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1 Corrosion Theory
Humans have most likely been trying to understand and control corrosion for 
as long as they have been using metal objects. The most important periods 
of prerecorded history are named for the metals that were used for tools 
and weapons (Iron Age, Bronze Age). With a few exceptions, metals are 
unstable in ordinary aqueous environments. Metals are usually extracted 
from ores through the application of a considerable amount of energy. 
Certain environments offer opportunities for these metals to combine 
chemically with elements to form compounds and return to their lower 
energy levels.

Corrosion is the primary means by which metals deteriorate. Most metals 
corrode on contact with water (and moisture in the air), acids, bases, salts, 
oils, aggressive metal polishes, and other solid and liquid chemicals. Metals 
will also corrode when exposed to gaseous materials like acid vapors, 
formaldehyde gas, ammonia gas, and sulfur containing gases.

Corrosion specifically refers to any process involving the deterioration or 
degradation of metal components. The best known case is that of the 
rusting of steel. Corrosion processes are usually electrochemical in nature, 
having the essential features of a battery. When metal atoms are exposed to 
an environment containing water molecules they can give up electrons, 
becoming themselves positively charged ions, provided an electrical circuit 
can be completed. This effect can be concentrated locally to form a pit or, 
sometimes, a crack, or it can extend across a wide area to produce general 
wastage. Localised corrosion that leads to pitting may provide sites for 
fatigue initiation and, additionally, corrosive agents like seawater may lead 
to greatly enhanced growth of the fatigue crack. Pitting corrosion also 
occurs much faster in areas where microstructural changes have occurred 
due to welding operations.

Corrosion is the disintegration of metal through an unintentional chemical or 
electrochemical action, starting at its surface. All metals exhibit a tendency 
to be oxidised, some more easily than others. A tabulation of the relative 
strength of this tendency is called the galvanic series. Knowledge of a 
metal's location in the series is an important piece of information to have in 
making decisions about its potential usefulness for structural and other 
applications. The corrosion process (anodic reaction) of the metal dissolving 
as ions generates some electrons, as shown here, that are consumed by a 
secondary process (cathodic reaction). These two processes have to balance 
their charges. The sites hosting these two processes can be located close to 
each other on the metal's surface, or far apart depending on the 
circumstances. This simple observation has a major impact in many aspects 
of corrosion prevention and control, for designing new corrosion monitoring 
techniques to avoiding the most insidious or localized forms of corrosion.
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The electrons (e- in this figure) produced by the 
corrosion reaction will need to be consumed by a 
cathodic reaction in close proximity to the corrosion 
reaction itself. The electrons and the hydrogen ions 
react to first form atomic hydrogen, and then 
molecular hydrogen gas. If the acidity level is high 
(low pH), this molecular hydrogen will readily become 
a gas as it is demonstrated by exposing a strip of zinc
to a sulfuric acid solution.

As hydrogen forms, it could inhibit further corrosion 
by forming a very thin gaseous film at the surface of 
the metal. This "polarizing" film can be effective in 
reducing water to metal contact and thus in reducing 
corrosion. Yet it is clear that anything which breaks 
down this barrier film tends to increase the rate of 

corrosion. Dissolved oxygen in the water will react with the hydrogen, 
converting it to water, and destroying the film.

High water velocities tend to sweep the film away, exposing fresh metal to 
the water. Similarly, solid particles in the water can brush the hydrogen film 
from the metal. Other corrosion accelerating forces include high 
concentrations of free hydrogen ions (low pH) which speed the release of 
the electrons, and high water temperatures, which increase virtually all 
chemical reaction, rates. Thus a variety of natural and environmental 
factors can have significant effects on the corrosion rate of metals, even 
when no other special conditions are involved.

1.1 Passivity of Metals
The passivation behaviour of a metal is typically studied with a basic 
electrochemical testing set-up. When the potential of a metallic component 
is controlled and shifted in the more anodic (positive) direction, the current 
required to cause that shift will vary. If the current required for the shift 
has the general polarization behavior illustrated here, the metal is termed 
active-passive and can be anodically protected.

Only a few systems exhibit this behavior in an appreciable and usable way. 
The corrosion rate of an active-passive metal can be significantly reduced 
by shifting the potential of the metal so that it is at a value in the passive 
range. The current required to shift the potential in the anodic direction 
from the corrosion potential Ecorr can be several orders of magnitude greater 
than the current necessary to maintain the potential at a passive value. The 
current will peak at the passivation potential value shown as Epp.

In order to produce passivation the critical current density (icc) must be 
exceeded. The anodic potential must then be maintained in the passive 
region without allowing it to fall back in the active region or getting into the 
transpassive region, where the protective anodic film can be damaged and 
even break down completely. It follows that although a high current density 
may be required to cause passivation (> icc), only a small current density is 
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required to maintain it, and that in the passive region the corrosion rate 
corresponds to the passive current density (ip).

Passivity can also be readily produced in the absence of an externally 
applied passivating potential by using oxidants to control the redox 
potential of the environment. Very few metals will passivate in non-
oxidising acids or environments, when the redox potential is more cathodic 
than the potential at which hydrogen can be produced. A good example of 
that behaviour is titanium, and some of its alloys, that can be readily 
passivated by most acids, whereas mild steel requires a strong oxidising 
agent, such as fuming nitric acid, for its passivation.

Alloying with a more easily passivated metal normally increases the ease of 
passivation and lowers the passivation potential, as in the alloying of iron 
and chromium in 10% sulfuric acid. Small additions of copper in carbon 
steels have been found to reduce ip in sulfuric acid. Each alloy system has 
to be evaluated for its own passivating behaviour as illustrated by the case 
Ni-Cr alloys where both the additions of nickel to chromium and chromium 
to nickel decrease the critical current density in a mixture of sulfuric acid 
and 0.25 M potassium sulfate.

1.2 Uniform Corrosion
Uniform corrosion is characterised by 
corrosive attack proceeding evenly 
over the entire surface area, or a 
large fraction of the total area. 
General thinning takes place until 
failure. On the basis of tonnage 
wasted, this is the most important 
form of corrosion. 

The breakdown of protective coating
systems on structures often leads to 
this form of corrosion. Dulling of a bright or polished surface, etching by 
acid cleaners, or oxidation (discoloration) of steel are examples of surface 
corrosion. Corrosion resistant alloys and stainless steels can become 
tarnished or oxidised in corrosive environments. Surface corrosion can 
indicate a breakdown in the protective coating system, however, and should 
be examined closely for more advanced attack. If surface corrosion is 
permitted to continue, the surface may become rough and surface corrosion 
can lead to more serious types of corrosion. However, uniform corrosion is 
relatively easily measured and predicted, making disastrous failures 
relatively rare. In many cases, it is objectionable only from an appearance 
standpoint. As corrosion occurs uniformly over the entire surface of the 
metal component, it can be practically controlled by cathodic protection, 
use of coatings or paints, or simply by specifying a corrosion allowance. In 
other cases uniform corrosion adds colour and appeal to a surface. Two 
classics in this respect are the patina created by naturally tarnishing copper 
roofs and the rust hues produced on weathering steels. 
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1.3 Definition of a Corrosion Cell 
Nature can stipulate corrosion in many fashions. The force behind the 
corrosion attraction of metals towards the formation of stable oxides or 
other oxidised forms of metals can be divided into three types: 

1.3.1 Composition Cell

Composition cells (also known as Galvanic cells) arise when two metals with 
dissimilar compositions or microstructures come into contact in the 
presence of an electrolyte. The two most common examples follow: 

Dissimilar metals: Formed by two single-phase metals in contact, such as 
iron and zinc, or nickel and gold. The metal that is higher on the 
Electrochemical Series will be the cathode. The other metal will suffer 
anodic reactions and will corrode. 

Incidentally, dissimilar metal contact (while bathed in a suitable 
electrolyte) is the technology behind the construction of batteries. The 
voltage of a battery directly follows from the natural electrode potential of 
the corrosion reactions present inside the battery. Hence, controlled 
corrosion is a good thing! 

Multi-phase alloy: Formed by a metal alloy composed of multiple phases, 
such as a stainless steel, a cast iron, or an aluminum alloy. The individual 
phases possess different electrode potentials, resulting in one phase acting 
as an anode and subject to corrosion. 

1.3.2 Stress Cell 

Stress cells can exist in a single piece of metal where a portion of the 
metal's microstructure possesses more stored strain energy than the rest of 
the metal. Metal atoms are at their lowest strain energy state when situated 
in a regular crystal array. 

Grain boundaries: By definition, metal atoms situated along grain 
boundaries are not located in a regular crystal array (i.e. a grain). Their 
increased strain energy translates into an electrode potential that is anodic
to the metal in the grains proper. Thus, corrosion can selectively occur 
along grain boundaries. 

High localized stress: Regions within a metal subject to a high local stress 
will contain metal atoms at a higher strain energy state. As a result, high-
stress regions will be anodic to low-stress regions and can corrode 
selectively. 

For example, bolts under load are subject to more corrosion than similar 
bolts that are unloaded. A good rule of thumb is to select fasteners that are 
cathodic (i.e. higher on the Electrochemical Series) to the metal being 
fastened in order to prevent fastener corrosion. 
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Cold worked: Regions within a metal subjected to cold-work contain a 
higher concentration of dislocations, and as a result will be anodic to non-
cold-worked regions. Thus, cold-worked sections of a metal will corrode 
faster. For example, nails that are bent will often corrode at the bend, or at 
their head where they were worked by the hammer. 

1.3.3 Concentration Cell 

Concentration cells can arise when the concentration of one of the species 
participating in a corrosion reaction varies within the electrolyte. 

Electrolyte concentration: Consider a metal bathed in an electrolyte 
containing its own ions. The basic corrosion reaction where a metal atom 
losses an electron and enters the electrolyte as an ion can proceed both 
forward and backwards, and will eventually reach equilibrium. 

If a region of the electrolyte (adjacent to the metal) were to exhibit a 
decreased concentration of metal ions, this region would become anodic to 
the other portions of the metal surface. As a result, this portion of the 
metal would corrode faster in order to increase the local ion concentration. 

The net affect is that local corrosion rates are modulated in order to 
homogenise reduction ion concentrations within the electrolyte. 

Oxidation concentration: Perhaps the most common concentration cell 
affecting engineered structures is that of dissolved oxygen. When oxygen 
has access to a moist metal surface, corrosion is promoted. However, it is 
promoted the most where the oxygen concentration is the least (for the 
reasons described in the above box). 

As a result, sections of a metal that are covered by dirt or scale will often 
corrode faster, since the flow of oxygen to these sections is restricted. An 
increased corrosion rate will lead to increased residue, further restricting 
the oxygen flow to worsen the situation. Pitting often results from this 
"runaway" reaction. 

