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ABSTRACT

This Master dissertation was conducted at the Department of Civil and
Mechanical Engineering, University of Dundee, Scotland to obtain a MSc degree
from Lule å University of Technology, Sweden.

The main objective of this dissertation is to investigate the possibility to
obtain a mathematical model to predict the initiation time of steel corrosion in
concrete for different crack widths. For this purpose a number of beams were
made and cracked to different crack widths in a special rig to simulate load-
induced cracks, and then place the specimens into a corrosion tank to accelerate
the corrosion process. Due to lack of time to conduct this dissertation the
accelerated method used a higher salt concentration (12%) than normal
seawater and only one type of concrete (C30) was used with a limited amount of
beams for each crack width.

To predict the initiation time a half-cell was used with chloride tests to
investigate how chlorides propagate through the different cracks.

Chapter 1 takes up the basics of the chemical reactions that takes place
when concrete hydrates, that is important to know to be able to understand the
environment reinforcement bars are in.

The reinforcement corrosion process is explained in Chapter 2 to give the
reader an insight in the basic concepts of corrosion.

Chapter 3 takes up the mechanics behind reinforcement corrosion and is
followed by a chapter about monitoring techniques and corrosion protection in
Chapter 4 and 5 respectively. The method used in this dissertation is explained in
Chapter 6 with a discussion of the obtained results and finally a conclusion.
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SAMMANFATTNING

Detta examensarbete har utförts vid avdelningen för Civil and Mechanical
Engineering, University of Dundee, som en avslutande del för en
civilingenjörsexamen i Väg- och vattenbyggnad p å Luleå Tekniska Universitet.

Huvudsyftet med arbetet var att utreda möjligheten att åstadkomma en
matematisk modell för att förespå initieringstiden för armeringskorrosion i betong
med olika sprickbredder. I försöken gjöts ett antal balkar som sedan spräcktes i
en specialkonstruerad anordning. Balkarna placerades sedan i en korrosionstank
för att accelerera korrosionsprocessen. Saltlösningen som användes var mer
koncentrerad än vanligt havsvatten (12%) och bara en typ av betong (K30)
användes, med ett begränsat antal balkar och sprick bredder.

För att kunna förutspå initieringstiden för armeringskorrosionen s å
användes en s.k. halv-cell tillsammans med kloridtester s å att kloridinträngningen
kunde mätas.

Kapitel 1 tar upp de elektrokemiska reaktionerna som betongen genomgår
vid härdningsprocessen, som är viktigt för att lättare förstå miljön som
armeringsjärnen är omgivna av.

Korrosionprocessen förklaras i kapitel 2 s å läsaren f år en överblick över
grunderna.

Kapitel 3 g år igenom de olika faktorer som p åverkar korrosion processen
av armeringsjärn och följs av ett kapitel om undersökningsmetoder och
korrosionskydd i kapitel 4 respektive 5. Därefter förklaras experimentmetoden
som användes och slutligen en disskution av de erhållna resultaten med en
slutsats.
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1 CONCRETE

1.1 Introduction

Concrete is a hardened mixture of cement, aggregates and water. The
reactions between cement and water (hydration) takes place slowly as a result of
important properties such as strength and permeability change continuously. If
there is no interaction with the environment they will improve with time, the
concrete will be stronger and denser (less permeable) and therefore protect
reinforcement.

The first important factor when it comes to corrosion prevention is the pH
of the concrete, or rather the pH of the pore solution in the concrete at the steel
surface. The composition of the pore solution depends on the reactions between
the cement and the mixing water (hydration).

1.2 Description of the hydration process

The pore solution is determined by the reaction between cement and
water, this composition will be determined by the composition of the cement.

