correlation!
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Passivating Layer — a tightly bound
layer of iron oxide on the steel that
naturally inhibits further corrosion
(mill scale)

® The passivating layer is stable
due to the high pH (>12.5) in
the concrete
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Presentation Notes
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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Passivation Layer can be breached by:

Chloride lons -- >330 ppm (~1.2 Ibs/yd?3)
or

Loss of Alkalinity -- <pH 10
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Presentation Notes
This passivation layer can be breached in one of two ways, typically.  A loss of alkalinity, where the pH falls below 10, will create conditions where corrosive oxidation can take place.  This condition can also be created by a high concentration of chloride ions.
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Chlorides penetrate through the
concrete substrate.

Cause an electrochemical reaction with
the reinforcing steel
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Presentation Notes
One way that chloride ions can reach the reinforcing steel is by penetration of the pore structure of concrete, carried by water.
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Shrinkage Subsidence
Diffusion Cracks Cracks

Straight Diffusion - ~8 years to penetrate 2.5” of concrete to
a [CL-] >330 ppm

Most chloride penetration occurs through shrinkage and
subsidence cracks
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Presentation Notes
However, while it takes an average of 8 years for chlorides to penetrate 2.5 inches of cover to reach the reinforcing steel, cracks in the concrete can provide a much easier path.



Other numbers to know for conversion sake:

Roughly 300 ppm  = 1.0 – 1.4 lbs/yd3  = 0.59 – 0.89 kgs/m3



There is no absolute number at which corrosion occurs.  ACI, like most industry organizations give ranges since other environmental factors effect the initiation of corrosion.
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When the chlorides pass the threshold value
the passivation layer is breached and
exposes the reinforcing steel to the chlorides

Breakdown of the passivation layer initiates
the electrochemical reaction between the
steel in the rebar and the chlorides.
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Once the chloride ion concentration at the rebar exceeds the threshold (approximately 330 parts per million in standard concrete), the passivation layer is breached, and the electrochemical corrosion process begins.



If the concrete contains a integral corrosion inhibitor such as Calcium Nitrite, the threshold may be higher and corrosion will begin when that threshold is breached.




What Causes Corrosion?
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The Chemical Company

In steel reinforced concrete, corrosion is the deterioration of steel caused by a
change in its concrete surroundings (environment).

The “chemical change” can be brought on by many different factors:
® CHLORIDES
® CARBONATION
® DISSIMILAR METALS

09120004



CARBONATION

- BASF

The Chemical Company

WATER + CARBON DIOXIDE
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DISSIMILAR METALS




COATED REBAR

NON-STEEL REBAR

DESIGN WITHOUT REBAR**
ADMIXTURES

WATER REPELLENTS

DECK COATINGS / MEMBRANES
QUALITY SEALANTS

JOINTS
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CORROSION CONTROL OPTIONS
Restoration

REMOVAL OF CONTAMINATED CONCRETE
REBAR COATINGS

Epoxy

Cementicous
PATCH REPAIR MATERIAL WITH CI / W/O CI
FRP
GALVANIC PROTECTION

Zinc Rich Rebar Primers

Galvanic Anodes

ELECTROCHEMICAL OPTIONS
ICCP — Impressed Current Cathodic Protection
Chloride Extraction / Re-Alkalinization
ANTI-CARBONATION TREATMENTS
SURFACE APPLIED CORROSION INHIBITORS

9/29/2009
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REMOVE CONTAMINATED
CONCRETE




REMOVAL OF CONTAMINATED

CONCRETE — ICRI GUIDELINES - BASF

The Chemical Company
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REBAR COATING AND BONDING AGENT
Cementitious/Epoxy

- 'ﬁwr} -;-_:;..- =




GALVANIC PROTECTION
Zinc Rich Primer

9/29/2009
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BASIC TERMINOLOGY

DISSILIMAR METALS - two metal
components in an electrolyte that
could form an anode-cathode
relationship when connected by a
metallic path

ELECTROMOTIVE SERIES - list
of whose order indicates

the relative tendency to be oxidized,
or to give up electrons

9/29/2009

Gold

ﬂ

316 SS

!

Steel

!

Chromium

ﬂ

Zinc

!

Aluminum
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http://www.infoplease.com/ce6/sci/A0832878.html

GALVANIC PROTECTION
Anodes

L ok o N

—-—
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GALVANIC PROTECTION

Galvanic Anodes




PERIMETER REPAIRS
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REPAIR MORTARS
with or without C.I.

9/29/2009
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REPAIR MATERIALS

SCHOOLS OF THOUGHT
1. Match the host concrete characteristics

Polymer modified, high strength, high density mortars
REDUCE THE CRACKING POTENTIAL

Specify a product that has a reduced cracking potential.

Specify ASTM C 1581 as called for in DSP!