1.4 Galvanic Corrosion
Galvanic corrosion (also called ' dissimilar metal corrosion' or wrongly 
'electrolysis') refers to corrosion damage induced when two dissimilar 
materials are coupled in a corrosive electrolyte. It occurs when two (or 
more) dissimilar metals are brought into electrical contact under water. 
When a galvanic couple forms, one of the metals in the couple becomes the 
anode and corrodes faster than it would all by itself, while the other 
becomes the cathode and corrodes slower than it would alone. Either (or 
both) metal in the couple may or may not corrode by itself (themselves) in 
seawater. When contact with a dissimilar metal is made, however, the self 
corrosion rates will change:

� corrosion of the anode will accelerate,
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� corrosion of the cathode will decelerate or even stop.

The driving force for corrosion is a potential difference between the 
different materials. The bimetallic driving force was discovered in the late 
part of the eighteenth century by Luigi Galvani in a series of experiments 
with the exposed muscles and nerves of a frog that contracted when 
connected to a bimetallic conductor. The principle was later put into a 
practical application by Alessandro Volta who built, in 1800, the first 
electrical cell, or battery: a series of metal disks of two kinds, separated by 
cardboard disks soaked with acid or salt solutions. This is the basis of all 
modern wet-cell batteries, and it was a tremendously important scientific 
discovery, because it was the first method found for the generation of a 
sustained electrical current.

The principle was also engineered into the useful protection of metallic 
structures by Sir Humphry Davy and Michael Faraday in the early part of the 
nineteenth century. The sacrificial corrosion of one metal such as zinc, 
magnesium or aluminium is a widespread method of cathodically protecting 
metallic structures.

In a bimetallic couple, the less noble material will become the anode of this 
corrosion cell and tend to corrode at an accelerated rate, compared with 
the uncoupled condition. The more noble material will act as the cathode in 
the corrosion cell. Galvanic corrosion can be one of the most common forms 
of corrosion as well as one of the most destructive.

The relative nobility of a material can be predicted by measuring its 
corrosion potential. The well known galvanic series lists the relative nobility 
of certain materials in sea water. A small anode/cathode area ratio is highly 
undesirable. In this case, the galvanic current is concentrated onto a small 
anodic area. Rapid thickness loss of the dissolving anode tends to occur 
under these conditions. Galvanic corrosion problems should be solved by 
designing to avoid these problems in the first place. Galvanic corrosion cells 
can be set up on the macroscopic level or on the microscopic level. On the 
microstructural level, different phases or other microstructural features can 
be subject to galvanic currents. 
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1.4.1 Galvanic Corrosion of the Statue of Liberty

The galvanic reaction 
between iron and copper was 
originally mitigated by 
insulating copper from the 
iron framework using an 
asbestos cloth soaked in 
shellac. However, the 
integrity and sealing property 
of this improvised insulator 
broke down over the many 
years of exposure to high 
levels of humidity normal in a 
marine environment. The 
insulating barrier became a 
sponge that kept the salted 
water present as a 
conductive electrolyte, 
forming a crude 
electrochemical cells as and Volta had discovered a century earlier. The 
formation of expanded material that followed was typical of confined 
situations found in crevice corrosion.

1.4.2 http://www.corrosion-doctors.org/Aircraft/galvseri-sea.htmStainless screw v 
cadmium plated steel washer

This is one of the most common forms of corrosion 
as well as one of the most destructive. Here�s a 
classic example of galvanic corrosion; a stainless 
screw in contact with a cadmium plated steel 
washer.

1.5 Testing for Localised Corrosion
These are the types of corrosion in which there is intense attack at localised 
sites on the surface of a component whilst the rest of the surface is 
corroding at a much lower rate - either because of an inherent property of 
the component material (such as the formation of a protective oxide film) 
or because of some environmental effect. Indeed the main surface may be 
essentially under satisfactory corrosion control. In such circumstances, if 
corrosion protection breaks down locally then corrosion may be initiated at 
these local sites. 

If this event occurs under a deposit on the surface (perhaps a weld deposit 
or some solid debris from the environment) or at the joint of a bolted 
assembly etc, the attack is termed, �crevice corrosion�. If the attack 
initiates on the free surface of a component, it is termed �pitting�. The 
resistance to these two types of localised corrosion varies greatly between 
different materials and is extremely dependent upon environmental factors.

http://www.corrosion
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The occurrence of localised corrosion is a manifest proof that the anodic 
surface area can be much smaller than the cathodic. The Sa/Sc ratio, or 
degree of localisation, can be an important driving force of all localised 
corrosion problems since a corrosion situation corresponds to equal anodic 
and cathodic absolutes currents. Corrosive microenvironments, which tend 
to be very different from the bulk environment, often play a role in the 
initiation and propagation of corrosion pits. This greatly complicates the 
prediction task.

In general terms, small corrosion anodic areas correspond to severe 
corrosion problems with low delectability. The industrial importance of 
localised corrosion problems has been revealed in many reports. The 
following pie chart summarises the findings of 363 corrosion failure cases 
investigated in a major chemical processing company. The importance of 
pitting comes second (22%) after general corrosion and before stress 
corrosion cracking(SCC) which is, by the way, often initiated by pitting. 
Crevice corrosion comes fourth at 12%. 

1.5.1 Localised Attack

Stainless steels are rarely used in soil applications, as their corrosion 
performance in soil is generally poor. Localised corrosion attack is a 
particularly serious concern. The presence of halide ions and concentration 
cells developed on the surface of these alloys tend to induce localised 
corrosion damage.

The two most common mechanisms of reinforcing steel corrosion damage in 
concrete are:
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� localised breakdown of the passive film by chloride ions,

� carbonation, a decrease in pore solution pH leading to a general 
breakdown in passivity.

Harmful chloride ions usually originate from de-icing salts applied in cold 
climate regions or from marine type environments/atmospheres. 
Carbonation damage is predominantly induced by a reaction of concrete 
with carbon dioxide (CO2) in the atmosphere.

Chloride induced rebar corrosion tends to be a localised corrosion process, 
with the original passive surface being destroyed locally under the influence 
of chloride ions. Apart from the internal stresses created by the formation 
of corrosion products leading to cracking and spalling of the concrete cover, 
chloride attack ultimately reduces the cross section and significantly 
compromises the load carrying capability of steel reinforced concrete.

1.5.2 Pitting Corrosion

Pitting corrosion is a localised form of corrosion by which cavities or "holes" 
are produced in the material. Pitting is considered to be more dangerous 
than uniform corrosion damage because it is more difficult to detect, 
predict and design against. Corrosion products often cover the pits. A small, 
narrow pit with minimal overall metal loss can lead to the failure of an 
entire engineering system. Pitting corrosion, which, for example, is almost a 
common denominator of all types of localised corrosion attack, may take 
different shapes. Pitting is initiated by: 

� Localised chemical or mechanical damage to the protective oxide film; 
water chemistry factors which can 
cause breakdown of a passive film 
are acidity, low dissolved oxygen 
concentrations (which tend to 
render a protective oxide film less 
stable) and high concentrations of 
chloride (as in seawater), 

� Localised damage to, or poor 
application of, a protective 
coating, 

� The presence of non-uniformities 
in the metal structure of the 
component, e.g. non-metallic inclusions. 

Pitting corrosion can produce pits with their mouth open (uncovered) or 
covered with a semi-permeable membrane of corrosion products. Pits can 
be either hemispherical or cup-shaped. Apart from the localised loss of 
thickness, corrosion pits can also be harmful by acting as stress risers. 
Fatigue and stress corrosion cracking may initiate at the base of corrosion 
pits. One pit in a large system can be enough to produce the catastrophic 
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failure of that system. An extreme example of such catastrophic failure 
happened recently in Mexico, where a single pit in a gasoline line running 
over a sewer line was enough to create great havoc to a city, killing 215 
people in Guadalajara. 

1.5.3 Crevice Corrosion

Crevice corrosion is a localised form 
of corrosion usually associated with a 
stagnant solution on the micro-
environmental level. Such stagnant 
microenvironments tend to occur in 
crevices (shielded areas) such as 
those formed under gaskets, 
washers, insulation material, 
fastener heads, surface deposits, 
disbonded coatings, threads, lap 
joints and clamps. Crevice corrosion 
is initiated by changes in local 
chemistry within the crevice: 

� Depletion of inhibitor in the crevice,

� Depletion of oxygen in the crevice,

� A shift to acid conditions in the crevice,

� Build-up of aggressive ion species (e.g. chloride) in the crevice. 

As oxygen diffusion into the crevice is restricted, a differential aeration cell 
tends to be set up between crevice (microenvironment) and the external 
surface (bulk environment). The cathodic oxygen reduction reaction cannot 
be sustained in the crevice area, giving it an anodic character in the 
concentration cell. This anodic imbalance can lead to the creation of highly 
corrosive micro-environmental conditions in the crevice, conducive to 
further metal dissolution. This results in the formation of an acidic micro-
environment, together with a high chloride ion concentration. 

All forms of concentration cell corrosion can be very aggressive, and all 
result from environmental differences at the surface of a metal. Even the 
most benign atmospheric environments can become extremely aggressive. 

The most common form is oxygen differential cell corrosion. This occurs 
because moisture has a lower oxygen content when it lies in a crevice than 
when it lies on a surface. The lower oxygen content in the crevice forms an 
anode at the metal surface. The metal surface in contact with the portion 
of the moisture film exposed to air forms a cathode.

A special form of crevice in which the aggressive chemistry build-up occurs 
under a protective film that has been breached is called filiform corrosion. 
Another important for of crevice corrosion occurs under insulation.
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1.6 Stress Corrosion Cracking
Stress corrosion cracking (SCC) is the cracking induced from the combined 
influence of tensile stress and a corrosive environment. The impact of SCC 
on a material usually falls between dry cracking and the fatigue threshold of 
that material. The required tensile stresses may be in the form of directly 
applied stresses or in the form of residual stresses. The problem itself can 
be quite complex. The situation with buried pipelines is a good example of 
such complexity.

Cold deformation and forming, welding, heat treatment, machining and 
grinding can introduce residual stresses. The magnitude and importance of 
such stresses is often underestimated. The residual stresses set up as a 
result of welding operations tend to approach the yield strength. The build-
up of corrosion products in confined spaces can also generate significant 
stresses and should not be overlooked. SCC usually occurs in certain specific 
alloy environment-stress combinations.

Usually, most of the surface remains unattacked, 
but with fine cracks penetrating into the material. 
In the microstructure, these cracks can have an 
intergranular or a transgranular morphology. 
Macroscopically, SCC fractures have a brittle 
appearance. SCC is classified as a catastrophic 
form of corrosion, as the detection of such fine 
cracks can be very difficult and the damage not 
easily predicted. Experimental SCC data is 
notorious for a wide range of scatter. A disastrous 
failure may occur unexpectedly, with minimal 

overall material loss. The micrograph on the right 
(X500) illustrates intergranular SCC of an Inconel 
heat exchanger tube with the crack following the 
grain boundaries. The micrograph on the left 
(X300) illustrates SCC in a 316 stainless steel 
chemical processing piping system. Chloride stress 
corrosion cracking in austenitic stainless steel is 
characterised by the multi-branched "lightning 
bolt" transgranular crack pattern. 

