
Chapter 15

Protective systems for
different situations

15.1 General steelwork exposed to the
atmosphere

The choice of coating system will be determined to some extent by the
type of structure, its relative importance and the environment of exposure.
Metal coatings will often provide long maintenance-free lives in mild envi-
ronments: hot-dip galvanising, sprayed zinc and sprayed aluminium have
all been used for this purpose without additional paint coatings. It should,
however, be appreciated that the corrosion of zinc is closely related to
the amount of pollution in the atmosphere. Fortunately in the UK at least,
there is an overall reduction in atmospheric pollution, and metallic
coatings can last significantly longer without the protection of paint,
although weathered metallic coatings may be painted purely for aesthetic
reasons.

Sprayed zinc coatings do not fall into the same category as hot-dip coat-
ings so far as painting is concerned. The porous nature of the sprayed coat-
ings leads to problems of satisfactorily cleaning them after a period of
exposure. Consequently, there is a strong possibility of failure if the paint
coating is applied to weathered zinc-sprayed steelwork. If sprayed zinc
coatings are to be used they should be sealed. Metal coatings, particularly
hot-dip zinc, are useful for rails and balustrades on structures and are
recommended as a coating for fasteners.

Most steelwork is protected with paint. In many ways paint is a more
flexible material and can be applied more easily than metal coatings,
particularly on-site. The facilities for applying paint are also far more
widely available than for other types of coating. Compared with bare
metal coating, paint also has the advantage of being available in a wide
range of colours and can be selected to provide a good cosmetic appear-
ance. However, metal coatings also have advantages over paint coatings.
Their lives are more predictable, they generally have better abrasion resis-
tance and no drying time is involved, which makes for easier handling.
They are also more resistant to damage and zinc in particular provides
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protection of the steel at scratches. Hot-dip coatings also have an import-
ant advantage which is often overlooked. They do not require the some-
what complex process of coating which is required for paint. Therefore,
inspection is easier and generally defects in the coating can be readily
observed.

Generally, for atmospheric structures exposed inland or in non-
industrial conditions on the coast, oleo-resinous types of paint, e.g. alkyd,
modified phenolic and epoxy esters (particularly for priming coats), are
used. Silicone alkyd top coats are used in some situations to provide better
gloss retention. Two-pack epoxies and urethanes are now being used
extensively for aggressive environments.

The overall thickness of the coating influences the ‘life’ of the system,
and it is one of the many improvements associated with modern paint
systems that most can be applied with a high build, thus reducing the
number of coats needed for the optimum thickness.

Consideration will now be given to a few typical structures exposed in
the atmosphere to indicate specific problems that may arise.

15.1.1 Bridges

The design of the bridge has an important influence on the long-term
maintenance requirements and sometimes on the selection of the initial
protective coatings. The straightforward constructions with beams and
girders (continuous or box girders) commonly used for highway bridges
are easier to protect than the more complex truss and lattice type. Suspen-
sion bridges add further problems because of the requirement to protect
the cables.

Bridges will be exposed in virtually every type of environment from the
mild rural atmosphere to the industrial–marine situation where, apart
from chlorides, industrial pollution may be intense, depending upon the
industries in the proximity of the bridge. Large areas of steel are more
easily coated than the smaller ones used for trusses, with their greater
number of edges and joints.

The design of the bridge structure influences coating performance in
other ways. Because of the construction with a large deck area, rain does
not flow from the whole structure as with, for example, a gantry, but tends
to collect and run away at select points such as expansion joints and at the
ends of the bridge. Often the water collects in an open area of steelwork,
promoting coating breakdown. Again, the undergirders of a bridge may be
almost permanently sheltered from the sun and may remain damp for
long periods. Paintwork near bearings also tends to break down more
rapidly than the freely exposed facias. An additional hazard on many road
bridges is the widespread use of road salts, which can lead not only to the
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premature breakdown of coatings but also to accelerated corrosion of the
steel and increased maintenance costs.

Very serious corrosion of bridges has occurred in some parts of the
world but, in view of their importance, a high degree of attention is usually
paid to the selection of coating systems. Furthermore, increased attention
to maintenance requirements is being given to most bridges. Modern
bridges are usually blast-cleaned to take a variety of coating systems. In
1997 the UK Steel Construction Institute published Technical Report 241
‘Durability of Steel Bridges. A survey of the performance of protective
coatings’. The purpose of the Report was to present views and findings of
a survey about the durability of corrosion protection systems applied to
primary structural members of bridge steelwork.

Information on such durability is a key factor in assessing the ‘Whole
Life Cost’ as required by the UK’s Highways Agency. Among the conclu-
sions of the Report is the fact that, according to those responsible for
arranging maintenance work, the majority of existing structures are now
only undergoing major maintenance at intervals in excess of 20 years,
although the views expressed by painting contractors and paint manufac-
turers were more conservative.

The existing coating systems for bridges included:

1 Aluminium metal spray (no longer a Highways Agency Approved
System).

2 Oleo-resinous (no longer a Highways Agency Approved System).
3 Acrylated rubber.
4 High-build epoxy polyurethane.
5 Aluminium metal spray�acrylated rubber.
6 Aluminium metal spray�high-build epoxy polyurethane.

Alternative systems proposed by paint manufacturers included:

1 Zinc-rich epoxy/MIO epoxy with polyurethane or acrylic finish.
2 Glass flake epoxy with polyurethane or acrylic finish.
3 Aluminium metal spray�polysiloxane.
4 Solvent-free polyurethane.

