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Many bridges and other structures are being built
near the seacoast, and roads are treated with salt

regularly to keep them open in all weather conditions.
Such conditions lead to corrosion of the reinforcing rods
In .concrete. The use of corrosion inhibitors in concrete
has dramatically increased over the past several years to
combat this problem. The predictive model Life 365,
developed by the construction industry, demonstrates that
corrosion inhibitors provide cost-effective protection of

concrete from corrosion.
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ted reinforcing bars (rebar)
routinely are used in con-
crete structures such as
bridges and parking garages.
Steel and concrete have Smi-
lar coefficients of thermal
expansion; hence the com-
posite is stable over a wide tempera-
turerange. Reinforced concrete exhib-
its increased ductility, reducing the
chances of brittle failure. In addition,

it is widely known that concrete pro-
videsaprotectiveakalineenvironment
that protects embedded steel from
corrosion.

Actual experience can be somewhat
disappointing because reinforced con-
crete structuresfrequently require pre-
mature repair of damage caused by cor-
roding reinforcement. Corrosion of
reinforcing steel takesplace only inan
agueous environment—consuming
oxygen from the atmosphere—and
only when effective catalysts such as
chloride ions are present.” Reinforced
concrete does not undergo corrosion
in dry conditions, in the absence of
oxygen (e.g., a great ocean depths),
or when chloride ions are not present.?

Thecorrosion-failuremechanismin
reinforced concrete is a volume in-
crease of the oxidation products,
which leads to spalling of the concrete
cover and exposure of the steel. On
bridgesand in parking garages, spaling
and delaminations cause traffic prob-
lems; the staining that accompanies
themasoisunsightly. Largesafety fac-
tors or emergency measures keep most
structuresfrom corroding to the point
of total collapse. Variables such asthe
number of freeze-thaw cycles, wetting
and drying cycles, rainfall totals, salt
exposure, and temperature contribute
to a structure's total corrosion risk.

The structure aready has its own
complex combination of concrete
properties (cement type and content,
strength, permeability, mineral and
chemical admixtures) and other struc-
tural features (percent steel, load-
carrying needs, and construction de-
tails). Unexpectedinteractionsaso can
lead to reduced performance. The au-
thors know of an elevated highway sys
tem that wasbuilt with drain traps that
froze in the winter, alowing deicing
salts to remain on the roadway and
producing unnecessary corrosion re-
sults. Minor details in workmanship,
such astilted rebar matsthat havevary-
ing amounts of cover, can hasten cor-
rosion by putting some of the steel
closer to the chloride source.



Corrosion of steel in concrete was
observed as long ago as 1912, and it
was extensively studied in the 1960s.
Premature corrosion-related failures
occurred on the U.S. Interstate high-
way system after bridges were salted
in winter to melt snow and prevent
icing. Thiscontinuesto beamajor con-
cern® when corrosion inhibitors are
not used. InJapan, concrete made for
earthquake-resistant housing units
from sea sand aggregate has been
treated with corrosion inhibitors since
the mid-1970s to prevent corrosion
from residual salt. A corrosion inhibi-
tor first was commercialized in 1980
to counteract such corrosion in U.S.
structures.

The Corrosion Mechanism

in Reinforced Concrete

Corrosion in concrete may be de-
scribed as the sum of chemical and
electrochemical processes taking place
at three different locations (Figure 1).
In this case, the concreteis the solvent
medium, which is water absorbed in
the porous (hydrated) cement matrix.
lons diffuse away from the rebar
through the liquid in small poresin the
concrete. Atthe sametime, oxygen dif-
fusesin. Reactionstaking placein this
medium away from the rebar surface
include oxidation of ferrousionsto fer-
ric ions and precipitation of hydrated
iron oxides, which then may block
these pores.

Iron dissolution tends to make the
rebar more negative at the cathode,
thereby increasing the reaction rate of
oxygen at the cathode. Speeding up
one reaction favors speeding up the
other. Conversely, slowing down one
reaction forces the other to dow down
aswell. If oneinterfereswith either re-
action, one interferes with the entire
COrrosion process.

Chlorideions—theeffectivecatalyst
in the corrosion process—have two
main sources: deicing sats (sodium,
magnesium, or calcium chloride
[CaCl;] for highways, bridges, and

FIGURE 1

3. Concrete

Locations of chemical and electrochemical corrosion reactions in reinforced concrete.
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parking garages) and the ocean (for
marine structures partialy in the wa
ter or buildings close to the seacoast).
Cement will react with asmall amount
of chloride and remove it from the
agueous medium, largely through re-
actionwith thealuminate phases. Asa
result, asmall level of chlorideion must

be exceeded before any is available to
promotecorrosion. Approximately 1 1b
(0.5 kg) of chloride per cubic yard of
concrete—depending on the cement
composition and content in the con-
crete—usuallyisneeded. Allowingthe
chloride level to exceed that threshold
enables corrosion to develop.
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Potentials and currents with cathodic inhibition.
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Potentials and currents with anodic inhibition.
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CONCRETE PERMEABILITY
An important parameter that pro-
tects concrete isits permeability, or its
ability totransport chlorideions.® Vari-
ous methods have been employed to
reduce permeability. They include in-
creasing cement content, increasing
concrete strength by adding admix-
tures to reduce water, or adding min-
eral admixturessuchasfly ash, slag, or
silicafume.” Somecorrosioninhibitors
also reduce concrete permeability.
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REINFORCING STEEL

