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Corrosion is deterioration of a
metal as it is exposed to the
environment
All metals used today require
energy input to convert from
ore to useable material
Corrosion can be looked at as
release of this energy back into
environment over time
◦ Metal reaches lower energy level
and more stable state
◦ Typically more closely resembles
ore from which it came



All metals except gold and
platinum will corrode over time
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A reaction during which electrons are
released (when a metal forms its ions) is
called oxidation
◦ This is an anodic process





Each anodic process is followed by a cathodic
process (reduction) during which the released
electrons are consumed
Summary:
◦ Oxidation occurs at the anode, reduction at the
cathode



Fe2+

For corrosion to occur you need:

1. Anode or anodic site on a metal surface
2. Cathode or cathodic site on a metal surface
3. Electrolyte in contact with anode and cathode to
provide path for ionic conduction
4. Electrical connection between anode and cathode
to allow electrons to flow

OH-

anode

Oxygen and
water
e-

cathode



In steel, oxidation reaction (anode) is



Reduction reaction (cathode) is



◦ Fe  2e- + Fe2+

◦ ½ O2 + H2O + 2e-  2 OH◦ Electrons for reduction reaction flow though steel from
oxidation reaction
◦ Also requires presence of supply of oxygen and water

Reactions also require ability of OH- to migrate from
cathode to anode through concrete (acting as
electrolyte)
◦ Fe2+ + 2OH-  Fe(OH)2 (ferrous hydroxide)



Ferrous hydroxide quickly oxidizes into
hydrated ferric oxide (rust) if water and
oxygen are available

◦ 2Fe(OH)2 + oxygen and water  Fe2O3 ∙ nH2O
◦ Hydrated ferric oxide occupies significantly more
volume than reinforcing bar causing cracking



If water and/or oxygen are limited in this
region, corrosion product can remain as
ferrous hydroxide

◦ Corrosion product will appear green or black
◦ Not accompanied by a expansion in volume so
cracking will not occur



Can also measure potential between
dissimilar metals and place them in a series

◦ Referred to as galvanic series
◦ Metals with higher potential are referred to as noble
or catholic
 Less likely to corrode

◦ Metals with lower potential are referred to as more
active or anodic
 Will preferentially corrode



Even in reinforced concrete which contains
only steel there are areas of higher and lower
potential
◦ Reinforcing steel is composed of different forms of
crystals
 Ferrite phase is more active than Fe3C (cementite)
phase
 Environment (moisture, oxygen) may vary
 Metals under different stresses have different
potentials

◦ If unprotected and exposed to moisture corrosion
will occur



Rate of corrosion is significantly reduced in
concrete due to 3 primary factors
◦ Availability of oxygen

 Required at cathodic location to produce OH Oxygen must diffuse through concrete cover to reach
reaction location
 If oxygen is limiting case reaction is said to be
diffusion controlled
 Reduces potential difference between anode and
cathode
 Referred to as polarization



Rate of corrosion is significantly reduced in
concrete due to 3 primary factors
◦ Limiting the flow of ionic current through the
electrolyte (concrete pore solution)

 If the rate of flow of OH- (and Fe+2) is slow, the
corrosion reactions can only proceed at slow rate
 Occurs when the electrical resistance of the concrete is
high
 Measurement of the electrical resistance of the
concrete surrounding the steel can serve as indicator
of potential corrosion rate



Rate of corrosion is significantly reduced in
concrete due to 3 primary factors



◦ Passivation of Steel

◦
◦
◦
◦

 Some metals, including steel, can react with oxygen to
from a thin (10 nm) layer of insoluble metal oxide on
their surface
 This film, if it remains stable, can isolate the metal
from the aqueous solution, greatly reducing the
corrosion rate
 Effect responsible for protection of stainless steel



Passive layer can fail to protect steel for 2
primary reasons
◦ pH value drops below 11.5
◦ Presence of chloride ions

 The chloride ions act to disrupt the passive layer by
competing with the repair of the passive layer and will
only proceed when the chloride content is high
compared with the hydroxide ion contents
 There is still much discussion and research related to
the critical chloride threshold at which corrosion will
initiate, though there is general agreement it should
vary with pH
 Chlorides can be mixed in to concrete or come from
external sources