Non-highway bridges, including a large number of rail bridges, are pro-
tected with a wide range of coatings. The general requirements are similar
to those for road bridges. Where colour is not important, micaceous iron
oxide (MIO) pigments are often used for the weathering coats.
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15.1.2 Buildings

Steel-framed buildings are often fully encased with masonry or brickwork,
in which case the selection of the coating systems will be determined by
the protection afforded by the encasement. It is often assumed that no
water will penetrate encasing materials, but roofs leak and joints are not
always watertight. If the designer is satisfied that there will be no ingress of
water onto the steelwork, then both the surface preparation and the
coating system can be at a low level, e.g. wirebrushing and a suitable
primer with possibly a finishing coat. Even in this case it may be advanta-
geous to apply a resistant coating, e.g. a thick bituminous coating at the
foot of columns, because if there is any leakage water will tend to collect
there. If there is any doubt regarding ingress of water then a full protective
system should be applied. Where access for inspection is not possible, this
should also be taken into account when selecting the coating system.

Although there are no basic problems in selecting coating systems for
the main steelwork elements in buildings where the steel is freely exposed,
difficulties may arise where some form of fire protection has to be incorpo-
rated into the overall coating system. Fire protection is a specialised topic
and it will not be discussed here, but problems may arise inside buildings
where the steel is protected for fire protection rather than corrosion pre-
vention. Some methods of fire protection completely enclose the steelwork
and it may be assumed that this will also act as a protection against corro-
sion. This is not necessarily the case. In dry, warm conditions, corrosion
protection does not have to be of a high quality, but in damp situations,
moisture may well penetrate to the steel, so a reasonably protective
coating system should be selected. Inside buildings the protective system
will be determined by the conditions and may have to be of the highest
quality, e.g. in electroplating shops. In some chemical atmospheres paints
will not provide sufficient protection and specialised coatings may be
necessary, e.g. glass-fibre-reinforced plastics. However, in warm, dry con-
ditions conventional alkyd systems will provide adequate performance
although, where colour is not a determining factor, hot-dip galvanised
coatings should be considered.

The conditions may be worse than had been anticipated because of
combustion products from equipment or, in warehouses, for example,
because doors are left open for prolonged periods. In buildings where,
because of the nature of the equipment used or because of the type of
manufacturing operation in progress, e.g. food processing, flakes of
paint or rust are unacceptable, thorough surface preparation may be
essential.

When selecting coatings for the interior steelwork of buildings, the
possibilities of delays in roofing and cladding should be taken into account.
Coating systems suitable for dry interiors will not necessarily withstand the
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exterior conditions prevailing before the building is completed. If this
extends for some months, repainting may be required earlier than antici-
pated. Similarly, long-term protection of steelwork due to delays in con-
struction will lead to the same premature breakdown.

15.1.3 Storage tanks (exterior)

Tank designs range from simple cylindrical shapes to complex spherical
structures with architectural connotations. The exterior system will
be determined by the environment and other factors considered
in Chapter 14, but, because of their design, tanks often provide special
problems. Generally, they are welded from a number of plates and,
because of the size of many of them, they cannot easily be fabricated
to the finished product in the shop. Consequently, there is often a
good deal of welding on-site. To ensure sound performance of the
exterior coating, all these welds should be blast-cleaned before painting.
As this represents a large percentage of the total area it is often more eco-
nomic to carry out the cleaning and painting on-site rather than in
the shop. To some extent this will influence the choice of protective
systems, particularly if the tank is being constructed close to other plants
or buildings.

For water tanks, the American Waterworks Association lists a num-
ber of paint systems which are considered suitable for exterior protec-
tion. These include a three- or four-coat alkyd system, a two-coat
alkyd system with a silicone alkyd finish, a three-coat vinyl system and
a zinc-rich primer. These systems will cover the requirements for most
environments where a specific colour is specified for the weather coat.
However, if the tank contains running water colder than the ambient
temperature there is a likelihood of condensation on the outside surface
and alkyd-based systems are likely to blister. For tanks containing
materials other than water, the exterior coatings must take into account
possible spillage and, wherever practicable, should be chosen with this in
mind.

15.2 Offshore structures

The selection of systems for offshore structures is not a straightforward
matter and there is no general agreement on the most suitable systems for
the different parts of the structure. Although the choice of suitable
systems to withstand the various conditions encountered may not be diffi-
cult, the problems involved in application, storage and handling may be
immense. Generally, a short delay in commissioning a platform designed
for oil or gas production can cost millions of pounds, so it would be mis-
leading to suggest that in all circumstances the protective coatings are the
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main priority, despite the aggressive nature of the environments that the
steelwork has to withstand.

Maintenance is a problem with offshore structures where accommoda-
tion for operatives is limited and the time available for painting covers only
a few months of the year. Furthermore, the costs of access are much greater
than for onshore structures. A range of coatings has been developed mainly
to take account of the difficulties involved in protecting these structures.

Most large platforms are the responsibility of organisations with technical
expertise available, but in the future a number of smaller structures
are likely to be constructed for purposes other than oil production. It is,
therefore, worth considering the approach to protection of structures built
off the coast. An offshore structure has to resist different environments:
atmospheric, immersed and splash zone, and sometimes, depending on
the type of structure, mud on the sea bed. Each of these will be considered
separately.

15.2.1 Atmospheric zone

The approach to coating selection is similar to that for other atmospheric
marine environments. Generally, chemical-resistant coatings such as
epoxies, urethanes, chlorinated rubber and vinyls will be selected. The
selection of a particular system is determined by the organisation’s
experience and view of the coatings available. As experience is gained at a
particular geographical location, e.g. the North Sea, changes are made in
the system, so that specifications for new structures are often significantly
different from those used for the older ones. All steel is blast-cleaned to at
least Sa2 �� and sometimes even to Sa3. A blast primer will generally be
used to protect the steelwork after blast-cleaning, although the system
primer may be applied immediately, depending on circumstances, such as
the requirement for welding.

The following systems indicate the approach taken by different organi-
sations. They are typical but other systems have also been used.