9/29/2009
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ELECTRICAL POTENTIAL
DIFFERENTIAL

09120004

{:ﬁhndn,-:[:unmmm:iu[ _ Chloride-Free Patch

J s,
-. r » |

Pntemia]. Iiiii‘arme Between Patch and -
Chloride Contaminated Concrete
Results in Accelerated Corrosion
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Presentation Notes
The differential set up because of the dissimilar materials results in accelerated corrosion along the perimeter of the patch.  Essentially the newly patched area becomes a large cathode and the surrounding concrete becomes predominantly  the anode….thus the name Ring Anode Effect



Other names:

Incipient anodes

Halo Effect




GALVANIC PROTECTION
Anodes Need Conductive Environment

Currently:

Repair Mortar must
have a resistivity of
less than

15,000 Ohms-cm

Although studies are
being conducted now
to update this
iInformation
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Effectiveness of Various Protection
Materials on Active Corrosion

Urethane | ‘

Membrane N

Silane/Acrylic NG }
Cementitious Coating -

Silane Sealer _

CORROSION INHIBITOR m Tested at 85%

Relative Humidity
0 20 40 60 80 100

% Reduction in Corrosion
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[ested at 60%
Relative Humidity
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MASTERSEAL CP is an organofunctional silane.  These materials came to be after a long history of testing other types of silanes for concrete protection.



This chart shows that MASTERSEAL CP can reduce corrosion almost 100% even at 85% relative humidity where traditional silanes and other materials, even at low relative humidity can reduce corrosion by 63% or less.  This is why we do not use surface applied coatings as stand alone corrosion mitigation systems.  Even “breathable” coating can still trap enough moisture to facilitate corrosion
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Corrosion Continuing
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Presenter
Presentation Notes
Relatively new balcony covered with indoor / outdoor carpeting see corrosion by products and concrete damage




CORROSION INHIBITOR




Field Evaluation of Organofunctional Silane

Based Inhibitor

i veeatmen

CASE HISTORY

Measurement :

of a Corrosion
[nhibitor Throqgh

Online Monitoring

M. BUCHLER, 5GK Suis Saciers

Cormsion Prots: v, Zivick, Swizaiand

Y. SCHIECE, Corsemas AG, Cham, Sudsadamd
5. (GIESSLER, Degwssa AG, Rheinfelden, Germarny

- T'plil:g' repair of reinforced concrete structures
showing corrosion damage invelves removal of
carbonated or chloride-contaminated concrete and

subsequent retrofilling with new concrete. Corrosion
inhibitors that can be apnlied by spraving onto the

9/29/2009

Protecting Steel in Concrete

The combination of steel and concres
rovides ideal corrosion protection for
steel, since the alkaliniry of the concrete
in combination with water and oxygen
canses the formation of a thin protective
oxide film on the swel surface (Figure
1[a]}. This passive flm decreases the cor-
rosion rate of swel o virually zero and
increases the durability of seel-reinforced
cpnorete structures oo more than 100
years. It is well known thar such narural
comosion protection of steel can be com-
promised by chloride ions and other sub-
stances that penetrate into the concrete
and diffuse to the steel surface (Figure
1[h]}. In this case, significant cotrosion
may oocur, causing decreased load capac-
iry in the structure. Under certain condi-
tions, corrosion rates of up o 0.7 mm/y
may occur.'

Chlorides, often originating from deic-
ing salts, have caused significant corrosion
damage on reinforced concrete strucrres.
Also, carbonation—the reaction of car-
ben dioxide (20,) with concrete—may
decrease the alkalinity of the concrete and
activate cormsion.

Typically, repair for such cormosion
involves the removal of che carbonated or
chloride-contaminated concrete, followed

-,‘_1‘

Corro
Potential
measured

Corrosion Current
measured
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Field Evaluation of Organofunctional
Silane Based Inhibitor

9/29/2009

NACE Material Journal
October 2006

Testing Performed by the
Swiss Association for
Corrosion Protection
Comprehensive Field
Monitoring in Swiss Alps

Organofunctional silane
Inhibitor showed not only
corrosion reduction but re-
passivation of the steel

The variation of the corrasion rate due
to climaric factors is significanc. Even the
daily remperamure cycles can cause a varia-

tion in the corrosion rate by a factor of
three. Alse, szasonal changes influence the
corrosion behavior. Hence, it is not pos-
sible to judgre the corrosion behavior based
on single measurements. By means of on-
line monitoring, it is possible to obtain a
reliable control of the external inAuencing
parameters. For the awner of a structure,
the use of new products or the application
of existing products under severe condi-
tions offers a risk, which can be minimized
by anline monitoring. The corrosion pra-
tacting effect can be observed over time.
Even the application of products where
the inhibition mechanism is not vet un-
derstood in denil, orwhere the protection
time is uncertain, can be applied in com-
binaticn with menitoring,

Based on the use ofonline monitoring.,
it is possible o draw some conclusions
about the corrosion inhibitor used in the
present investigation. It was demonstrated
that the inhibitor led to a decreased cor-
rosion rate. Possibly, even repassivation
took place based on the interaction with
the product.