There are three main cement compositions that should be recognized. In
the first place cements mainly composed of Portland cement clinker, in the
second place cements composed of Portland cement clinker and the latent
hydraulic blast-furnace slag and in the third place cements composed of Portland
cement clinker and pozzolanic materials fly ash, silica fume, trass and pozzolan.
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1.2.1 Description of the hydration process of neat Portland cement

The reaction of Portland cement with water is a reaction of four clinker
materials:

Tricalcium silicate (3CaO⋅SiO2)

Dicalcium Silicate (2CaO⋅SiO2)

Tricalcium aluminate (3CaO⋅Al2O3)

Tetracalcium ferite (4CaO⋅Al2O3⋅Fe2O3)

When these minerals react with water they give very unsolvable
precipitates of calcium silicate hydrates (like 3CaO⋅2SiO2⋅3H2O) and calcium
aluminate hydrates (like 4CaO⋅Al2O3⋅nH2O) together called the cement gel.

3CaO⋅SiO2 + 6H2O → 3CaO⋅2SiO2⋅3H2O +3Ca(OH)2 (1.1)

3CaO⋅Al2O3 + (n-1) H2O +Ca(OH)2 → 4CaO⋅Al2O3⋅nH2O (1.2)

The tricalcium silicate and dicalcium silicate produce also free lime
(Ca(OH)2), which is not so soluble.

This free lime will react with the sodium and potassium salts, which are
present in minor quantities in the cement clinker, giving rise to the formation of
very soluble potassium and sodium hydroxide, as the reactions below is
indicating:

Na2SO4 + Ca(OH)2 → CaSO4 + 2NaOH (1.3)

K2SO4 + Ca(OH)2 → CaSO4 + 2KOH (1.4)

During the first hours of the hydration of the cement the pH originates
partly from production of the supersaturated calcium hydroxide partly from
sodium- and potassium hydroxide in the pore liquid.

As the time goes by mainly the sodium and potassium hydroxide in the
solution will determine the pH [2]. The amount of calcium hydroxide will be
determined by the amount of C3S and C2S in the Portland cement clinker.
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1.3 Permeability of the cement gel

The amount of buffering substance (Ca(OH)2) for the penetrating CO2

decreases with the amount of slag or pozzolanic material. From this point of view
blast-furnace cement concrete and concretes with pozzolanic materials should
give less protection with time. However, the additional reactions within blended
cements leads to less or much less permeable concrete. The pozzolanic reaction
leads to filling of the pores. The decrease in buffering capacity or even decrease
in pH is therefore counteracted by the decrease in permeability. Additionally the
pozzolanic reaction leads to an increase of the electrical resistivity and decrease
of mobility of aggressive ions and therefore decreasing the corrosion [3].
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2 CORROSION OF STEEL IN CONCRETE

2.1 Introduction

In this chapter the basics of corrosion will be discussed and how they
apply to steel in concrete.

Why does steel corrode in concrete? We know from experience that mild
steel and high strength reinforcing steel bars corrode (rust) when air and water
are present. Because concrete is porous and contains moisture, one would think
steel in concrete normally corrode, which is not true because concrete is alkaline.
Alkalinity is the opposite of acidity. Metals corrode in acids, but they are often
protected from corrosion by alkalis. When it is said that concrete is alkaline it
means that it contains microscopic pores with high concentrations of soluble
calcium, sodium and potassium oxides. These oxides form hydroxides, which are
very alkaline, when water is added. The chemical reaction that takes place
creates a very alkaline condition (pH 12-13) [2]. This alkaline condition leads to a
passive layer forming on the steel surface. A passive layer is a dense, protective
film, which, if fully established and maintained, prevents further corrosion of the
steel. The layer formed on the steel in concrete is probably part metal
oxide/hydroxide and parts mineral from the cement. A true passive layer is a very
dense, thin layer of oxide that leads to a very slow rate of oxidation (corrosion).

The passive layer will maintain and repair itself as long as the passivating
(alkaline) environment can be maintained. However, the passivating environment
is not always maintained. Two processes can break down the passivating
environment in concrete. One is carbonation and the other is chloride attack.
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2.2 Description of the corrosion process

It has long been stated that the corrosion of base metals in aqueous
environments proceeds by an electrochemical mechanism.