(a) Vinyl system (3–4 coats) 200–250µm
(b) Zinc phosphate pigmented two-pack

epoxy primer, 300µm
two-pack epoxy (2 coats)

�
(c) Inorganic zinc silicate primer,

two-pack epoxy (2 coats) � 325µm

(d) Chlorinated-rubber system (3–4 coats) 250–300µm

The dry film thicknesses indicated are for the complete systems.
Although two-pack epoxy materials are very resistant to the environ-

ment, they tend to chalk fairly quickly, so in some situations a final coat of
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urethane has been applied. Again, because epoxies may require some
abrasion to ensure sound adhesion when repainting, chlorinated-rubber
finishing coats have been considered as a way of easing maintenance
repainting. In the authors’ view, this is not a very satisfactory approach
because of the problems that may arise if epoxy coatings have to be reap-
plied at some time. This may entail the complete removal of the
chlorinated-rubber coating at the areas to be repainted, to avoid the possi-
bility of attack by the solvents in the epoxy.

15.2.2 Immersed zone

The main control method in this zone is cathodic protection, generally
without the use of coatings, although some organisations do specify coal-
tar epoxide coatings. The decision whether or not to use coatings is an eco-
nomic one. Where coatings are used, fewer anodes will be required to
protect the steel and they would be expected to last longer. On the other
hand, the cost of painting the large areas of submerged steelwork is not
inconsiderable and adds to the difficulties of planning and programming
the construction work.

15.2.3 Splash zone

This is the most aggressive of the three environments considered and
because of the conditions, where seawater spray is continually wetting the
area, is the most difficult to maintain in a satisfactory manner. Generally,
coatings similar to those used for the atmospheric zone are employed in
the splash zone, usually at a greater film thickness. This is not completely
satisfactory but is usually considered to be a practical way of dealing with
the situation. Sometimes the steel thickness is increased to act as a ‘corro-
sion allowance’ and to allow for abrasion and wear; it is then usually
coated with the same system as the rest of the structure. Other more resis-
tant coatings are also employed, for example on the hot riser pipes, which
are particularly prone to attack in this area. The following coatings have
been used on different structures:

(i) Corrosion-resistant sheathing; usually a nickel–copper alloy such as
Monel 400. This is fitted round the tubular member and welded into
place to seal gaps between the sheathing and steelwork. This is an
expensive form of protection and is not widely used except on hot
risers. The sheathing can also be torn by impact and seawater can
then penetrate between it and the steelwork.

(ii) Thick rubber or neoprene coatings up to 15 mm in thickness.
(iii) Various forms of polymeric resins and glass-flake-reinforced poly-

ester material.
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In principle, special tapes could be used on tubular members but, so far
as the authors are aware, these have not been used to any extent in
practice.

15.3 Ships

Ships can be considered in the context of structures although some of the
problems concerned with the protection and maintenance of the steelwork
are different from those encountered in static marine structures. In
particular, there are two major differences from the approach to protec-
tion that might be afforded to piers and jetties: (i) ships can be dry docked
to allow access to the underwater parts for maintenance, and (ii) the
speed and fuel costs are markedly affected by marine fouling that collects
on the hull, so additional coatings must be applied to provide anti-fouling
properties. Nevertheless, in broad terms, ships are protected in much the
same way as other structures and the same general principles apply. In
fact, the widespread use of blast-cleaning for structural steelwork owes
much to the shipbuilding industry, which was among the first to appreciate
the need to provide automatic cleaning facilities as part of the construction
process.

15.3.1 Surface preparation

Ship plate is commonly blast-cleaned in automatic plants before fabrica-
tion. It is then usually protected with a suitable blast or prefabrication
primer, which is quick-drying and can be ‘welded-through’. Such primers
are often applied in an automatic spraying unit direct from the blast-
cleaning operation which is carried out in a centrifugal type machine.
Often, a pre-heating plant is used to warm the steel before entry into the
blast-cleaning plant to improve adhesion of the primer, particularly in cold
weather.

Generally, the standard is to Sa2��, or the equivalent. For some coatings
Sa3 may be specified. As shipyards are on the coast, particular attention
must be paid to the effects of chloride, which may contaminate the surface
in the form of NaCl (sodium chloride) or produce chloride-containing cor-
rosion salts during the storage of the ship plate.

15.3.2 Areas to be protected

Protective treatments vary with the particular areas of the ship under
consideration. The main areas are as follows:

(i) Underwater plating: ships’ bottoms, which are completely immersed
in service.
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(ii) Boot-top plating which is somewhat similar to the splash zone and
parts may be more or less completely immersed, depending on the
loading of the ship.

(iii) Topside and superstructure: exposed to the atmosphere and
affected by sea salts.

(iv) Cargo holds and tanks: carrying a variety of different materials.
(v) Ballast tanks: containing seawater.

(vi) Accommodation units which on exterior surfaces may be exposed to
conditions similar to those of the topside.

(vii) Machinery, rails, etc., on decks.
(viii) Machinery, internal, which will have to withstand oil, grease and

seawater from leaking pipes.

In the next few sections a broad outline of the types of coating systems
used will be given. However, selection of protective coatings for ships is a
specialist undertaking and the specification will usually be prepared by
those who are knowledgeable in a particular field, e.g. naval vessels, oil
tankers or small work boats. Each of these has different requirements.

15.3.3 Underwater plating

The conditions that have to be resisted by the underwater plating include
seawater, which is a high-conductivity electrolyte, abrasion and the possi-
bility of damage, particularly in harbours. Furthermore, as most ships’
hulls are cathodically protected, the coating must be resistant to saponifi-
cation, so excluding conventional oleo-resinous paints from consideration.
The following types of binders are generally used for underwater plate:
coal-tar epoxy, chlorinated-rubber, vinyl and bitumen or pitch. To differ-
entiate these coatings from the anti-fouling coatings, they are commonly
termed ‘anti-corrosive or A/C compositions’. The thickness applied will
depend upon the type of ship and the conditions it will have to withstand
and can vary from 200 to 600µm total film thickness.