Passivation layer will remain stable on regular
steel if pH of solution is high enough



If pH = 10.5 or higher some protection is provided
If pH = 11.5 or higher layer will be stable
Concrete pH is typically around 13, so film is stable
These values are not
constant, however, and
vary with the presence of
other ions, especially
chloride

ACI 318 places limit on chlorides in fresh
concrete (Table 19.3.2.1)
◦ For prestressed concrete  0.06% chlorides
◦ For reinforced concrete:

 Dry conditions  1% chlorides
 Wet but not exposed to additional chlorides  0.3%
 Exposed to additional chlorides  0.15%

◦ Based on water soluble chlorides (only “free”
chlorides) per weight of portland cement
◦ These are conservative values (and not consistent
among codes)



Chlorides will behave differently when mixed
into concrete initially versus those that
migrate into the concrete after casting





◦ More mixed in chlorides will be bound to many of
the hydration products (particular the C3A)
◦ Mixed in chlorides are uniformly distributed
throughout concrete
◦ Chlorides added later will be concentrated around
cracks or other defects amplifying corrosive effect
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 Allows for smaller anodic area driven by larger
cathodic areas
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Approached by prepacked posttensioned (PT) grout manufacturer
in 2011
At this time there were documented
cases of PT grout with chloride
contents above specification limits
with no reason to suspect external
chlorides penetrated PT system
Developed testing program to
determine an “acceptable” level of
chlorides where corrosion was not
sustained
FHWA conducted companion study
(results already published)
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Bernd Isecke, Bundesanstalt für
Materialforschung und –
prüfung (BAM)
Paul Kelley, Senior Principal,
Simpson Gumpertz & Heger
Paul Lambert, Mott MacDonald

20



To determine the corrosion behavior of
grouted seven wire strand systems at varying
levels of mixed in chloride concentration





◦ Other variables included:



 Water content of the grout
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 Minimum and maximum recommended dosage, above
maximum recommended dosage

 Sealed or partially open to environment
 Fully grouted, partially grouted, and repaired



Conclusions

21

Sealed
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Sealed

Probe

Hole where applicable

Void

Void

Repaired

Repaired

2”

9”

3”
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2”

9”

3”
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Sealed

Cast
March 2012

Specimen
Type

Hole

Water
(pints/bag)

0.04%
Acid‐soluble Cl‐
by weight of
cement

0.2%
Acid‐soluble Cl‐
by weight of
cement

0.6%
Acid‐soluble Cl‐
by weight of
cement

0.4%
Acid‐soluble Cl‐
by weight of
cement

1.0%
Acid‐soluble Cl‐
by weight of
cement

solid

void

repair

solid

void

repair

solid

void

repair

solid

void

repair

solid

void

repair

11.5

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

13

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

14

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

11.5

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

13

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

14

3+1

3+1

‐

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

3+1

‐

3+1

Water
(pints/bag)

Cast
August 2011

Specimen
Type

Test Plan

Sealed
hole

solid

void

solid

void

solid

void

solid

void

solid

void

solid

void

solid

void

3
3
3

3
3

3
3+1
3+1

3
3

3
3+1
3+1

3
3

3
3+1
3+1

3
3

3
3+1
3+1

3
3

3+1
3+1
3+1

3
3

3+1
3+1
3+1

3
3

samples sent to SGH, Paul Lambert, and Bernd Iseke labs for storage and corrosion analysis (two samples each lab)

Sealed
hole

11.5
13
13

August 2011



December 2011



January 2012



March 2012



August 2012

0.4%
0.65%
0.75%
0.85%
1.0%
1.5%
untreated
Acid‐soluble Cl‐ Acid‐soluble Cl‐ Acid‐soluble Cl‐ Acid‐soluble Cl‐ Acid‐soluble Cl‐ Acid‐soluble Cl‐
grout, < 0.03 %
by weight of
by weight of
by weight of
by weight of
by weight of
by weight of
Chlorides
cement
cement
cement
cement
cement
cement