The catastrophic nature of this severe form of corrosion attack has been 
repeatedly illustrated in many news worthy failures, including the following:

� Swimming pool roof collapse in Uster, Switzerland,

� EL AL Boeing 747 crash in Amsterdam.
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1.6.1 Stress Corrosion Cracking (SCC) Defined

Chloride SCC One of the most important forms of stress corrosion that 
concerns the nuclear industry is chloride stress corrosion. Chloride stress 
corrosion is a type of intergranular corrosion and occurs in austenitic 
stainless steel under tensile stress in the presence of oxygen, chloride ions, 
and high temperature. It is thought to start with chromium carbide deposits 
along grain boundaries that leave the metal open to corrosion. This form of 
corrosion is controlled by maintaining low chloride ion and oxygen content 
in the environment and use of low carbon steels.

Caustic SCC Despite the extensive qualification of Inconel for specific 
applications, a number of corrosion problems have arisen with Inconel 
tubing. Improved resistance to caustic stress corrosion cracking can be given 
to Inconel by heat treating it at 620oC to 705oC, depending upon prior 
solution treating temperature. Other problems that have been observed 
with Inconel include wastage, tube denting, pitting, and intergranular 
attack.

The most effective means of preventing SCC are: design properly with the 
right materials; 2) reduce stresses; 3) remove critical environmental species 
such as hydroxides, chlorides, and oxygen; 4) and avoid stagnant areas and 
crevices in heat exchangers where chloride and hydroxide might become 
concentrated. Low alloy steels are less susceptible than high alloy steels, 
but they are subject to SCC in water containing chloride ions. 

1.7 Stainless Steel Corrosion
There are five main types of stainless steel: ferritic, martensitic, austenitic, 
precipitation hardening and duplex. The ferritic and martensitic grades are 
so named because of their crystal structures. Both are iron-chromium-based 
alloys and were the type of stainless steel first developed in the early 
1900�s. The ferritic and martensitic stainless steels are magnetic. The 
martensitic stainless steels can be hardened by a heat treatment similar to 
that used to harden ordinary steel, namely, heating to a high temperature, 
quenching, then reheating to an intermediate temperature (tempering) to 
achieve the desired balance of hardness and ductility.

Stainless and heat resisting steels possess unusual resistance to attack by 
corrosive media at atmospheric and elevated temperatures, and are 
produced to cover a wide range of mechanical and physical properties for 
particular applications. Along with iron and chromium, all stainless steels 
contain some carbon. It is difficult to get much less than about 0.03 % and 
sometimes carbon is deliberately added up to 1.00% or more. The more 
carbon there is, the more chromium must be used, because carbon can take 
from the alloy about seventeen times its own weight of chromium to form 
carbides. Chromium carbide is of little use for resisting corrosion. The 
carbon, of course, is added for the same purpose as in ordinary steels to 
make the alloy stronger.
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Stainless steels are mainly used in wet environments. With increasing 
chromium and molybdenum contents, the steels become increasingly 
resistant to aggressive solutions. The higher nickel content reduces the risk 
of SCC. Austenitic steels are more or less resistant to general corrosion, 
crevice corrosion and pitting, depending on the quantity of alloying 
elements. Resistance to pitting and crevice corrosion is very important if 
the steel is to be used in chloride containing environments. Resistance to 
pitting and crevice corrosion typically increases with increasing contents of 
chromium, molybdenum and nitrogen.

Corrosion resistance of stainless steels is a function not only of composition, 
but also of heat treatment, surface condition, and fabrication procedures, 
all of which may change the thermodynamic activity of the surface and thus 
dramatically affect the corrosion resistance. It is not necessary to 
chemically treat stainless steels to achieve passivity. The passive film forms 
spontaneously in the presence of oxygen. Most frequently, when steels are 
treated to improve passivity (passivation treatment), surface contaminants 
are removed by pickling to allow the passive film to reform in air, which it 
does almost immediately. Most of the ferritic and martensitic stainless 
steels have limited corrosion resistance in marine environments, but some 
of the newly developed ferritic grade s (often called �superferritics�) have 
excellent marine corrosion resistance and are widely used in applications 
such as tubes for power plant condensers.

1.7.1 Stainless Steel Weld Decay

This type of intergranular corrosion can occur in the heat-affected zone of 
welded components and also in cast components of stainless steel due to 
precipitation, during cooling, of chromium carbides at the grain boundaries 
(and hence loss of chromium in the immediately-adjacent zone). The local 
loss in corrosion resistance arises because the chromium is crucial in 
promoting the formation of a Cr-rich passive film on the surface of stainless 
steels. The susceptibility to weld decay can be counteracted by carrying out 
a suitable post-weld heat treatment to restore a uniform composition at the 
grain boundaries but this is clearly often not a practicable proposition. 
Consequently the usual strategy in combating weld decay is by the choice of 
stainless steel with either of the two following features:

� specification of a stainless steel containing a small amount of either 
titanium or niobium; which have a higher affinity than does chromium 
for carbon: hence carbides of these elements tend to form instead of 
chromium carbides, thus avoiding the Cr-depletion problem: such steels 
are usually termed �stabilised stainless steels� 

� specification of a stainless steel with low carbon content (< 0.03%); this 
will clearly decrease the likelihood of carbide formation in the steel. 
Such low-carbon grades of stainless steel are often designated by a �L� 
in their code; for instance the �316� grade of steel (18%Cr/10Ni/2.5Mo) 
is designated as �316L� when its carbon content has been limited in this 
way.  
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2 Reference Electrodes

2.1 Reference electrode: Definition
A reference electrode is used in 
measuring the working electrode 
potential of an electrochemical cell. A 
reference electrode should have a stable 
electrochemical potential as long as no 
current flows through it.  The most 
common laboratory reference electrodes 
are the Saturated Calomel Electrode (SCE) and 
the Silver/Silver Chloride (Ag/AgCl) electrodes. In field 
probes, a (a piece of the working electrode material) can be used. A 
Luggin capillary is often used to position the sensing point of a reference 
electrode to a desired point in a cell.

2.2 Standard Electrode Potentials
Standard potential differences are the actual cell potential differences 
measured in reversible cells under standard conditions. For solid or liquid 
compounds or elements, standard conditions are the pure compound or 
element; for gases they are 100 kPa pressure, and for solutes they are the 
ideal 1 molar (mol/liter) concentration.

Tables of standard electrode potentials can be obtained if any one 
electrode, operated under standard conditions, is designated as the 
standard electrode or standard reference electrode with which all other 
electrodes will be compared. This electrode is called the standard hydrogen 
electrode, abbreviated SHE The potential difference across a reversible cell 
made up of any electrode and a Standard hydrogen electrode (SHE) is called 
the reversible potential of that electrode, E. 

If this other electrode is also being operated under standard conditions of 
pressure and concentration, then the reversible potential difference across 
the cell is the standard electrode potential E0 of that electrode. In many 
practical potential measurements, the standard hydrogen electrode cannot 
be used because hydrogen reacts with other substances in the cell or 
because other substances in the cell react with the catalytic platinum 
electrode surface upon which the H+/H2 potential is established.

It is often much more convenient to use alternative electrodes whose 
potentials are precisely known with respect to the SHE Two of the 
electrodes most commonly used for this purpose are the Ag/AgCl electrode, 
//AgCl(s),Cl-/Ag(c) at E0 = +0.2224 V vs. SHE, and the saturated calomel 
electrode (SCE) at 0.241 V vs. SHE The effect of changing the reference 
electrode is to change the zero of a potential scale while leaving the 
relative positions of all of the potentials unchanged.
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Equilibrium reaction of the main reference electrodes used in corrosion 

Name Equilibrium reaction 

Hydrogen 2 H+ + 2 e- = H2

Silver chloride AgCl + e- = Ag + Cl-

Calomel Hg2Cl2 + 2 e- = 2 Hg + 2 Cl-

Mercurous 
sulfate Hg2SO4 + 2 e- = 2 Hg + SO4

2-

Mercuric HgO + 2 e- + 2 H+ = Hg + H2O

Copper sulfate Cu2+ + 2 e- = Cu (sulfate 
solution)

The potential corresponding to these half-reactions can be calculated from 
basic thermodynamic data by . first calculating the energy at a function of 
temperature for all chemical species involved then using Nernst equation to 
adjust for non standard activities or concentrations. 

2.3 Nernst Equation
The Nernst equation, named after the German chemist Walter Nernst, can 
be derived from the equation linking free energy changes to the reaction 
quotient:

where, for a generalised equation of the form:

aA + bB + ..�. mM + nN + ..

and the reaction quotient:

where aM, aN, ..., aA, aB ... are the activities of the respective species in the 
generalized equation. The power terms of these activities correspond to the 
coefficients in the same equation. Some of the species that take part in 
electrode reactions are pure solid compounds and pure liquid compounds. In 
dilute aqueous solutions, water can be treated as a pure liquid. For pure 
solid compounds or pure liquid compounds, activities are constant and their 
values are considered to be one. The activities of gases are usually taken as 
their partial pressures and the activities of solutes such as ions are usually 
taken as their molar concentrations: i.e. ai = �i [i] � [i] where [i] and �i are 
respectively the molar concentration and the activity coefficient of species 
i.
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In the case of an electrochemical reaction, substitution of the relationships 
�G = -nFE and �G0 = -nFE0 into the expression of a reaction free energy and 
division of both sides by -nF gives the Nernst equation for an electrode 
reaction:

Combining constants at 25oC (298.15 K) gives the simpler form of the Nernst 
equation for an electrode reaction at this standard temperature:

In this equation, the electrode potential E is the actual potential difference 
across a cell in which this electrode and a standard hydrogen electrode are 
present. Alternatively two Nernst equations corresponding to two half-cell 
reactions can be combined into the Nernst equation for a cell reaction:

2.3.1 Stability of Water

The following equation describes the equilibrium between hydrogen ions 
and hydrogen gas in an aqueous environment:

2 H+ + 2 e- = H2

which can be rewritten as following in neutral or alkaline solutions:

2 H2O + 2 e- = H2 + 2 OH-

At higher pH than neutral, this second equation is more appropriate. 
However both equations signify the same reaction for which the 
thermodynamic behaviour can be expressed by a Nernst equation:

that transforms into the following at 25oC and hydrogen partial pressure (p) 
of 1 atm:

These equations delineate the stability of water in a reducing environment 
and are represented in a graphical form by the sloping line (a) on Pourbaix 
diagrams. Below line (a) the equilibrium reaction indicates that the 
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decomposition of H2O into hydrogen is favored while it is thermodynamically 
stable above that line. As potential becomes more positive or noble, water 
can be decomposed into its other constituent, i.e. oxygen. The equations 
representing respectively the acidic form and neutral or basic form of this 
equilibrium are written as:

O2 + 4 H+ +4 e- = 2 H2O

O2 + 2 H2O +4 e- = 4 OH-

And again these equivalent equations can be used to develop a Nernst
expression of the potential in standard conditions of temperature and 
oxygen pressure:

The line labelled (b) in Pourbaix diagrams represents the behaviour of E vs. 
pH for this last equation.