Although, with modern painting, high-build coatings can be applied in
one application, it is usual to apply a multi-coat system to avoid the
possibilities of pinholes in the coating. Some authorities consider that zinc-
pigmented primers should not be employed for underwater service while
others consider them to be suitable; there is conflicting evidence on this
aspect and advice should be sought from paint manufacturers when select-
ing primers.

15.3.4 Anti-fouling paints

As already noted, the attachment of fouling to ships’ hulls impairs the
operational efficiency of the ship so special coatings are applied over the
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anti-corrosive compositions. Most anti-fouling coatings no longer employ
toxic compounds of tin, mercury or copper due to their adverse effect on
the environment, these being replaced by proprietary organic materials.

The anti-fouling paints work by providing a concentration of material
toxic to foulings in the vicinity of the painted surface. Provided this is
maintained at a suitable concentration, all fouling organisms will be killed.
Such paints must, therefore, be formulated so they can supply the toxins at
a suitable rate while at the same time supplying sufficient coating life to
allow for reasonable periods between dry dockings. Two main types of
coating are used. In the one commonly used for many years, the paint
matrix remains unattacked and the toxin particles are leached out at the
required rate. A more recent development is a coating with a soluble
matrix which is often described as a ‘self-polishing’ type. In this type layers
of the paint containing the toxin are removed to provide the necessary
concentration of poison. This has an advantage because suitable coloured
layers can be incorporated to provide an indication of the level of toxin
left in the paint. Furthermore, there may be some advantage in the con-
tinuously smoother surface produced with this type of coating.

New, semi-soft silicone based anti-fouling compositions are being
trialled. These contain no toxins nor leachates, but rely on the low surface
energy of the silicone polymer, to ensure that foulings have no key and
simply slip away from the surface, when minimal build-up has occurred.
The performance of anti-fouling coatings may be affected by the action of
the anti-corrosive compositions and tie coats over which they are applied.
It is, therefore, advisable to contact the coating manufacturer to ensure
compatibility of all the coats in the system. It is usual to apply a barrier
coat over the remains of any old anti-fouling coats, e.g. aluminium-
pigmented bitumen, when applying further anti-corrosive coatings during
maintenance painting.

15.3.5 Boot topping

As the boot-topping area is similar to the splash zone, high-quality protec-
tive coatings must be selected. On some ships the decorative aspects may
be important, so coloured finishes are employed. Cathodic protection is
not effective in this area because it is often not immersed in the sea. Nev-
ertheless, the coatings for this area are often similar to those selected for
the underwater plates although epoxy polyamides may be used in
preference to coal-tar epoxies.

15.3.6 Topsides and superstructures

In many ways the approach to the selection of coatings for these areas
is similar to that for general structures exposed to atmospheric marine
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conditions. The decorative aspects may be important, particularly for pas-
senger ships; because of the moist atmosphere the coatings have to with-
stand, small spots of rust generally produce a considerable amount of rust
staining. Particular attention should be paid to edges and welds to ensure
coating integrity.

Silicone alkyds, acrylics and epoxy/polyurethane systems are currently
favoured with three-coat systems yielding dry paint film thickness of
200µm for the former and 350µm for the latter.

15.3.7 Steel decks

Steel decks are difficult to protect satisfactorily because of the combined
effects of corrosion, abrasion wear and the requirement, for safety
reasons, of non-slip properties. The non-slip requirements are generally
obtained by using specially formulated paints containing grit or by adding
suitable grit to the finishing coat. Sprayed metal coatings have also been
used on some decks.

Although alkyds, chlorinated-rubber and bituminous coatings have been
used for weather decks, where there is heavy traffic epoxies and urethanes
are commonly preferred. Zinc silicates have also been used but are not
suitable where the cargoes are of an acid or alkaline nature. The coating
thickness will depend on the conditions of use but may be 450µm or even
more.

15.3.8 Machinery, pipes, etc.

Often these are supplied fully coated or at least primed and it is difficult to
generalise on the selection of coatings because the conditions vary so
much. Coatings similar to those used for the superstructure are suitable.

Machinery in the bilge area and below deck level may have to withstand
oil, grease, steam and seawater. Careful attention is required to such areas
and the application of a high-quality coating such as an epoxy during ship
construction will be beneficial. However, because of conditions, difficulties
of access for repainting and the inevitable damage that will occur, the
problems may be of design more than of protection.

15.3.9 Cargo and ballast tanks

These tanks may have to withstand very aggressive conditions, not only
from the nature of the cargoes carried but also from seawater ballast and
washing-out. Although crude oil leaves a wax-type film on the surface of
the tank and may provide some protection, it is not continuous. Con-
sequently, any seawater ballast can result in local attack and pitting. Some
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crude oils contain sulphur compounds which may react to form acids
which will, of course, attack the steel. Refined oil products provide little
protection. The coating or lining for the tank must be selected to with-
stand the corrosive effects of the cargo and a wide range of coatings is
used, depending on the requirements.

However, it is generally possible to find an epoxy system with a carefully
selected curing agent which, providing it can be applied correctly, will
withstand most cargoes.

Where ballast tanks are permanently filled with seawater, cathodic pro-
tection is a suitable control measure. Where the tanks are out of ballast for
reasonably long periods, a joint cathodic protection–coal-tar epoxide
coating is often used.

Owing to the problems of protecting cargo tanks, methods other than
conventional coatings are widely used. These include:

(i) Dehumidification to remove moisture from empty tanks or above
oil cargoes.

(ii) Inhibitors.
(iii) Oil films floated on the surface of the ballast water.
(iv) Injection of inert gases to remove oxygen.
(v) Wax and grease coatings.