References

1. Schiegg, H. Behni, B Hunbeder, "Online-Manar-
ing of Comedon in Ranforond Conaem Soracures,” in The
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Reaction of Organosilane C.I.
with passivation layer

This ithe nitrogen area of the curve. The admixture contains no amines, while the
surface applied MASTERSEAL CP has aminosilanes. This accounts for the higher
intensity of the surface applied inhibitor.

A

2000
Higher N content

1000 —

Intensity [Cps]

500 =

O Rebar from unprotected concrete
B Rebar from concrete protected with 406 404 402 400 398 356
Admixture Binding Energy [eV], Mg
B Rebar from concrete protected with
Amino Silane

9/29/2009
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= Spalls and Delaminations were repaired using standard methods
= Inhibitor was applied to all the exposed concrete
= Corrosion testing is performed annually to verify performance
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Field Performance
Car Park Exposed to Deicer Salts

— | Corrosion Rate Before Inhibitor
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Field Performance

Car Park Exposed to Deicer Salts

B Before Repairs
Bl After 7 years

06 Deck Delaminated
O L NN W b O1 OO N 00 ©

Inhibitor Membrane Sealer
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After seven years of service the decks were evaluated for delaminations (chain dragged).  Initial the membrane area (used because it is over occupied space) had the largest percentage of repaired areas (~8%).  After seven years there were about 4% of the area that was delaminated.



The area treated with the MASTERSEAL CP after seven years less then 0.2% of the deck area.



The top level of the garage had the least amount of spalls and only a sealer was used.  This is most likely because the top deck is not used during the winter and no deicer salts are put on it.   
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FHWA TESTING
“New Concrete”
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Two scenarios tested:



New construction – specimens treated prior to onset of corrosion

Rehab scenario – corrosion initiated then specimens treated



This slide shows “New Construction” scenario.  Specimens treated at start of test and subjected to aggressive environment.  Red line shows MASTERSAEL CP is effective at preventing corrosion compared to the dotted black line which was the control.



Notice how fast the control started to corrode – just over one week – very aggressive
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FHWA TESTING
Existing Corrosion in Concrete

HA

Current
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Two scenarios tested:



New construction – specimens treated prior to onset of corrosion

Rehab scenario – corrosion initiated then specimens treated



This slide shows “Rehab Scenario” results:



Control specimen taken out of salt water ponding well after corrosion had been initiated (15 weeks)

The surface was cleaned (as recommended in the field)

The MASTERSEAL CP was applied (3 coats at 200 sf.gal per coat)

TYPICALLY in the field we recommend two coats at 200 sf.gal each coat but this was a very aggressive environment – if this environment were to exist in the field we would recommend 3 coats as well



Notice that after the specimen was treated and returned the ponding cycles, the corrosion rate reduced drastically!






Corrosion on Cracked Specimens for Different Systems Using FHWA-
RD-98-153 Protocol

9/29/2009

Black Bars -- 4053 mV

Epoxy, 0.5% damage -- 971 mV
Epoxy, 0.004% damage -- 325 mV
Copper-clad -- 111 mV

316 SS--5mV

ORGANOFUNCTIONAL SILANE -- 58 mV
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Compare our results to the federally funded rebar study…



ONLY 316SS (stainless steel) did better!
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FIELD PERFORMANCE
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Shows easy application



Do you know,  Some manufacturers claim their product cannot be tested I the field because the test would destroy their product!!!!  Talk about a leap of faith – 



Get the facts - Testing can be done in the field using Linear Polarization or galvapulse type instruments.  You can test for half cell, resistance, corrosion rate etc…
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= WHAT ABOUT CRACKS?7?7?

® ONCE CORROSION IS MITIGATED.....then you MAY be able to
Install a coating or crack sealer.
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REVIEW

LOTS OF OPTIONS!

Know the root cause of your corrosion

STOP IT FIRST!

Match the repair solution to the problem

Don’t assume ..... check compatibilities

9/29/2009

Remember to use galvanic anodes repair material must have a
resistivity of less than 15,000 ohms-cm unless otherwise tested

Isolate dissimilar metals so electrical potential differentials
cannot be established

Stop active corrosion before placing non-breathable coatings

55
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Presenter
Presentation Notes
Make sure to thank your audience for their attention and participation. Remind them once again to complete the attendance roster if they haven’t yet done so.



From this point on, you may discuss specific products. The portion of the program dedicated to “learning activities” has ended.
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