2.3.2 Chemical Thermodynamics

One can use thermodynamics, e.g. Pourbaix or E-pH diagrams, to evaluate 
the theoretical activity of a given metal or alloy provided the chemical 
make-up of the environment is known. But for practical situations, it is 
important to realise that the environment is a variable that can change with 
time and conditions. It is also important to realise that the environment 
that actually affects a metal corresponds to the micro-environmental 
conditions this metal really 'sees', i.e. the local environment at the surface 
of the metal.

It is indeed the reactivity of this local environment that will determine the 
real corrosion damage. Thus, an experiment that would investigate only the 
nominal environmental condition without consideration for local effects 
such as flow, pH cells, deposits, and galvanic effects is useless for lifetime 
prediction.

2.3.3 Pourbaix Diagrams

Building a Pourbaix or E-pH diagram to represent the stability of a metal or 
an alloy in a given environment is not an insurmountable task. However it 
could take a few hours of your precious time to produce what is commonly a 
universally accepted tool to discuss the expected behaviour of metals, many 
Thanks to the well known Belgium scientist that gave his name to these 
diagrams.
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The process of building these diagrams should always follow the following 
steps:

1. Study background reference material on the metal/environment of 
choice. For the Iron-water system we found four acceptable 
references. 

2. Decide on the species that will be considered. For the Iron-water 
system the data representing the species considered is abundantly 
available. 

3. Decide on the target state of the species considered. For many 
metals and alloys there are different levels of hydration in the scale 
of stability. The Iron-water system is typically described in two states 
of hydration, i.e. wet and dry. The addition of extraneous soluble 
species such as commonly present chloride and sulfate ions can 
greatly complicate the thermodynamic picture.

4. Write down the equations interrelating the chemical species 
corresponding to the state chosen. 

5. Well, now that the easy part is done, one has to go over a few 
sleepless nights to come to the diagram below.

2.3.4 Pourbaix Diagram of Iron at 25oC

The following diagram, produced with the KTS Thermo Excel add-on and 
modified for the Internet, describes the potential-pH equilibrium diagram 
for the system iron-water at 25oC considering only the hydrated forms of the 
possible s. The gray zone describes the region of stability of the base metal 
(Fe or iron), also called the immunity region according to Pourbaix. The 
orange zone indicates where one could expect to see rust, a non-protective 
form of corroded iron.

Thermodynamic principles can help explain a corrosion situation in terms of 
the stability of chemical species and reactions associated with corrosion 
processes. However, thermodynamic calculations cannot be use to predict 
corrosion rates. When two are put in contact, they can produce a voltage as 
in a battery or electrochemical cell causing galvanic corrosion. The material 
lower in what has been called the 'galvanic series' will tend to become the 
anode and corrode while the material higher in the series will tend to 
support a cathodic reaction. Iron or aluminium, for example, will have a 
tendency to corrode when connected to graphite or platinum. What the 
series cannot predict is the rate at which these metals corrode. Electrode 
kinetic principles have to be used to estimate these rates.
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2.3.5 E-pH Diagram of Iron at 25oC

The pale blue region indicates where the most stable iron species is 
Fe(OH)2, a rarely encountered and highly soluble form of corroded iron, also 
called 'blue rust' or 'green rust'. The white regions indicate where soluble 
species would be predominant at concentrations of either 1, 0.01, 0.0001 or 
0.000001 molar.

2.3.6 Reference Electrode Potentials

A chart for the conversion of different electrode potentials is shown on the 
next page.
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3 Corrosion in Concrete
Contrary to common belief, concrete itself is a complex composite material. 
It has low strength when loaded in tension and hence it is common practice 
to reinforce concrete with steel, for improved tensile mechanical 
properties. Concrete structures such as bridges, buildings, elevated 
highways, tunnels, parking garages, offshore oil platforms, piers and dam 
walls all contain reinforcing steel (rebar). The principal cause of 
degradation of steel reinforced structures is corrosion damage to the rebar 
embedded in the concrete.

Iron is unstable in nature, and because reinforcing steel used in precast 
concrete is made largely of iron, it, too, becomes unstable when exposed to 
corrosive agents such as salt, carbonation, and even air. Iron, as we 
commonly recognise it, is not generally found in nature because of its 
instability. It takes a great deal of energy to produce iron from its ore, and 
even then it is so unstable that it must be coated to keep it from reverting 
back to its ore forms (hematite, magnetite, and limonite).

The two most common causes of reinforcement corrosion are (i) localised 
breakdown of the passive film on the steel by chloride ions and (ii) general 
breakdown of passivity by neutralisation of the concrete, predominantly by 
reaction with atmospheric carbon dioxide. Sound concrete is an ideal 
environment for steel but the increased use of deicing salts and the 
increased concentration of carbon dioxide in modern environments 
principally due to industrial pollution, has resulted in corrosion of the rebar 
becoming the primary cause of failure of this material. The scale of this 
problem has reached alarming proportions in various parts of the world.

3.1 Magnitude of the Rebar Corrosion Problems
It was recognised by the mid 1970s that the corrosion of concrete structures 
was caused by the corrosion of the reinforcing steel in the concrete which, 
in turns, was induced by the intrusion of even a small amount of chloride 
from the deicing salts into the concrete. It is difficult to estimate the cost 
of these corrosion-related damages to conventionally reinforced and 
prestressed concrete bridge components in the nation. According to a 1997 
report, of the 581,862 bridges in and off the U.S.A. federal-aid system, 
about 101,518 bridges were rated as structurally deficient. Most of these 
bridges were not in danger of collapse, but they were likely to be load 
posted so that overweight trucks will be required to take a longer 
alternative route.

The estimated cost to eliminate all backlog bridge deficiencies (including 
structurally and functionally) was approximately $78 billions, and it could 
increase to as much as $112 billions, depending on the number of years it 
takes to meet the objective. The average annual cost, through year 2011, 
for just maintaining the overall bridge conditions, i.e., the total number and 
the distribution of structurally and functionally deficient bridges, was 
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estimated to be $5.2 billions. While corrosion of the reinforcing steel was 
not the sole cause of all structural deficiencies, it was a significant 
contributor and has therefore becomes a matter of major concern.

The magnitude of this corrosion problem in the transportation infrastructure 
has increased significantly in the last three decades and is likely to keep 
increasing. Even though the cost of maintaining bridge decks is becoming 
prohibitively expensive, the benefits provided by deicing salts are too great, 
however, that it's use is not likely to decrease in the future. In fact, the use 
of road deicing salts, which are extremely corrosive due to the disruptive 
effects of its chloride ions on protective films on metals, has actually 
increased in the first half of the 1990s-after a levelling off during the 1980s.

3.2 Lime Cements, Plasters, Mortars and Concretes 
There is a plethora of terms used to describe the various products derived 
from calcined limestone. A definition of terms used in the context of this 
report is outlined below. The definitions here are based on features 
identifiable in hand specimen and are therefore intended for use by the 
field archaeologist. Consequently these definitions may differ somewhat 
from those applied by scientists employing microscopic and chemical 
techniques. 

3.2.1 Limestone 

Limestone is the natural rock type from which cements and concrete are 
derived. A limestone is a sedimentary rock composed of carbonates, namely 
the minerals calcite (calcium carbonate; CaCO3) and dolomite (calcium 
magnesium carbonate; CaMg[CO3]2), derived either chemically or 
organically. Being natural materials, limestone can have a wide range of 
depositional environment and components and can contain varying amounts 
of non-carbonate material. The type of limestone calcined to produce lime 
for the manufacture of cements and concrete can profoundly affect the 
durability and properties of the material produced. 

3.2.2 Lime 

"Calx", lime in Latin provides the etymological root for calcium, calcite and 
calcination. Strictly speaking, lime is calcium oxide. This is acquired by 
burning limestone, which in simplest terms, removes the carbon from the 
calcium carbonate (calcite). Lime forms the base for all cements and 
concrete. However the composition of the limestone being variable, the 
true composition of the lime is also variable, and the term may be generally 
used to described calcined limestone in general. Lime may also referred to 
as 'quicklime', 'unslaked lime' or 'lump lime'. 

3.2.3 Cement 

"Cement" is derived from caementa, which actually referred to the 
aggregates mixed with the slaked lime rather than the bonding agent itself. 
Opus caementicium refers to the masonry constructed from concrete 
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coursework. In the context of this work, the word cement is used exclusively 
in reference to the hardened binding material of any aggregate. In simplest 
terms, this is the slaked lime, which in the presence of air reverts to 
calcium carbonate. This material may also contain finely powdered 
admixtures, such as ash or fired ceramic. However, an alternative term for 
the hydrated lime binder is not put forward. In geological parlance, the 
term cement is used strictly to define material (often calcite, but 
occasionally silica) that adheres clasts in a rock, and generally the word 
�cement� is accepted in non-specialised use as a glue. Consequently it is 
defined as the adhesive binder in this report. 

3.2.4 Aggregate 

An aggregate is material added to a cement. In this report, the term does 
not include finely powdered additives to the cement such as ash. It is 
usually composed of rock fragments, chosen for their strengthening 
properties and occasionally for decorative reasons. Carefully chosen 
aggregates can make a concrete or mortar resemble natural rock. Organic 
material, including grasses, reeds and also bones can be used as aggregates, 
often in combination with rock material. Aggregates can be sub classed into 
categories of fine aggregates - that with dimensions less than 5 mm, and 
coarse aggregates - that with dimensions greater than 5 mm. 

3.2.5 Concrete and Mortar 

Both concrete and mortar are materials composed of a cement plus an 
aggregate. The two terms are very simply defined. A concrete is a material 
where the majority of the aggregate has dimensions greater than 5 mm. A 
mortar is a material having aggregate with dimensions less than 5 mm 
(Prentice, 1990). "mortar� from the Latin mortarium, originally referring to 
the trough in which the material was mixed, is often used wholesale to 
describe the bonding material of concrete masonry. This is a fair use of the 
term as this material binding brick-sized blocks, often laid in courses rather 
than haphazardly poured, is composed of lime cement with fine aggregate. 
Concrete should be used to describe material containing coarse aggregate 
generally used to fill formwork. 

3.2.6 Hydraulic Cements 

Hydraulic cements are waterproof and will even set underwater. 
Consequently most materials used in Roman and later periods for lining 
structures intended to carry water and for construction in marine and 
riparian environments will be hydraulic. Such materials are identified by the 
presence of finely pulverized material added to the cement binder which 
will cause discoloration from white to pale browns or pinks. Common 
additives, are volcanic ash or crushed ceramic sherds. These materials are 
known as pozzolans. 
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3.2.7 Pozzolans 

A pozzolan is defined as a siliceous and/or aluminous substance that will, in 
the presence of water combine with lime to form cementitious compounds. 
Such material include clays, that are rendered active by firing (fresh 
geological clays would absorb too much water during the curing process, 
resulting in spallation and ultimately cracking of the concrete), and other 
substances, including waste products from blast furnaces and even rice husk 
ash (see Hill, et al., 1992 and references therein). However, natural 
pozzolans are derived primarily from volcanogenic products. 