15.3.10 Freshwater tanks

Tanks for non-potable water can be coated with bituminous solutions or
coal-tar epoxies, usually to a thickness of 150–200µm. However, a non-
tainting coating must be used for drinking water. This may be a suitably
formulated bituminous paint or certain epoxies. Clearly, the regulations
governing coatings for water of drinking quality must be complied with.

15.4 Chemical plants

The approach to the selection of coating systems will be determined by the
nature of the plant and the processes being carried out, which will influ-
ence the local environment in a number of ways. Emission of polluted
gases, although generally subject to government regulations in most coun-
tries, still occurs and leakages from joints are by no means unusual. The
coatings to be chosen must, therefore, take into account the actual con-
ditions that are likely to be encountered in practice. No matter how care-
fully coatings are selected initially, if there is not a properly organised
maintenance programme then serious problems will almost certainly arise
in some plants.

On many structures, such as highway bridges, the amount of corrosion
occurring where coatings break down is not likely to cause serious
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structural problems if maintenance is delayed for a year or two. The main-
tenance costs will increase but in most environments the loss of steel by
corrosion will be acceptable. This is equally true of many chemical plants
but, with others, spillage and leakage of chemicals if not suitably resisted
by appropriate coatings will result in serious corrosion, often necessitating
the replacement of sections of the plant.

For steelwork exposed in corrosive areas, blast-cleaning is essential
before application of paint coatings. If the steel has been stored in the
plant for any length of time, the rust will contain corrosive salts and these
will not be removed by hand-cleaning methods such as wirebrushing, so
premature breakdown of coatings applied over the rusty steel will occur.
In some situations, thick grease paints may be applied over rusted steel
but, generally, these will not be used on plants where personnel can come
into contact with the surface. In the most corrosive areas where acidic or
alkaline fumes are present or where the corrosive fluids are in contact with
the steel, even thick paint coatings may not suffice, and glass-reinforced
plastic materials or other high-duty coatings discussed in Chapter 6 may be
required. Such coatings must be applied with great care because, if corro-
sive solutions are able to penetrate damaged areas of the coating, serious
corrosion can occur. For the average type of chemical environment, the
high-resistance paints such as epoxies, urethanes and vinyls will generally
provide adequate protection provided they are applied to a reasonably
high film thickness of at least 200µm.

In America, zinc silicate coatings are widely used as primers with
systems based on the above binders. This primer is not so widely used in
many other parts of the world, where a primer based on the main binder
used for the undercoats and finishing coats is used. A particular problem
occurs with the exterior surfaces of machinery and equipment, e.g. pumps
and valves, which are often supplied with the manufacturer’s coating
system. This may be satisfactory in some situations but often the coating is
not adequate for the conditions. It is virtually impossible to obtain equip-
ment painted to the client’s specification, so additional coats should be
applied where this is practicable. Alternatively, the coatings should be
removed by blast-cleaning, where this will not cause damage to the equip-
ment, and repainted to a satisfactory standard.

Tapes can be used to protect pipes but care must be taken to ensure that
the steel is well cleaned before wrapping and that the manufacturer’s pro-
cedures are correctly followed. Regular examination is advisable because,
if there is ingress of moisture to the steel, quite severe corrosion may occur
without any obvious deterioration of the tape. Pipes are usually colour
coded and this must be taken into account. Often the conditions are suffi-
ciently corrosive to preclude the use of any coating, in which case suitably
resistant alloys must be used. However, for many situations in chemical
plants where there is unlikely to be condensation on the surface, alkyd or
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acrylic paints will be suitable; the choice will depend on the environment
and the type of plant.

It is always advisable to carry out an inspection of newly painted steel-
work within a few months of application. Small areas of damage should be
touched up immediately after erection but further damage tends to
happen during the first few months as additional services are added. If, at
this inspection, there are clear signs of early coating failure, suitable action
should be taken before this spreads over a larger area of the plant.

15.5 Oil refineries and installations

Oils are used as temporary protectives for steel so it might be assumed
that protection of steelwork in oil installations would not be a problem. In
fact, crude oil can be very corrosive and often other corrosive chemicals
are produced in these plants. Furthermore, there are considerable temper-
ature variations on the exterior surfaces of different parts of the plant
arising from the process operations, with consequent expansion and con-
traction of the surfaces. To meet these and other requirements, the exter-
nal steelwork should be blast-cleaned, generally to Sa2��, and epoxies or
similar resistant coatings applied to surfaces exposed to the atmosphere.
Coal-tar epoxy or modified, tar-free epoxies, can be used for any under-
water or buried steelwork, probably with cathodic protection. Hot-dip gal-
vanised coatings may be considered for less corrosive areas where colour
is not important.

15.6 Sewage systems

The major corrosion problem with the immersed parts of sewage systems
occurs when hydrogen sulphide is generated. The gas is produced
bacteriologically in the sewage, accumulating in slimes and sludges where
anaerobic conditions exist. The hydrogen sulphide tends to be absorbed
onto surfaces and is oxidised to form sulphuric acid. The problem is accel-
erated in hot climates or where industrial acid wastes are also discharged
into the sewer. Correct design of the system, such as ensuring that the
sewage stays oxygenated as long as possible and that the sewer is well ven-
tilated, is the best approach to corrosion control. However, most metals in
the system will require some form of protection by coatings. Such coatings
should have a high water resistance and good resistance to impact damage.
The coating should also be capable of patch repair.

For the interior of pipelines, PVC linings are increasingly being used. If
in situ coating is required, the choice is often an amine cured coal-tar
epoxy. The use of solventless coal-tar epoxies is considered to have advan-
tages. This would reduce the possibilities of pinholes but requires
sophisticated equipment and skilled operation to apply. The method
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allows the application of very thick, quick-drying films of paint but this
also emphasises the need for a high standard of surface preparation,
notably surfaces free from contamination and rough enough to provide an
adequate key.