The steel used to make reinforcing
for concrete is not the most corrosion-
resistant material available, but eco-
nomics dictate against the use of more
expensive materials such as stainless
stedl. Slightly rusted stedl actually pro-
vides a better mechanical bond to the
concrete than smooth, polished steel.
Deformations on rebar aso help to
mai ntai n agood mechanical bond. Gal-
vanized stedl has limited use because

zinc reacts with the alkaline cement.
Epoxy-coated rebar hasexhibitedlong-
term difficulties in marine environ-
ments because of water permeability.?

How Inhibitors Work

Inhibitorsfunctionby increasingthe
threshold value of the chloride ion,
preventing corrosion activity at the
anode below that value. Some inhibi-
tors also function by reducing the ca
thodic reaction. When the chlorideion
level exceeds the threshold value, cor-
rosion begins at that level.

The potentialstypically observed at
an isolated rebar cathode in alkaline
media (such as limewater or cement
porewater) are ~-200 mV; at an iso-
lated rebar anode, they are —600 mV
relative to a saturated calomel elec-
trode. The anodic and cathodic cur-
rents are equal at a current caled the
corrosion current (i) and at a poten-
tial called the corrosion potential (Eqorr)
(Figure 2). Eeor is not strictly an open-
circuit potential, but it is the result of
a balance of currents from anode and
cathodeactivity.

Adding an inhibitor to a corroding
systemwill, by definition, decreasethe
corrosion current. If the inhibitor acts
primarily at the cathode by interfering
with the chemical process involving
electron transfer to oxygen (as in the
case of stedl rusting in concrete), the
cathode polarization curve (Figure 3)
dips more sharply than before. The
slope of the anode polarization curve
remains relatively unchanged.®

With the corrosion current reduced,
the new corrosion potential E, will
be closer to that of an ideal anode—
that is, more negative than it was prior
to the inhibitor addition.

If the inhibitor acts primarily at the
anode, it raises the resistance of the
anode (Figure 4) so that the intersec-
tion of the anodic and cathodic polar-
ization curves occurs at a smaller cur-
rent (icorr) With apotential (Ecoy) closer
tothat of anideal cathode—that is, less
negative. Anodic inhibitors generally
function by oxidation processes. Cal-



ciumnitrite[Ca(NOz), ¢ 4H,0], in par-
ticular, isknownto function by oxidiz-
ingferrousionsto ferricions [ Equation
(1)]—precipitating them at the corro-
sion site and stifling formation of fur-
ther corrosion.*

2Fe" +20H- +2 NO; =

2 NO + Fe, O3 + H,0O (1)

This precipitation process takes
place so rapidly that migration of fer-
rous ions (as evidenced by staining) is
blocked. In the process, the passive
iron oxide film is strengthened.

Cathodic inhibitors based on
hydroxyalkyl amines are used in some
commercial corrosion inhibitors. They
adsorb on the steel oxide surface ap-
proximately one monolayer thick.
They are strongly and irreversibly
adsorbed and cannot be completely
rinsed off the iron oxide surface. A
durable passivating film forms, and it
hinders reaction of oxygen with elec-
tronsat the steel surface.” A mixedin-
hibitor, affecting both the anodic and
cathodic reactions of corrosion, has
been commercialized. The inhibitor
reduces the chloride-buildup rate and
the chloride-diffusion coefficient but
moderately increases the chloride
threshold, dowing the rate of corro-
sion after initiation.”?

M!nlmlzmg_ Corrosion
with Inhibitors

In a given structure, the presence
of water and oxygen may be consid-
ered essentially beyond our control.
Controlling the penetration and corro-
siveeffectsof chlorideionsispossible,
however. Predictive models are avail-
able to help determine how much in-
hibitor is recommended for protection
over a desired lifetime. A predictive
model, suchasLife 365, factorsinthe
strength and permeability of the con-
crete and other parameters of the mix
design, its cover over the stedl (at least
2 in. [5 cm] of cover is recommended
for highways and bridges), and other
variables such as the temperature of

the environment. Because various in-
hibitors are available, a reputable
manufacturer's recommendations are
critical.
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Stop corrosion attack :
with long term MCI° Durability.

Cortec® MCI” Migrating Corrosion Inhibitors™can help prevent catastrophic failure. This
patented technology lets you design and build for long term durability in bridges, parking
decks, and piers. Research now indicates that applications with epoxy coated rebar and

prestressed concrete are by themselves not enough to ensure long term structural integrity,
particularly from aggressive attack by environmental corrosive elements. Simple to use and
economical, you can easiy apply Cortec patented MCIs for new construction and existing

structures. Get details today. CortecMCl.com
CORTEC 651/429-1100
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January 2004 MATERIALS PERFORMANCE 51