3.2.8 Plaster 

The term "plaster" is one of the most universally used, describing a 
multitude of products, usually those which will provide a smooth coat to a 
wall or other surface. Plaster of Paris is powdered gypsum (CaSO4.2H2O, 
derived from rocks distinctly different from limestones) which, with water 
added, will harden and set. Lime plaster is simply a mixture of lime, water 
and sand, or just lime and water in the case of whitewash. To avoid 
confusion, it is recommended that these terms should be used in full to 
define compositional types. 

3.2.9 Stucco 

Stucco, like plaster, is a term of complex use. However it is entrenched in 
all literature as describing two distinct materials. Firstly it is used to refer 
to a fine white mortar composed of lime, crushed marble and glue-like 
binding additive (egg-white for example) typically used for making good 
surfaces for painting frescoes or generally for smoothing walls. Alternatively 
it is used to describe decorative work in plaster of Paris. In this report, 
stucco will be used to define the former case alone. 

3.3 Nature of the Problem
In order to understand the mechanisms behind corrosion of reinforcing steel 
in concrete, one has to examine the chemical reactions involved. In 
concrete, the presence of abundant amount of calcium hydroxide and 
relatively small amounts of alkali elements, such as sodium and potassium, 
gives concrete a very high alkalinity-with pH of 12 to 13. It is widely 
accepted that, at the early age of the concrete, this high alkalinity results 
in the transformation of a surface layer of the embedded steel to a tightly 
adhering film, that is comprised of an inner dense spinel phase in epitaxial 
orientation to the steel substrate and an outer layer of ferric hydroxide. As 
long as this film is not disturbed, it will keep the steel passive and protected 
from corrosion.

When a concrete structure is often exposed to deicing salts, salt splashes, 
salt spray, or seawater, chloride ions from these will slowly penetrate into 
the concrete, mostly through the pores in the hydrated cement paste. The 
chloride ions will eventually reach the steel and then accumulate to beyond 
a certain concentration level, at which the protective film is destroyed and 
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the steel begins to corrode, when oxygen and moisture are present in the 
steel-concrete interface.

In 1962, it was reported that the required minimum concentration of 
chloride in the concrete immediately surrounding the steel to initiate 
corrosion, the chloride corrosion threshold, is 0.15% soluble chloride, by 
weight of cement. In typical bridge deck concrete with a cement factor of 
7, this is equivalent to 0.025% soluble chloride, by weight of concrete, or 
0.59 kg soluble chloride per cubic meter of concrete. Subsequent research 
at FHWA laboratories estimated the corrosion threshold to be 0.033% total 
chloride, by weight of concrete.

There are indications that the chloride corrosion threshold can vary 
between concrete in different bridges, depending on the type of cement 
and mix design used, which can vary the concentrations of tricalcium 
aluminate (C3A) and hydroxide ion (OH-) in the concrete. In fact, it has been 
suggested that because of the role that hydroxide ions play in protecting 
steel from corrosion, it is more appropriate to express corrosion threshold in 
terms of the ratio of chloride content to hydroxide content, [Cl-] / [OH-], 
which was recently established to be between 2.5 to 6.

Once corrosion sets in on the reinforcing steel bars, it proceeds in 
electrochemical cells formed on the surface of the metal and the 
electrolyte or solution surrounding the metal. Each cell is consists of a pair 
of electrodes (the anode and its counterpoint, the cathode) on the surface 
of the metal, a return circuit, and an electrolyte. Basically, on a relatively 
anodic spot on the metal, the metal undergoes oxidation (ionization), which 
is accompanied by production of electrons, and subsequent dissolution. 
These electrons move through a return circuit, which is a path in the metal 
itself to reach a relatively cathodic spot on the metal, where these 
electrons are consumed through reactions involving substances found in the 
electrolyte. In a reinforced concrete, the anode and the cathode are 
located on the steel bars, which also serve as the return circuits, with the 
surrounding concrete acting as the electrolyte.

Corrosion can also occur even in the absence of chloride ions. For example, 
when the concrete comes into contact with carbonic acid resulting from 
carbon dioxide in the atmosphere, the ensuing carbonation of the calcium 
hydroxide in the hydrated cement paste leads to reduction of the alkalinity, 
to pH as low as 8.5, thereby permitting corrosion of the embedded steel:

The rate of carbonation in concrete is directly dependent on the 
water/cement ratio (w/c) of the concrete, i.e., the higher the ratio the 
greater is the depth of carbonation in the concrete. In concrete of 
reasonable quality, that is properly consolidated and has no cracking, the 
expected rate of carbonation is very low. For example, in concrete with w/c 
of 0.45 and concrete cover 25 mm, it will require more than 100 years for 
carbonation to reach the concrete immediately surrounding the steel. 
Carbonation of concrete or mortar is more of an issue in Europe than in 
North America.
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3.4 Corrosion Control in Concrete
Given the importance of the costs associated with the corrosion of 
infrastructures, it is extremely important that all possible methods 
applicable to controlling corrosion in existing concrete bridges be developed 
so that these structures will not deteriorate prematurely. Equally important 
is developing methods to avoid this costly corrosion problem in all new 
concrete bridges to be constructed in the future. Accordingly, the control 
methods can be divided into two major areas:

� Corrosion control in new concrete constructions,

� Corrosion control for rehabilitation of existing concrete structures.

The use of good construction design and procedures, adequate concrete 
cover depth, corrosion-inhibiting admixture, and low-permeability concrete 
alone will not abate the problem, because concrete has a tendency to crack 
inordinately. Even corrosion-inhibiting admixture for concrete would likely 
not be of use when the concrete cracked. This situation essentially leaves 
the reinforcing steel itself as the last line of defense against corrosion. For 
this very reason, the use of a barrier system on the reinforcing steel, such as 
epoxy coating or other organic or even other possible metallic coatings, is 
even more critical in abating this costly corrosion problem. 

It is likely that there may never be any organic coating that can hold up to 
the extreme combination of constant wetting and high temperature and 
high humidity that reinforcing steel is often exposed to in the marine 
environments. The many successful performance of embedded epoxy-coated 
steel bars in different projects indicates that when used in exposure 
conditions that do not keep the concrete constantly wet, the epoxy coating 
will provide a certain degree of protection to the steel bars and, thereby, 
delay the initiation of corrosion. 

For existing chloride-contaminated concrete bridge decks, impressed-
current cathodic protection-using titanium mesh anodes-provides the 
ultimate and permanent solution to stopping reinforcing steel corrosion in 
the structures, as long as associated rectifiers and electrical wiring are 
properly maintained. Electrochemical chloride extraction provides an 
alternative rehabilitation method for stopping steel corrosion in 
contaminated concrete, albeit less permanently. This alternative has the 
advantage of having no rectifier or wiring to maintain after the treatment. 

3.5 Portland Cement
Portland cement is a closely controlled chemical combination of calcium, 
silicon, aluminum, iron and small amounts of other compounds, to which 
gypsum is added in the final grinding process to regulate the setting time of 
the concrete. Some of the raw materials used to manufacture cement are 
limestone, shells, and chalk or marl, combined with shale, clay, slate or 
blast furnace slag, silica sand, and iron ore. Lime and silica make up 
approximately 85 percent of the mass (1). 
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The term "Portland" in Portland cement originated in 1824 when an English 
mason obtained a patent for his product, which he named Portland Cement. 
This was because his cement blend produced concrete that resembled the 
color of the natural limestone quarried on the Isle of Portland in the English 
Channel.

Different types of Portland cement are manufactured to meet different 
physical and chemical requirements for specific purposes. The American 
Society for Testing and Materials (ASTM) Designation C 150 provides for eight 
types of Portland cement.

3.5.1 TYPE I

Type I is a general purpose Portland cement suitable for all uses where the 
special properties of other types are not required. It is used where cement 
or concrete is not subject to specific exposures, such as sulfate attack from 
soil or water, or to an objectionable temperature rise due to heat generated 
by hydration. Its uses include pavements and sidewalks, reinforced concrete 
buildings, bridges, railway structures, tanks, reservoirs, culverts, sewers, 
water pipes and masonry units.

3.5.2 TYPE II

Type II Portland cement is used where precaution against moderate sulfate 
attack is important, as in drainage structures where sulfate concentrations 
in groundwaters are higher than normal but not unusually severe. Type II 
cement will usually generate less heat at a slower rate than Type I. With 
this moderate heat of hydration (an optional requirement), Type II cement 
can be used in structures of considerable mass, such as large piers, heavy 
abutments, and heavy retaining walls. Its use will reduce temperature rise, 
an important quality when the concrete is placed in warm weather.

3.5.3 TYPE III

Type III is a high-early strength Portland cement that provides high strengths 
at an early period, usually a week or less. It is used when forms are to be 
removed as soon as possible, or when the structure must be put into service 
quickly. In cold weather, its use permits a reduction in the controlled curing 
period. Although richer mixtures of Type I cement can be used to gain high 
early strength, Type III, high-early-strength portland cement, may provide it 
more satisfactorily and more economically.

3.5.4 TYPE IA, IIA, IIIA

Specifications for three types of air-entraining Portland cement (Types IA, 
IIA, and IIIA) are given in ASTM C 150. They correspond in composition to 
ASTM Types I, II, and III, respectively, except that small quantities of air-
entraining materials are interground with the clinker during manufacture to 
produce minute, well-distributed, and completely separated air bubbles. 
These cements produce concrete with improved resistance to freeze-thaw 
action.
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3.5.5 TYPE IV

Type IV is a low heat of hydration cement for use where the rate and 
amount of heat generated must be minimized. It develops strength at a 
slower rate than Type I cement. Type IV portland cement is intended for use 
in massive concrete structures, such as large gravity dams, where the 
temperature rise resulting from heat generated during curing is a critical 
factor.

3.5.6 TYPE V

Type V is a sulfate-resisting cement used only in concrete exposed to severe 
sulfate action -- principally where soils or groundwaters have a high sulfate 
content. The following Table describes sulfate concentrations requiring the 
use of Type V Portland cement. Low Tricalcium Aluminate (C3A) content, 
generally 5% or less, is required when high sulfate resistance is needed.