For the steelwork in aggressive atmospheric environments, two-pack
epoxies are preferred and a cosmetic finish with excellent weathering
properties can be obtained by making the final coat one based on a two-
pack polyurethane. Repair or repainting of such systems requires, at least,
sweep blasting or abrading of the surface. For steelwork in a relatively
non-aggressive atmosphere, but in damp conditions, vinyl systems are suit-
able. These are available in light decorative colours and if in good con-
dition can be repaired or repainted without extensive surface preparation.

15.7 Sheet piling

Sheet piling is used for retaining purposes and is not always coated. If, for
example, it is used as temporary piling during excavation prior to founda-
tion construction, it probably will not be painted. Generally, where it is
driven into soils it is not coated except under conditions that are particu-
larly corrosive. In such situations cathodic protection may be used.

One of the most aggressive environments for piling is on the coast,
where it may be used for harbour and dock installations or on beaches as
groynes. The conditions involve four zones similar to those on an offshore
structure; atmospheric, intertidal (splash zone), immersed in the sea and
buried in the ground. Generally, problems arise at the intertidal and
immersed areas. The protection of the area exposed to the atmosphere is
not usually a problem and it can be repainted without great difficulty. The
part buried in the soil does not usually require a coating but the immersed
and intertidal zones are generally coated. Apart from the difficulties of
maintenance painting, these areas are prone to damage whether in har-
bours or on beaches. One approach is to use thicker steel to provide a
‘corrosion allowance’, possibly with a coating. Alternatively, or addition-
ally, cathodic protection may be used for the immersed zone.

There is no general agreement on the most economic coating system
for sheet piles. A number of comprehensive test programmes have been
conducted on a variety of coatings but it is difficult to draw any firm
conclusions from the results. They vary, depending on the particular
test programme. Some coatings have performed well in most tests,
e.g. neoprene, but this would be considered too expensive for most situ-
ations. Sprayed aluminium coatings have also performed well in a number
of tests. On the more conventional coatings for this purpose, coal-tar
epoxies have generally performed well. In one series of tests the perfor-
mance of these coatings was inferior when applied to bare blast-cleaned
steel compared with application to a zinc silicate primer. On the other
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hand, an organic zinc-rich paint was much less effective under immersed
conditions.

Isocyanate-cured pitch epoxies have performed well in some tests
but the selection of suitable coatings will be influenced by the likelihood
of damage. In many situations cathodic protection would be advisable.
Often the reverse of the pile in seawater conditions can be protected
without difficulty, but cathodic protection can be applied to both sides of
sheet piles.

15.8 Jetties and harbours

In some ways, the problems are similar to those experienced by sheet
piling in the sense that the steelwork has to withstand the conditions pro-
duced by the four zones: atmospheric, splash, immersed and buried or
mud-line.

The selection of suitable coatings for the atmospheric zone is not a
problem and will be determined by the factors considered for other situ-
ations, e.g.

(i) Difficulties of access for maintenance.
(ii) Periods required between maintenance repaintings.

(iii) Difficulties arising from loss of use of facilities during maintenance.
(iv) Appearance, including colour.
(v) Geographical situation.

(vi) Likelihood of damage arising from the use of the facilities, e.g. ships
damaging paintwork.

(vii) Whether the facilities are part of an industrial complex with pollu-
tion of the air in addition to airborne sea salts.

(viii) Possibility of abrasion from industrial processes.

Metal coatings, particularly hot-dip galvanised steel (painted) in the
atmospheric zone and sealed sprayed aluminium coatings in the immersed
zone, may be considered in some situations. However, both metals act sac-
rificially in seawater and problems may arise if they are connected to large
areas of adjacent bare steel or poorly coated steel, because the metal coat-
ings will corrode rapidly to protect areas of bare steel. Generally, resistant
coatings such as epoxies and chlorinated-rubber will be considered for
long-term protection of steelwork exposed in the atmosphere, although
conventional oleo-resinous coatings will be suitable for many situations
provided maintenance painting is carried out regularly.

For the immersed and splash zones, coal-tar epoxies or urethane pitches
will generally be selected, preferably with cathodic protection. Where
long-term protection is essential in some situations, solventless epoxies
and other special materials applied as thick coatings may be preferred.
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The selection of coatings for the interior surfaces of tanks and the external
surfaces of pipelines is discussed in Chapter 6.

15.9 Steel in reinforced concrete

Two of the materials most commonly used for structures and large build-
ings are steel and reinforced concrete. This book is concerned primarily
with structural steel but many of the problems that arise with reinforced
concrete result from the corrosion of the steel reinforcements or rebar as
they are commonly called.

Cases of corrosion of rebar with subsequent serious deterioration of
concrete structures have been reported over many years. However, in the
last 10–15 years the problem has taken on a new significance both in build-
ings and structures. Particularly severe corrosion has occurred on many
large bridge decks in North America.

For many years the general view was that, unlike steel structures, those
of reinforced concrete were not subject to significant corrosion. However,
in many situations this has proved not to be so and attention is being
focused on the problem.

15.9.1 Concrete

The corrosion of rebar is basically the same as for any other steel, but to
appreciate the particular problems that occur with concrete it is necessary
to look at some of the properties of this material. Concrete is produced
from the following constituents:

(i) Cement.
(ii) Fine aggregate, e.g. sand.

(iii) Coarse aggregate – gravel or crushed rock.
(iv) Water.

Additionally, other materials called admixtures may be used to modify the
properties of the concrete. Of the various constituents, cement is the most
important from the corrosion standpoint.

15.9.1.1 Cement

Cement is produced by mixing suitable components such as limestone and
clay and heating them to about 500°C. This produces a series of reactions
that result in a mixture of calcium silicate, aluminates or aluminoferrites.
When these are mixed with water to produce mortar or cement the
important aspect so far as corrosion is concerned is the alkaline nature of
the final product.
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15.9.1.2 Admixtures

Admixtures of inorganic or organic materials are added immediately
before or during mixing to modify the properties in some way, e.g. to
increase or decrease the setting time. Of these, calcium chloride, used
as an accelerator is the one that most influences corrosion because of its
chloride content.