Once the passive layer breaks down, areas of rust will start appearing on
the steel surface.

The chemical reactions are the same whether corrosion occurs by chloride
attack or carbonation. When steel corrodes in concrete it dissolves in the pore
water and gives up electrons [3].

The anodic reaction: Fe → Fe2+ + 2e- (2.1)

To preserve electrical neutrality, the two electrons (2e-), created in the
anodic reaction must be consumed elsewhere on the steel surface. In other
words, it is not possible for large amounts of electrical charge to build up at one
place on the bar.

Another chemical reaction must take place that will consume the
electrons. This reaction consumes water and oxygen:

The cathodic reaction: 2e- + H2O + 0.5O2 → 2OH- (2.2)

One can see that hydroxyl ions (2OH-) are generated in the cathodic
reaction. These ions increase the local alkalinity and will strengthen the passive
layer, minimizing effects of carbonation and chloride ions at the cathode. It must
be mentioned that water and oxygen are needed at the cathode for corrosion to
occur.

The anodic and cathodic reactions (2.1 and 2.2) are only the first steps in
the process of creating rust.

If the iron were just to dissolve in the pore water (the ferrous ion Fe2+ in
equation 2.1 is soluble) we would not see cracking and spalling of the concrete.
More stages must occur for rust to form [3].
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One way of showing this is given in equations 2.3, 2.4, and 2.5  where
ferrous hydroxide becomes ferric hydroxide and then hydrated ferric oxide (rust):

Fe2+ + 2OH- → Fe(OH)2 (2.3)

                                    Ferrous hydroxide

4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 (2.4)

                                                     Ferric hydroxide

2Fe(OH)3 → Fe2O3⋅H2O +2H2O (2.5)

                                     Hydrated ferric oxide (rust)

Unhydrated ferric oxide (Fe2O3) has a volume of about twice that of the
steel it replaces when fully dense. When it becomes hydrated it swells even more
and becomes porous. This means the volume increase at the steel/concrete
interface is two to ten times [3]. The volume increase leads to cracking and
spalling of the concrete.

2.3 Different states of corrosion for steel in concrete

Having reviewed the principles in the metallic corrosion process, it is now
possible to give a simple description of the various states of corrosion that steel
may have in concrete.

2.3.1 The passive state

Hardened concrete, contains highly alkaline solution (pH 12-13) within the
pores of the hardened cement matrix that surrounds the aggregate particles and
the reinforcement [4]. As it has been mentioned before, this alkalinity is due to
the presence of sodium, potassium and calcium hydroxides, derived from
reactions between the mix water and Portland cement particles. The pore-water
also normally contains a significant level of dissolved oxygen.
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2.3.2 The state of pitting corrosion

Corrosion of steel in concrete generally starts with the formation of pits.
These increase in number, expand and join up leading to the generalized
corrosion. Pitting corrosion is likely to occur in reinforced concrete containing
significant amounts of chloride, derived either from the service environment or
from the use of contaminated mix materials [4]. Pitting corrosion is characterized
by galvanic action between relatively large areas of passive steel acting as
cathode and small anodic pits.

2.3.3 The state of general corrosion

Depassivation arises in concrete if the pH value of pore-water at the depth
of the reinforcement becomes substantially reduced from its initial, high level.
This can happen as a result of carbonation, which involves penetration into the
material of acidic gases (CO2 etc.) from the surrounding air, and it gives rise to
general corrosion of the steel.

General corrosion may also be observed in reinforced concrete, which has
become contaminated with chloride ions to such an extent as to cause virtually
complete destruction of the passive film [4].