Table:Attack on concrete by soils and waters containing various sulfate 
concentrations

Relative Degree of 
Sulfate Attack

Percentage Water-Soluble 
Sulfate (as SO4) in Soil 

Samples

Sulfate (as SO4) in 
Water Samples, ppm

Cement 
Type

Negligible 0.00 to 0.10 0 to 150 I 

Positive 0.10 to 0.20 150 to 1500 II 

Severe 0.20 to 2.00 1500 to 10,000 V 

Very Severe 2.00 or more 10,000 or more V plus 
pozzolan

3.6Acid Attack on Concrete
Concrete is susceptible to acid attack because of its alkaline nature. The 
components of the cement paste break down during contact with acids. 
Most pronounced is the dissolution of calcium hydroxide which occurs 
according to the following reaction:

2 HX + Ca(OH)2 -> CaX2 + 2 H2O (X is the negative ion of the acid)

The decomposition of the concrete depends on the porosity of the cement 
paste, on the concentration of the acid, the solubility of the acid calcium 
salts (CaX2) and on the fluid transport through the concrete. Insoluble 
calcium salts may precipitate in the voids and can slow down the attack. 
Acids such as nitric acid, hydrochloric acid and acetic acid are very 
aggressive as their calcium salts are readily soluble and removed from the 
attack front. Other acids such as phosphoric acid and humic acid are less 
harmful as their calcium salt, due to their low solubility, inhibit the attack 
by blocking the pathways within the concrete such as interconnected 
cracks, voids and porosity. Sulphuric acid is very damaging to concrete as it 
combines an acid attack and a sulfate attack. 
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Microscopic appearance

An acid attack is diagnosed primarily by two main features:

� Absence of calcium hydroxide in the cement paste 

� Surface dissolution of cement paste exposing aggregates

Exposed aggregate at 
concrete surface. Ordinary 
polarised light.

Exposed aggregate at 
concrete surface. Crossed 
polarised light. Calcium hydroxide depletion 

of cement paste. Crossed 
polarised light.
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4 Highway Bridges
4.1 Highway Bridges
According to a 1997 
report, of the 581,862 
bridges in and off the 
U.S.A. federal-aid 
system, about 101,518 
bridges were rated as 
structurally deficient. 
Most of these bridges 
were not in danger of 
collapse, but they were 
likely to be load posted 
so that overweight trucks 
will be required to take a 
longer alternative route. The estimated cost to eliminate all backlog bridge 
deficiencies (including structurally and functionally) was approximately $78 
billions, and it could increase to as much as $112 billions, depending on the 
number of years it takes to meet the objective. The average annual cost, 
through year 2011, for just maintaining the overall bridge conditions, i.e., 
the total number and the distribution of structurally and functionally 
deficient bridges, was estimated to be $5.2 billions. While corrosion of the 
reinforcing steel was not the sole cause of all structural deficiencies, it was 
a significant contributor and has therefore becomes a matter of major 
concern.

The magnitude of this corrosion problem in the transportation infrastructure 
has increased significantly in the last three decades and is likely to keep 
increasing. Even though the cost of maintaining bridge decks is becoming 
prohibitively expensive, the benefits provided by deicing salts are too great, 
however, that it's use is not likely to decrease in the future. In fact, the use 
of road deicing salts, which are extremely corrosive due to the disruptive 
effects of its chloride ions on protective films on metals, has actually 
increased in the first half of the 1990s-after a levelling off during the 1980s. 

According to the U.S. Department of Commerce Census Bureau, the dollar 
impact of corrosion on highway bridges is considerable. The annual direct 
cost of corrosion for highway bridges is estimated to be $6.43 billion to 
$10.15 billion, consisting of $3.79 billion to replace structurally deficient 
bridges over the next 10 years, $1.07 billion to $2.93 billion for 
maintenance and cost of capital for concrete bridge decks, $1.07 billion to 
$2.93 billion for maintenance and cost of capital for concrete substructures 
and superstructures (minus decks), and $0.50 billion for the maintenance 
painting cost for steel bridges. This gives an average annual cost of 
corrosion of $8.29 billion. Life-cycle analysis estimates indirect costs to the 
user due to traffic delays and lost productivity at more than 10 times the 
direct cost of corrosion. In addition, it was estimated that employing �best 



Michael Siegwart Corrosion � Monitoring, Repair and Management
Page 31 of 114

maintenance practices� versus �average practices� can save 46 percent of 
the annual corrosion cost of a black steel rebar bridge deck, or $2,000 per 
bridge per year. 

While there is a downward trend in the percentage of structurally deficient 
bridges (a decrease from 18 percent to 15 percent between 1995 to 1999), 
the costs to replace ageing bridges increased by 12 percent during the same 
period. In addition, there has been a significant increase in the required 
maintenance of the ageing bridges. Although the vast majority of the 
approximately 108,000 prestressed concrete bridges have been built since 
1960, many of these bridges will require maintenance in the next 10 to 30 
years. Therefore, significant maintenance, repair, rehabilitation, and 
replacement activities for the nation�s highway bridge infrastructure are 
foreseen over the next few decades before current construction practices 
begin to reverse the trend.

4.2 Conventional Concrete Bridges
The primary cause of reinforced-concrete bridge deterioration is chloride-
induced corrosion of the black steel reinforcement, resulting in expansion 
forces in the concrete that produce cracking and spalling of the concrete. 
The chloride comes from either marine exposure or the use of deicing salts 
for snow and ice removal. Because the use of deicing salts is likely to 
continue, if not increase, little can be done to prevent bridge structures 
from being exposed to corrosive chloride salts. Therefore, bridge designs
and concrete mixes must be resistant to chloride-induced corrosion. This 
can be accomplished by: 

� preventing chlorides from getting to the steel surface (physical barriers 
at the concrete surface, coating the rebar, or low chloride-permeable 
concrete), 

� making the concrete less corrosive at specific chloride levels (inhibitors 
or admixtures), or 

� making the rebar resistant to corrosion (corrosion-resistant alloys, 
composites, or clad materials). 

Over the past 20 years, there has been a trend in new construction toward 
utilising higher quality concrete and more corrosion-resistant rebars. Longer 
bridge service life is currently achieved by using epoxy-coated rebars in the 
majority of new bridge construction, with the limited use of stainless steel-
clad or solid rebars in more severe environments. The expected service life 
of a newly constructed bridge is typically 75 years and up to 120 years for 
stainless steel rebar construction. Admixtures to the concrete for the 
purpose of increased corrosion resistance have included corrosion-inhibiting 
admixtures and mineral admixtures such as silica fume. High-range water 
reducers permit the use of low water-cement ratio concretes that have 
lower permeability to corrosive agents and, thus, result in longer times to 
corrosion initiation of the rebar. Many of these methods are used in 
combination with each other to obtain a longer service life. 
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Many rehabilitation methodologies designed to extend the service life of 
bridges that have deteriorated due to corrosion of the reinforcing steel have 
been developed and put into practice within the past 25 years. These 
include cathodic protection, electrochemical chloride removal, overlays, 
and sealers. Although each of these methods have been shown to be 
successful, continuing developments are necessary to improve effectiveness 
and increase the life extension provided by these methods. 

4.3 Pack Rust
Pack rust is a form a corrosion typical 
of steel components that develop a 
crevice into an open atmospheric 
environment. This particular form of 
corrosion is often used in relation to 
bridge inspection to describe built-up 
members) of steel bridges which are 
already showing signs of rust packing 
between steel plates.

4.4 Prestressed Concrete Bridges
Whereas some of the methods discussed for conventional reinforced-
concrete bridges are applicable to prestressed concrete components (e.g., 
high-performance concrete and corrosion inhibiting admixtures), special 
consideration for corrosion prevention of prestressed reinforced-concrete 
bridges is required. 

Most of these bridges are relatively new and their numbers are relatively 
low; therefore, the overall economic impact is not as significant as for 
conventional reinforced-concrete bridges. However, failure of the high-
strength prestressing steel can compromise the integrity of the prestressed 
concrete bridge (corrosion-related deterioration compromising the 
structural integrity of a conventional concrete structure is highly unlikely). 
This makes close attention to construction details and subsequent 
monitoring and inspection of the prestressed concrete bridges critical. 

Corrosion prevention of pretensioned structures is primarily accomplished 
through the use of high-performance concretes or the addition of corrosion-
inhibiting admixtures. Remedial measures such as cathodic protection are 
possible as long as care is taken to prevent overprotection that can lead to 
hydrogen-induced cracking of the high-strength steel. Other measures such 
as electrochemical chloride removal cannot be used for prestressed 
concrete structures because of the relatively large amounts of hydrogen 
produced at the steel surface during the removal process.

Recent failures of post-tensioned structures have underscored the 
importance of maintaining void-free grouting of the tendons, especially near 
the anchorage. Maintaining the integrity of the post-tensioned tendon starts 
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with ensuring the integrity of the duct (typically polyethylene), followed by 
the application of a good-quality grout that is continuous around the 
strands. Placement of the grout is often more difficult when low water-
cement ratio mixes and/or mineral admixtures are employed. Improved 
grouting practices are continuing to be developed. In addition, the use of 
corrosion-inhibiting admixtures can provide added protection against 
corrosion of the prestressing steel strands. Note that in August 2001, the 
American Segmental Bridge Institute conducted a 3-day training school for 
certifying grouting specialists. This training school will be held in the future 
once or twice a year.

4.5 Steel Bridges
The primary cause of corrosion of steel bridges is the exposure of the steel 
to atmospheric conditions. This corrosion is greatly enhanced due to marine 
(salt spray) exposures and industrial environments. The only corrosion 
prevention method for these structures is to provide a barrier coating 
(paint). 

Changes in environmental protection regulations have brought about 
transformation of the approach to corrosion protection for steel bridges. 
Until the mid- to late-1970s, virtually all steel bridges were protected from 
corrosion by multiple thin coats of lead- and chromate-containing alkyd 
paints applied directly over mill scale on the formed steel. Maintenance 
painting for prevention of corrosion was rare and primarily was practised on 
larger bridge structures. Since the majority of the steel bridges in the 
interstate highway system were constructed between 1950 and 1980, most 
of these structures were originally painted in this manner; therefore, a large 
percentage of the steel bridges in the interstate system are protected from 
corrosion by a coating system that is now beyond its useful service life. 

Moreover, the paint system commonly used for steel bridge members 
contains chromium and lead and can no longer be used because of the 
effects it has on humans and the environment. The bridge engineers have a 
choice of either replacing the lead-based paints with a different coating or 
painting over the deteriorating areas. Removal of lead-based paint incurs 
high costs associated with the requirements to contain all the hazardous 
waste and debris. Developments include: 

� improved and environmentally safe coating systems and 

� methodologies to optimise the use of these systems, such as �zone� 
painting (adjusting coating types and maintenance schedules based on 
the aggressiveness of the environment within different zones on the 
bridge). 

� Overpainting techniques to eliminate the cost of expensive paint removal 
also have been developed. 
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4.6 Hydrogen Embrittlement (Prestressing Steels!)
This is a type of deterioration which can be linked to corrosion and 
corrosion-control processes. It involves the ingress of hydrogen into a 
component, an event that can seriously reduce the ductility and load-
bearing capacity, cause cracking and catastrophic brittle failures at stresses 
below the yield stress of susceptible materials. Hydrogen embrittlement 
occurs in a number of forms but the common features are an applied tensile 
stress and hydrogen dissolved in the metal. Examples of hydrogen 
embrittlement are cracking of weldments or hardened steels when exposed 
to conditions which inject hydrogen into the component. Presently this 
phenomenon is not completely understood and hydrogen embrittlement 
detection, in particular, seems to be one of the most difficult aspects of the 
problem. Hydrogen embrittlement does not affect all metallic materials 
equally. The most vulnerable are high-strength steels, titanium alloys and 
aluminum alloys. 