15.9.1.3 Basic chemistry of concrete

In the setting of concrete, as the aggregates are basically inert they have
little direct influence on the concrete. The exception is when aggregates
contain chloride, e.g., sand from near the coast. The main reaction of
interest is that between the cement and water which provides material for
the ‘cementing’ together of the constituents and produces the density,
hardness and strength of the concrete.

When water is added, the reactions with cement are fairly complex and
are described in detail in text books on concrete. Basically a series of
hydrates are formed, e.g. calcium silicate hydrate; calcium aluminate and
calcium aluminoferrite hydrates. The reactions, which may continue in wet
concrete for some time, lead to a hardening of the concrete.

The important aspect of these reactions from the corrosion standpoint is
the alkalinity produced both in the mass of the material and in the mois-
ture remaining in the pores and capillaries. Additionally, chlorides, if
present, react with calcium aluminate and calcium aluminoferrite to form
insoluble chloroaluminates and chloroferrites, in which chloride is found
in a non-active form. In practice, the reaction is not complete, so some
active soluble chloride will remain in the concrete. Nevertheless, concretes
or cements with a high proportion of these phases reduce the availability
of chlorides, which, as will be discussed later, is a primary cause of steel
corrosion.

15.9.1.4 Properties of reinforced concrete

Although strong in compression, concrete is weak in tension, so steel rein-
forcement bars or meshes are used to improve the tensile strength. Steel
does not normally corrode in an alkaline environment; however, in some
circumstances, which will be discussed in detail later, problems can arise if
certain corrosive species are available to react with the steel. The proper-
ties of the concrete that have the most influence on the diffusion or ingress
of these species are its permeability and porosity, which are to some extent
controlled by the mix of the concrete.
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15.9.2 The corrosion of rebar in concrete

The mechanism of steel corrosion has been considered in Chapter 2,
and this is applicable to rebar corrosion. Basically, the process can
be divided into reactions that occur at the anode and those occurring at
the cathode, with the reactants combining to form ferrous hydroxide,
which is oxidised to rust – Fe2O3 . H2O. The corrosion occurs at the anodic
areas.

In alkaline solutions, steel becomes passive, i.e. a protective film is
produced which prevents these reactions occurring, or if they do occur the
corrosion is very slight. As concrete produces an alkaline reaction, little or
no corrosion of the steel occurs provided the passive film remains intact.
However, certain corrosive species, such as chlorides, can attack the
film or diffuse through it, so allowing corrosion to occur. Passivity can
also be broken down by the ingress of acid solutions which neutralise the
alkalinity.

Processes which lead to the breakdown of the passive film will be con-
sidered next.

15.9.2.1 Breakdown of passivity

Passivity can be broken down by natural deterioration of concrete, called
carbonation, or by ingress of corrosive species, especially chlorides.

15.9.2.2 Carbonation

Air contains a number of acidic gases, in particular carbon dioxide and
sulphur dioxide. Concrete is permeable and allows the slow ingress of
these acidic gases, which react with the alkaline components in the con-
crete, e.g. calcium hydroxide, to form carbonates and sulphates at the
same time as neutralising the alkalinity.

These reactions result in what is termed a carbonated layer in the con-
crete, so called even if sulphates predominate. If the carbonated layer
reaches the steel surface then as the environment is no longer alkaline,
passivity breaks down and the steel is not protected from corrosion. This
situation can arise as follows:

(i) Over a period of time, carbonation may progress to the point where
it reaches the steel reinforcement. The rate of carbonation in most
sound concrete is generally low, under ��mm per year, so if the depth
of cover is 20mm the reinforcements will be in an alkaline environ-
ment for a long time. Where the depth of concrete cover is
50–70mm, then no problems should arise during the design life of
most structures provided other factors do not lead to a loss of pas-
sivity.
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(ii) Certain types of cracks formed by shrinkage or loading may allow
the ingress of acid species and the carbonated layer so formed may
reach the steel even though the general cover is adequate. Many
factors will determine the probability of corrosion arising from
cracks, e.g. their depth and width, whether they move as a result of
alternating loads and the degree to which they are self-sealed by
corrosion products, debris, etc., so preventing the ingress of corro-
sive species.

(iii) Where reinforcement bars or mesh are not correctly placed, local
reductions in cover may occur with premature failure of passivity of
the steel at a few places. This may be superficial but in some circum-
stances can lead to more general failure.

15.9.2.3 Chlorides

Chloride ions can penetrate the passive film or may replace hydroxyls
in its structure, so destroying passivity, at least locally. If sufficient
chloride is present, then general passivity breakdown occurs. Chlorides
react with calcium aluminate and calcium aluminoferrite in concrete
to form insoluble compounds. However, some active chloride always
remains free to reduce passivity and promote corrosion. Chlorides may
arise from the material used to make the concrete or from external
sources.

Chlorides in concrete. Chlorides may be present in the aggregates if
they are taken from marine environments or they may be present in
the water if this is of a saline nature. Although problems have arisen
from such chloride-containing materials, particularly in the Middle
East, there is now a general appreciation of the inadvisability of using
such materials for reinforced concrete. Some admixtures, particularly
calcium chloride used as a set-accelerator, may also cause corrosion
problems.

Chlorides from external sources. The two sources of external chlorides are:

(i) Seawater which contains a high proportion of chlorides.
(ii) De-icing salts such as sodium chloride used to reduce the freezing

point of ice, particularly on bridge decks.

Chloride concentration. There appears to be no definite threshold level of
chloride below which corrosion is unlikely to occur. Various figures have
been used, e.g. 0.15% (based on cement content) in a bridge deck has
been stated to be safe with no likelihood of corrosion, whereas over 0.3%
chloride is a cause for concern. Chloride limits for cement mixes have
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been set by various authorities, e.g. 2% CaCl2 as a limit, but there appears
to be no general agreement on threshold levels.