2.3.4 The state of low-potential corrosion

When the availability of oxygen is extremely limited, which is sometimes
the case for fully submerged or buried reinforced concrete, the limiting cathodic
current density may eventually become insufficient to maintain the passive film
on the steel. Under these circumstances, the metal behaves actively in the highly
alkaline environment, undergoing uniform dissolution forming soluble FeO⋅OH-

ions.
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2.4 Time dependence of corrosion (initiation period and
corrosion period)

The state of corrosion is expected to change as a function of time.
Therefore it could be convenient to distinguish the following stages:

Initiation period:

During which the metal, having been embedded in concrete remains
passive whilst, within the concrete, environmental changes are taking place that
may ultimately terminate passivity.

Corrosion period:

Which begins at the moment of depassivation and involves the
propagation of corrosion at a significant rate until a final state is reached when
the structure is no longer considered acceptable on grounds of structural
integrity, serviceability or appearance.

This may be illustrated schematically in figure 2.1.

                                            Degree of deterioration

                                                                                                                     Life time
                                              Initiation period     Corrosion period

Figure 2.1 Schematic representation of the components of service life.



14

2.5 Different types of corrosions

2.5.1 Bacterial corrosion

Bacteria in the soil (thiobacilli) convert sulphur and sulphides to sulphuric
acid. This acid will attack steel causing corrosion. There are other species
(ferrobacilli) that attack the sulphides in steel (FeS). This is often associated with
a smell of hydrogen sulphide (rotten eggs) and smooth pitting, with black
corrosion product when rebars are exposed having been in water saturated
conditions.

2.5.2 Black rust

If the anode and cathode are well separated (by several hundreds
millimetres) the iron as Fe2+ will stay in solution. This means there will be no
expansive forces to crack the concrete.

This type of corrosion (known as black or green rust because of the colour
of the liquid seen on the rebar when first exposed to air after breakout) is an
alternative to the normal red rust described before. It is a corrosion type that can
be found in underwater or other water saturated constructions.

2.5.3 Stray current induced corrosion

The main cause of stray current induced corrosion is the direct current
flowing through reinforcing steel due to DC traction systems on trams (streetcars)
and electric trains.

When current has to jump from one metal conductor to another through an
ionic medium (e.g. from one reinforcement cage to another, via the concrete
pore-water), then one end becomes negative (a cathode, i.e. cathodically
protected), while the other end becomes an anode and corrodes.

2.5.4 Local versus general corrosion (macrocells vs. microcells)
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If we take a typical chlorine induced corrosion there will be often an area
with a few centimetres of corrosion and up to a meter of clean passive bar. This
indicates the separation of the anodic reaction (2.1) and the cathodic reaction
(2.2), to form a macrocell.

Chloride induced corrosion gives rise to well defined macrocells. This is
partly due to the mechanism of chloride attack, with pit formation and with small
concentrated anodes being fed by large cathodes. It is also because chloride
attack is usually associated with high levels of moisture giving low electrical
resistance in the concrete and easy transport of ions so the anodes and
cathodes can separate easily.
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3 MECHANISMS OF CORROSION

3.1 Introduction

Concrete normally provides for the steel a high degree of protection
against corrosion. Concrete of low water/cement ratio and well cured has also a
low permeability, which minimizes penetration of corrosion inducing agents such
as oxygen, chloride ions, carbon dioxide, and water.

Low permeability increases the electrical resistivity of the concrete, which
helps in reducing the rate of corrosion by slowing the flow of electrical currents
within the concrete that comes with electrochemical corrosion.

3.2 General mechanics of electrochemical corrosion

In electrochemical corrosion, a flow of electrical current and one or more
chemical processes are required. The flow of electrical current caused by
electrical sources, within the structure or from the earth, or resulting from the
movement of seawater (an electrical conductor) within or over the structure, may
directly induce the corrosive chemical reactions [5].

Existence of differences in metals, non-uniformities of the steel (different
steels, welds, active sites on the steel surface) or non-uniformities in the
chemical or physical environment from the surrounding concrete. These non-
uniformity’s can produce under certain specific conditions significant electrical
potential differences and result in corrosion.
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3.3 Effects of the concrete environment

3.3.1 Portland cement

When Portland cement hydrates, the silicates react with water to produce
calcium silicate hydrate and calcium hydroxide, as mentioned in section 1.2.
These chemical reactions give rise to a high alkalinity that protects the
embedded steel because of the formation of a protective oxide film on the steel.
The quality of this film depends on the alkalinity (pH) of the environment [6].