4.6.1 Sources of Hydrogen 

Sources of hydrogen causing embrittlement have been encountered in the 
making of steel, in processing parts, in welding, in storage or containment 
of hydrogen gas, and related to hydrogen as a contaminant in the 
environment that is often a by-product of general corrosion. It is the latter 
that concerns the nuclear industry. Hydrogen may be produced by corrosion 
reactions such as rusting, cathodic protection, and electroplating. Hydrogen 
may also be added to reactor coolant to remove oxygen from reactor 
coolant systems. Hydrogen entry, the obvious pre-requisite of 
embrittlement, can be facilitated in a number of ways summarised below: 

� by some manufacturing operations such as welding, electroplating, 
phosphating and pickling; if a material subject to such operations is 
susceptible to hydrogen embrittlement then a final, baking heat 
treatment to expel any hydrogen is employed 

� as a by-product of a corrosion reaction such as in circumstances when 
the hydrogen production reaction acts as the cathodic reaction since 
some of the hydrogen produced may enter the metal in atomic form 
rather than be all evolved as a gas into the surrounding environment. In 
this situation, cracking failures can often be thought of as a type of 
stress corrosion cracking. If the presence of hydrogen sulfide causes 
entry of hydrogen into the component, the cracking phenomenon is often 
termed �sulphide stress cracking (SSC)� 

� the use of cathodic protection for corrosion protection if the process is 
not properly controlled. 

4.6.2 Hydrogen Embrittlement of Stainless Steel 

Hydrogen diffuses along the grain boundaries and combines with the carbon, 
which is alloyed with the iron, to form methane gas. The methane gas is not 
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mobile and collects in small voids along the grain boundaries where it builds 
up enormous pressures that initiate cracks. Hydrogen embrittlement is a 
primary reason that the reactor coolant is maintained at a neutral or basic 
pH in plants without aluminium components. 

If the metal is under a high tensile stress, brittle failure can occur. At 
normal room temperatures, the hydrogen atoms are absorbed into the metal 
lattice and diffused through the grains, tending to gather at inclusions or 
other lattice defects. If stress induces cracking under these conditions, the 
path is transgranular. At high temperatures, the absorbed hydrogen tends to 
gather in the grain boundaries and stress-induced cracking is then 
intergranular. The cracking of martensitic and precipitation hardened steel 
alloys is believed to be a form of hydrogen stress corrosion cracking that 
results from the entry into the metal of a portion of the atomic hydrogen 
that is produced in the following corrosion reaction.

Hydrogen embrittlement is not a permanent condition. If cracking does not 
occur and the environmental conditions are changed so that no hydrogen is 
generated on the surface of the metal, the hydrogen can rediffuse from the 
steel, so that ductility is restored. 

To address the problem of hydrogen embrittlement, emphasis is placed on 
controlling the amount of residual hydrogen in steel, controlling the amount 
of hydrogen pickup in processing, developing alloys with improved 
resistance to hydrogen embrittlement, developing low or no embrittlement 
plating or coating processes, and restricting the amount of in-situ (in 
position) hydrogen introduced during the service life of a part.
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5 Atmospheric Corrosion
Components exposed to the elements will inevitably experience damage due 
to atmospheric corrosion. The severity of the corrosion and the rate at 
which corrosion will take place are dependant primarily upon the properties 
of the surface formed electrolytes, which in turn are dependant upon 
factors such as the humidity and pollution levels in the atmosphere.

Assessing the corrosivity of a particular atmosphere can be relatively 
simple. Two methods have been developed to deal with this problem:

� The first method involves the exposure of metallic coupons to the 
environment and classifying the resultant corrosion, e.g. the coupon 
based method (CLIMAT) based on the wire on bolt ASTM standard.

� The second method involves measuring several atmospheric parameters 
and classifying the atmosphere according to standardised measurements, 
e.g. ISO 9223.

This module contains some examples describing CLIMAT results and some 
weather data estimations according to the ISO methodology for locations 
typical of marine and rural environments.

5.1 Atmospheric Corrosion Mechanism
Atmospheric corrosion is an electrochemical process, requiring the presence 
of an electrolyte. Thin film "invisible" electrolytes tend to form on metallic 
surfaces under atmospheric corrosion conditions, when a certain critical 
humidity level is reached. For iron, this level is around 60%, in unpolluted 
atmospheres. The critical humidity level is not a constant - it depends on 
the corroding material, the hygroscopic nature of corrosion products and 
surface deposits and the presence of atmospheric pollutants.
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In the presence of thin film electrolytes, atmospheric corrosion proceeds by 
balancing anodic and cathodic reactions. The anodic oxidation reaction 
involves the dissolution of the metal in the electrolyte, while the cathodic 
reaction is often assumed to be the oxygen reduction reaction. Oxygen from 
the atmosphere is readily supplied to the electrolyte, under thin film 
corrosion conditions.

5.2 Corrosivity Maps and Pollution Information
Maps have been produced for numerous geographic regions, illustrating the 
macroscopic variations in atmospheric corrosivity and pollution levels. 

Marine atmospheres are usually highly corrosive, and the corrosivity tends to 
be significantly dependent on wind direction, wind speed and distance from 
the coast. However, an equivalently corrosive environment is created by the 
use of deicing salts on the roads of many cold regions of the planet. 
Traditional techniques for monitoring the pollutants sulfur dioxide and 
atmospheric chloride that influence corrosivity need to be conducted for 
extended periods to be site representative, and are consequently expensive. 
Furthermore, measurements made at limited numbers of sites do not 
adequately represent the variations in pollutant levels across a region or 
city. 

However the exposure of standard metal specimens at a grid of sites and the 
generation of computer contoured corrosion maps has been shown to be a 
sensitive and cost-effective means of differentiating geographical variations 
in corrosivity, which is a measure of the aggressiveness of the environment. 
Such specimens can also be regarded as receptors for airborne pollutants 
and provide a means for readily characterising their geographical variations. 
The techniques for doing this were described in a paper "Contour Mapping 
the Sulfur and Chlorine Contents of Steel Corrosion Products - A New 
Approach for Characterising the Atmospheric Environment" by G. King, M 
Spicer and P Kao. 

5.2.1 Germany

Despite the remarkable progress the Germans have made in reducing air 
pollution since the 1960s, there are still challenges to be faced. The 
nation�s environmental problems have clearly increased following 
unification with the east. The costs of unification to the economy overall 
have reduced their ability to address environmental issues. In addition, 
some areas of the east have suffered tremendous environmental 
degradation over the years. A number of eastern air problems, such as sulfur 
dioxide and particulate emissions, have already been brought under control 
as a result of the initial decline in economic, particularly industrial activity, 
but there are still significant environmental difficulties in the region.

A continuing air pollution problem nationwide for the Germans is increasing 
motor vehicle usage and its resulting air pollution. Despite stringent 
emissions controls, an increase in the number of vehicles, as well as their 
increased use, makes it seem unlikely that the nation will meet its air 
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quality standards for ozone. The eastern region of the country in particular 
is expected to have increasing emissions problems as motor vehicle use rises 
in response to increasing levels of economic activity and the opening of an 
extensive new highway system.

5.2.2 Corrosion in UK

The following map was very freely constructed from the Millennium map of 
UK corrosion of zinc.

UK Government figures released recently show urban air quality was the 
best since records began. In urban areas in year 2000, there were 17 days of 
moderate or higher air pollution on average per site, compared to 30 days in 
1999 and 23 in 1998. The main causes of moderate or higher air pollution at 
urban sites are ozone, particulate matter and sulfur dioxide. The UK 
established National Air Quality Standards in 1993. The standards represent 
defined levels which avoid significant risks to health. As levels increase 
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above the standard, the likelihood of effects on health increases. Levels of 
ozone in the high band may cause coughing and discomfort on deep 
breathing during exercise in some people. In some North American cities, 
the problem has been attributed to premature deaths. In Toronto, for 
example, 1,000 people died and another 5,500 were hospitalised in 2000 
because of air pollution, according to the Toronto Board of Health.

The United Kingdom has emphasised pollution control rather than pollution 
prevention in its environmental policy-making. The British recently have 
distinguished themselves among the industrialised nations in environmental 
policy-making through the adoption of an integrated approach to pollution 
prevention that collectively regulates all types of pollution from a single 
source. Environmental policies in the U.K. have involved the use of direct 
regulation, economic instruments, and international agreements. The U.K. 
has made an effort to adopt and implement all EC environmental directives 
and increasingly is a strong supporter of an even more integrated European 
environmental program.

As in all the other nations we have considered, despite some improvements 
in air quality over the previous two decades, air pollution in the United 
Kingdom, particularly in urban areas, continues to increases as a result of 
the growth in motor vehicle use (in 1970 there were some 10 million 
passenger cars in the country, by 1994 there were well over 20 million). The 
transport infrastructure has increased over this time period as well. 
Currently, road transport accounts for over 90 percent of passenger travel 
within Britain and for over 80 percent of freight delivery and the amount of 
traffic per year has nearly doubled. For six of the eight air pollutants 
identified in the air quality strategy, transport is either the major source, or 
a significant source, of these pollutants in urban areas.

5.2.3 Pollution in Russia

The extent of pollution and ecological collapse in Russia is due to decades of 
ill-considered military and industrial development undertaken in virtual 
secrecy and with scant concern for the environmental and health 
consequences. Environmental pollution clamps a stranglehold on the big 
cities in Russia. Pollution in Russia now threatens the health of millions of 
citizens and the safety of crops, water and air. In 84 of Russia's largest cities 
the air pollution is ten times the accepted safety levels. In some areas, 
especially among children, levels of respiratory problems are 50 per cent 
higher than the national average. Moreover, Russia is a major contributor to 
global ozone depletion, being the World's largest producers and consumers 
of ozone depleting substances (ODS). Thus, Russia's emphasis on production 
at all costs has cost this country its environmental integrity. 

Air pollution is a severe problem in several Russian cities. In 1999, for 
instance, air quality in 120 cities was recorded to be at least five times 
above the country's own lenient standards for at least one pollutant; eight 
of these cities exceeded limits for three or more pollutants. Although the 
industrial sector remains the major contributor to Russia's air pollution, the 
transportation sector is playing an increasingly important role. Motor 
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vehicles are subject to only minimal environmental regulations, and 
automobile emissions in major cities, including lead, carbon monoxide and 
nitrogen oxides, are major sources of air pollution.

In Moscow, for instance, automobiles cause almost 90% of air pollution, and 
car ownership is on the rise. Additionally, most power plants in Russia are 
aging and lack modern pollution control equipment, resulting in large 
amounts of toxic emissions and waste. Several major cities are threatened 
by these problems, as are delicate ecosystems. Lake Baikal serves as one 
example of areas threatened by pollution. The lake holds 20% of the world's 
freshwater and is home to 1,500 species, most of which are unique to 
Baikal. The lake is threatened by runoff and air pollution from both a 
cellulose production plant on one of Baikal's major tributaries, and a coal-
fired electric power plant on another.