15.9.2.4 Influence of concrete on corrosion

Corrosion will occur only if the corrosive species reach the steel surface, so
the permeability of the concrete has an influence. With sound aggregate,
the best path for the ingress of corrosive ions is the cement phase, the per-
meability of which will be influenced by the water to cement (W/C) ratio.
A low W/C ratio reduces permeability, so retarding the ingress of ions to
the steel surface.

Other aspects of the concrete mix influence to a greater or lesser extent
the overall protective value of the concrete, e.g. aggregate grading, degree
of compaction, adequacy of cure. These and the earlier factors considered
all affect permeability, which has a direct relation to corrosion. Addition-
ally, high permeability will increase the rate of carbonation.

15.9.2.5 Concrete cover

It has been established in test work and from practical experience that the
cover, i.e. the thickness of concrete covering the steel, is of fundamental
importance to the protective qualities of concrete. Adequate cover will
ensure that carbonation does not reach the steel surface, so decreasing the
overall permeability of the concrete. Standards and Codes of Practice, e.g.
BS CP114 Part 2, ‘Structural use in reinforced concrete in buildings’, indi-
cate the correct cover for different situations.

15.9.3 Types of failure with reinforced concrete

The basic problem with the corrosion of reinforcing bars arises not so
much from loss of strength but from the bulky corrosion products that are
formed.

The rust exerts a considerable degree of force on the concrete in
contact with it, possibly as much as ten times the concrete’s tensile
strength. As the concrete has a low degree of elasticity, the force leads
to cracking, delamination and eventual spalling of the concrete. This
results in loss of protection to the reinforcing bars and the danger
arising from pieces of concrete falling from the structure or building. The
various forms of failure tend to be progressive with cracks leading to
spalling.

The early stages of corrosion are not necessarily visible, so a structural
survey must take this into account. Delamination may not be obvious
without close examination. The rust may have forced the concrete away
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from the reinforcement but the cracks may not be obvious at that stage
although the concrete has in fact failed. Often the depth of cover deter-
mines whether a crack or delamination occurs.

15.9.4 Corrosion control methods

Control methods should be incorporated before corrosion occurs and a
number of approaches have been used:

(i) Ensuring that the concrete is of a high standard with low permeabil-
ity and with adequate cover to the steel.

(ii) The use of suitable membranes for waterproofing to reduce the
ingress of moisture, chlorides, etc.

(iii) Protecting the reinforcements with suitable coatings. Zinc in the
form of galvanised coatings and powder epoxy coatings have been
used.

(iv) Retarding the ingress of ions into the concrete. Various coatings
have been applied to the exterior surfaces of the concrete structure
or building to achieve this.

(v) Using corrosion-resistant reinforcements, e.g. stainless steel or
carbon steel clad with stainless steel or nickel.

(vi) Cathodic protection has also been used to retard further attack
where corrosion of rebars has already occurred.

Other methods have also been considered but have limited practical value.
These include inhibition of the concrete and the use of wax beads and
other suitable materials to seal the internal pores of the concrete.

15.9.4.1 Coatings

Coatings have been used in two different ways: (a) application to the con-
crete surface to retard the ingress of corrosive species, particularly chlo-
rides; (b) Coating of the rebars to protect them from attack.

Coating of concrete. Various methods have been used:

(i) Paint coatings such as epoxies, chlorinated rubbers and vinyls.
(ii) Sealers that penetrate the concrete to some extent, e.g. epoxies and

acrylics.
(iii) Renderings of thick coatings, e.g. epoxy mastics, applied by trowel.

They also tend to fill in minor surface defects.
(iv) Materials that block the concrete pores, e.g. silicates and poly-

urethanes.
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The concrete has to be properly prepared to ensure that the coatings
adhere properly. Their effectiveness has not been established and investi-
gational work is in progress to provide long-term data.

Coating of rebar. Two particular coatings have been used for this purpose:
(a) hot-dip galvanised zinc; (b) powder epoxies.

(i) Hot-dip galvanised rebar. There are differing views on the effective-
ness of zinc-coated rebar. Tonini and Cook1 conclude that zinc-coated bars
offer a minimum performance enhancement over unprotected bars of at
least four times. Their paper and others produced by ‘zinc interests’
demonstrate this enhanced performance. However, other authorities are
not so enthusiastic. The test methods used to obtain some of the data have
been under scrutiny. It is probably fair to say that in cases of loss of alka-
linity due to carbonation or low concrete cover, galvanising the rebar is an
effective way of retarding the onset of corrosion. However, the reduction
in corrosion where high chlorides prevail is less marked. A restriction on
the use of galvanised rebar is the general requirement for bending of the
bars before rather than after galvanising. Additionally, zinc corrodes in
highly alkaline situations so that while the steel may be protected, prob-
lems may arise from the zinc corrosion products.

(ii) Epoxy-coated rebar. Fusion-bonded epoxy coatings have been used
for rebar since the early 1970s. They are similar to those used for pipelines
and have been discussed in Chapter 6. They should not be confused with
the paints used on concrete surfaces. Epoxy-coated rebars are specified in
North America for a number of situations, particularly for bridge decks.
They have not been widely used in the UK, partly because of problems
with standards. It seems likely that they will be used to a greater extent in
future. Problems such as damage to the coating may occur but practical
data on their performance are encouraging.

15.9.4.2 Cathodic protection

Where rebars have corroded to produce deterioration of concrete,
cathodic protection has been employed as an alternative to concrete
removal and repair. The high electrical resistivity of concrete means that
specially designed systems are required with specially designed anodes.
Wyatt and Irvine2 have produced a useful review and a book on this topic
has recently been published.3 The basic principles of cathodic protection
are discussed in Chapter 13.
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