samples stored at UMD

11.5
13
13



2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

1
1

1
1

1
1

1
1

1
1

◦ Initial set of samples cast and placed in a controlled
environment with RH of approximately 65% and a temperature
of approximately 72℉ at University of Minnesota Duluth (UMD)
◦ Storage chamber was updated to allow for RH of 85% and a
temperature of 80 ℉
◦ Formal monthly inspection procedure was initiated and has
been ongoing since (modified to quarterly inspection in late
2013)
◦ Second set of samples cast at UMD
◦ Samples shipped from UMD to Villanova University

samples sent to SGH and Bernd Iseke labs for chloride analysis

Sealed
hole

11.5
13
13

1
1

1
1

+1 indicates sample with electronic probe embedded in grout
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Villanova Storage Cabinet


First Casting, August 2011

◦ Chlorides mixed into grout powder
◦ Powder and chlorides were added to the water and
mixed with high shear mixer
◦ Poured into clear PVC with strand placed against
side



Second Casting, March 2012

◦ Chlorides dissolved in water, then grout powder
was added and mixed with high shear mixer
◦ Strand was wiped with acetone prior to being
placed in clear PVC
◦ Grout was continually agitated while being poured
into samples
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All samples examined
monthly for corrosion
and/or cracking
If corrosion or cracking is
found, it is compared with
previous descriptions and
figures to determine if it
is
new/changed/unchanged
◦ If new/changed, new
description and figure
obtained



Findings summarized in
report distributed to team
each month
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Conclusions

March 2012
samples show
more corrosion
For March 2012
samples percent
with corrosion is
roughly constant
from 0.4% to 1%
chlorides

◦ 1.5% shows all
samples corroding
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Can look at
percent of
samples actively
corroding
versus time

◦ Graph shows only
samples cast in
second set



0.65% Chlorides

Only chloride
level that
continues to
actively corrode
is 1.5%

1% Chlorides
1.5% Chlorides
33
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92 embedded corrosion rate devices in total

 Silver/ silver chloride/ potassium
chloride reference electrode (SSC)

Manual calibration of corrosion potential (SSC half-cell
converted to CSE) and corrosion rate (LPR)

 Platinum foil auxiliary/ counter
electrode
 Integrated probe design within
polymer encasement

Automated measurement daily corrosion potential and
weekly corrosion rate

 Tendon as working electrode

Automated daily measurement of temperature and
humidity

 3-electrode electrochemical
monitoring (LPR)

Control of temperature (30C) and humidity (90%rh)

 2-electrode half-cell monitoring

Remote communication using C-Probe AchillesEDC
network system
Management of data on C-Probe AiMS internet facility
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 Data taken in
September 2012
 Ecorr low values
until 0.6% bwc
 Icorr very low until
0.6% bwc
 Icorr increases after
this point but values
relatively low
 Ecorr approaching 350 mVCSE at 1.5%
bwc
37

 Corrosion shown occurred early in sample

 Due to the pickling process a metallic
or non metallic inclusion has been
exposed
•
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•

May result from a rolled-in particle
during the drawing process

 It has nothing to do with corrosion
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Occurred while all areas were not uniformly
passivated

 These areas repassivated during the course of
the exposure
 These effects occurred only in areas with very
thin mortar covering
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First Set (2011)

 Indicate slight general corrosion that
also occurred before sample was
uniformly passivated
 Did repassivate under continued
exposure
 Occurred in area with thin mortar cover
41

Old - 1.0%

Old - 1.0%

Second Set (2012)

> ‐200 mV
‐200 bis ‐350 mV
< ‐350 mV
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New - 1.0%

New - 1.5%

43

0.4%

0.65%

0.75%

0.85%

1.0%

1.5%
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Surface corrosion: No strength loss

Intermediate pitting: ~10% reduction
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Mild pitting: No strength loss

Severe pitting: ~25% reduction

Adapted from ICRI Technical Guideline No. 320.4-2006, “Guide for the Evaluation of Unbonded Post-Tensioned Concrete Structures”
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Chloride content for this material to cause
sustained corrosion is above 1%

◦ As long as system is protected from other chlorides
or outside sources of water





Chloride content was the only variable that
had a significant effect on the corrosion
behavior of the samples
Sample preparation has a significant impact
on initial corrosion behavior, but the effect
decreases with time