5.3 Exposure Testing
There are many factors to consider when selecting a weathering test station 
to conduct a test program. These can be summarized into two categories:

Location: An ideal test site should be located in a clean pollution free area, 
if pollution is not deemed to be a parameter, within the geo-climatic region 
to be used. This is important for the prevention of unnatural effects on the 
specimens. Within the local area chosen, there must be no isolated sources 
of pollution or deleterious atmospheric contamination. 

Maintenance: The exposure maintenance program followed by the test site 
will also play a major role in determining the accuracy of testing. It is 
important for the specimens on the test racks to be correctly maintained. 
This involves ensuring the correct mounting method, and constant follow-up 
attention to maintain the quality. 

For direct exposure the specimen is mounted on the exposure frame open 
backed or solid backed, and subject to all atmospheric effects. This type 
can be used at a number of exposure angles. The standard angles used are 
45, 5, and 90 degrees, these angles being referenced from a horizontal 
angle of 0 degree. The angle chosen should be one that matches as closely 
as possible the position of the end use of the material. The racks should be 
cleaned on a regular basis to remove mildew and algae if these contaminate 
producers are present on the test site.

5.4 Direct Corrosivity Assessment
CLIMAT devices have been used for more than three decades to monitor 
atmospheric corrosivity. These units have been utilised successfully around 
the world in marine and industrial type atmospheres. The procedure was 
originally called a "wire-on-bolt" test, because the devices consist of a 
copper or steel bolt around which an aluminium wire is wrapped. It is the 
galvanic effect between aluminium and these bolt materials that 
accelerates the atmospheric corrosion of aluminium. The procedure is 
sufficiently sensitive to measure seasonal fluctuations in corrosion rates; the 
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"standard" CLIMAT test usually involves an exposure period of three months 
duration. Corrosion is accelerated as a result of the large cathode-anode 
ratio and the relatively long crevice created between the wire and the 
threads on the rod.

5.5 Microenvironments
The corrosivity due to atmospheric conditions can be greatly affected by 
local conditions such as wind speed and direction, dust, debris, humidity, 
condensation and electrolytic species. These local conditions can change 
greatly within a few meters, depending on patterns in air turbulence. One 
extreme example of local variations due to the corrosivity of a seawater 
environment is the top deck of an aircraft carrier, where waves and 
seawater mist are abundant.

An example of local seasonal differences often exist in countries where 
deicing salts are used in the winter months. The following results have been 
obtained by exposing CLIMAT coupons in the vicinity of two important 
highways in Eastern Ontario. The transport and deposition of aerosols are 
subject to mass transport laws such as convection and turbulent diffusion. 
Based on these principles, the pattern of aerosol surface deposition can be 
modelled near obstacles. In such a modelling experiment, it was found that 
aerosol deposition rates onto and near an obstacle have a very localised 
structure due to variations in wind speed, wind speed gradients and 
turbulence.

5.6 Deicing Salts
Even though the cost of maintaining concrete structures is becoming 
prohibitively expensive mainly due to the effects of deicing salts, the 
benefits provided by adding these salts on icy roads are too great for their 
use to see any decrease in the future. The use of road deicing salts, which 
are extremely corrosive due to the disruptive effects of chloride ions on 
protective films on metals has dramatically increased in cold regions since it 
was introduced in the first part of the twentieth century.

The impact of deicing salts on green spaces adjacent to roads where such 
salts are used is quite obvious if you happen to travel on these roads in the 
Summer. However, there is concern that the massive use of these salts has 
an impact on human health. Although an alternative effective and less 
corrosive deicing agent, calcium magnesium acetate (CMA), is available, its 
price is apparently not yet reasonable enough for winter maintenance 
engineers to use widely. Therefore, it can be expected that the road 
environment would likely remain corrosive, if not more, well into the 
future.

5.7 Nature of the Problem
In order to understand the mechanisms behind corrosion of reinforcing steel 
in concrete, one has to examine the chemical reactions involved. In 
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concrete, the presence of abundant amount of calcium hydroxide and 
relatively small amounts of alkali elements, such as sodium and potassium, 
gives concrete a very high alkalinity-with pH of 12 to 13. It is widely 
accepted that, at the early age of the concrete, this high alkalinity results 
in the transformation of a surface layer of the embedded steel to a tightly 
adhering film, that is comprised of an inner dense spinel phase in epitaxial 
orientation to the steel substrate and an outer layer of ferric hydroxide. As 
long as this film is not disturbed, it will keep the steel passive and protected 
from corrosion.

When a concrete structure is often exposed to deicing salts, salt splashes, 
salt spray, or seawater, chloride ions from these will slowly penetrate into 
the concrete, mostly through the pores in the hydrated cement paste. The 
chloride ions will eventually reach the steel and then accumulate to beyond 
a certain concentration level, at which the protective film is destroyed and 
the steel begins to corrode, when oxygen and moisture are present in the 
steel-concrete interface.

In 1962, it was reported that the required minimum concentration of
chloride in the concrete immediately surrounding the steel to initiate 
corrosion, the chloride corrosion threshold, is 0.15% soluble chloride, by 
weight of cement. In typical bridge deck concrete with a cement factor of 
7, this is equivalent to 0.025% soluble chloride, by weight of concrete, or 
0.59 kg soluble chloride per cubic meter of concrete. Subsequent research 
at FHWA laboratories estimated the corrosion threshold to be 0.033% total 
chloride, by weight of concrete.

There are indications that the chloride corrosion threshold can vary 
between concrete in different bridges, depending on the type of cement 
and mix design used, which can vary the concentrations of tricalcium 
aluminate (C3A) and hydroxide ion (OH-) in the concrete. In fact, it has been 
suggested that because of the role that hydroxide ions play in protecting 
steel from corrosion, it is more appropriate to express corrosion threshold in 
terms of the ratio of chloride content to hydroxide content, [Cl-] / [OH-], 
which was recently established to be between 2.5 to 6.

Once corrosion sets in on the reinforcing steel bars, it proceeds in 
electrochemical cells formed on the surface of the metal and the 
electrolyte or solution surrounding the metal. Each cell is consists of a pair 
of electrodes (the anode and its counterpoint, the cathode) on the surface 
of the metal, a return circuit, and an electrolyte. Basically, on a relatively 
anodic spot on the metal, the metal undergoes oxidation (ionisation), which 
is accompanied by production of electrons, and subsequent dissolution. 
These electrons move through a return circuit, which is a path in the metal 
itself to reach a relatively cathodic spot on the metal, where these 
electrons are consumed through reactions involving substances found in the 
electrolyte. In a reinforced concrete, the anode and the cathode are 
located on the steel bars, which also serve as the return circuits, with the 
surrounding concrete acting as the electrolyte.
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Corrosion can also occur even in the absence of chloride ions. For example, 
when the concrete comes into contact with carbonic acid resulting from 
carbon dioxide in the atmosphere, the ensuing carbonation of the calcium 
hydroxide in the hydrated cement paste leads to reduction of the alkalinity, 
to pH as low as 8.5, thereby permitting corrosion of the embedded steel:

The rate of carbonation in concrete is directly dependent on the 
water/cement ratio (w/c) of the concrete, i.e., the higher the ratio the 
greater is the depth of carbonation in the concrete. In concrete of 
reasonable quality, that is properly consolidated and has no cracking, the 
expected rate of carbonation is very low. For example, in concrete with w/c 
of 0.45 and concrete cover 25 mm, it will require more than 100 years for 
carbonation to reach the concrete immediately surrounding the steel. 
Carbonation of concrete or mortar is more of an issue in Europe than in 
North America.

5.8 ISO 9223
This standard classifies the corrosivity of an atmosphere based on 
measurements of time of wetness, and pollution categories (sulfur dioxide, 
airborne chlorides). The standard was not intended to be used in extreme 
service atmospheres such as those within chemical or metallurgical 
processing facilities or where there is direct contact with salt spray.

Only airborne chlorides and sulfur dioxide are considered in terms of 
classifying the pollution, this gives good coverage of rural, urban, industrial 
and marine atmospheres. Based on these measures an atmosphere is 
classified as being in one of five categories in terms of its corrosivity using 
two types of units, i.e. short term corrosion rate (CR) of steel as g m-2 year-1

(one year) or �m year-1 (twenty years):

Category Short term Long term
(g m-2 year-1) (�m year-1)

C1 CR <= 10 CR <= 0.1

C2 10 < CR <= 200 0.1 < CR <= 0.5

C3 200 < CR <= 400 1.5 < CR <= 6

C4 400 < CR <= 650 6 < CR <= 20

C5 650 < CR 20 < CR

It is possible to deduce the corrosivity of an environment by combining TOW 
categories with the chloride and sulfur dioxide categories according to the 
following scheme when TOW is in: Category one (T1) to Category five (T5).

And convert these corrosivity ratings into short-term corrosion rates (g m-2

year-1) according to the following table.
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Categor
y Steel Copper Aluminum Zinc

C1 CR <= 10 CR <= 0.9 negligible CR <= 0.7

C2 10 < CR <= 200 0.9 < CR <= 
5 CR <= 0.6 0.7 < CR <= 

5

C3
200 < CR <= 

400 5 < CR <= 12 0.6 < CR <= 
2 5 < CR <= 15

C4
400 < CR <= 

650
12 < CR <= 

25 2 < CR <= 5 15 < CR <= 
30

C5 650 < CR 25 < CR 5 < CR 30 < CR

The use of the ISO guidelines and atmospheric data pertaining to these two 
environments have revealed the most important parameters affecting 
atmospheric corrosivity. In the case of the maritime Greenwood base, the 
time of wetness and chloride deposition rate are most important. In the 
rural environment, the time of wetness is likely to exert the strongest 
influence but chlorides transported from adjacent highways during the 
'deicing' winter months can also be a factor. 
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6 Corrosion in Soils
6.1 Introduction to Corrosion in Soils
Soil corrosion is a complex phenomenon, with a multitude of variables 
involved. Chemical reactions involving almost each of the existing elements 
are known to take place in soils, many of which are not yet fully 
understood. The relative importance of variables changes for different 
materials, making a universal guide to corrosion impossible. Variations in 
soil properties and characteristics across three dimensions can have a major 
impact on corrosion of buried structures. 

Failure of Road caused by corrosion of underlying pipeline

The response of carbon steel to soil corrosion depends primarily on the 
nature of the soil and certain other environmental factors, such as the 
availability to moisture and oxygen. These factors can lead to extreme 
variations in the rate of the attack. For example, under the worst condition 
a buried vessel may perforate in less than one year, although archaeological 
digs in arid desert regions have uncovered iron tools that are hundreds of 
years old.

Some general rules can be formulated. Soils with high moisture content, 
high electrical conductivity, high acidity, and high dissolved salts will be 












































































































