Differences in the type of cement are a result of variation in composition or
fineness or both, and as such, not all types of cement have the same ability to
provide protection of the embedded steel.

3.3.2 Aggregate

One serious problem arises when aggregates contain chloride. This can
happen when sand is dredged from the sea or taken from seaside or arid
locations. Porous aggregates can absorb considerable quantities of salt. But it
must be mentioned aggregates generally have little effect on the corrosion of
steel in concrete.

3.3.3 Water

A high moisture content will reduce the rate of diffusion of carbon dioxide
and hence the rate of carbonation of the concrete. An important effect of the
moisture content of concrete is its effect on the electrical resistivity of the
concrete. Dry concrete will have a higher resistivity and therefore minimize the
corrosion rate, compared with saturated concrete.

3.3.4 Corrosion inhibiting admixtures

There are numerous chemical admixtures, both organic and inorganic that
can be used as a steel corrosion inhibitor. Some of the admixtures, however,
may retard time of setting of the cement or be detrimental at later ages. Among
those compounds reported as inorganic inhibitors are potassium dichromate,
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stannous chloride, zinc, and lead chromates, calcium hypophosphite, sodium
nitrite, and calcium nitrite. Organic inhibitors suggested have included sodium
benzoate, ethyl aniline, and mercaptobezothiazole.

3.3.5 Concrete quality

Concrete will offer more protection against corrosion of embedded steel if
it is of a high quality. A low water/cement ratio will slow down the diffusion of
chlorides, carbon dioxide, oxygen and increase the strength of the concrete
which will extend the time before corrosion-induced stresses cause cracking of
the concrete.

The type of cement or use of superplasticizing and mineral admixtures
may also be an important factor in controlling the permeability and the ingress of
chlorides [5].

3.3.6 Thickness of concrete cover

The thickness of cover over steel is of obvious importance, as this cover
protects the steel from the factors that induce corrosion. The effect of cover is
more than a simple arithmetic relationship. However, in the case of cement
paste, the diffusion of chloride ion into the paste is accompanied by reaction of
the chloride to form partially insoluble calcium chloroaluminate. This reaction
reduces the concentration of chloride ion at any particular site.

3.3.7 Carbonation

Carbonation occurs when the concrete reacts with carbon dioxide from the
air or water and reduces the pH to about 8.5. At this low pH the steel is no longer
passive and corrosion may occur.

For high quality concrete, in situations where the rate of carbonation is
extremely slow, carbonation is normally not a problem unless cracking of the
concrete has occurred or the concrete cover is defective or very thin.

Maximum carbonation rates are observed at about 50% water saturation.
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3.3.8 Carbonation process

The pH of the concrete may change by ingress of acids from the
environment. These acids are mainly the CO2 in the air and the SO3 in the rain
(600-1000mg CO2/m3 in air, 6-10mg/l SO3 in rain [2]). Of these the CO2 in air is of
major importance.

Carbonation is the result of the interaction of carbon dioxide gas in the
atmosphere with the alkaline hydroxides in the concrete. Like many other gases
carbon dioxide dissolves in water to form an acid. Unlike most other acids the
carbonic acid does not attack the cement paste, but just neutralizes the alkalis in
the pore water, mainly forming calcium carbonate:

CO2 + H2O → H2CO3 (3.1)

Gas     Water     Carbonic acid

H2CO3 + Ca(OH)2 → CaCO3 + 2H2O (3.2)
                   Carbonic acid  Pore solution

There is a lot more calcium hydroxide in the concrete pores than can be
dissolved in the pore water. This helps maintain the pH at its usual level of
around 12 or 13 as the carbonation reaction occurs. However, eventually all the
locally available calcium hydroxide reacts, precipitating the calcium carbonate
and allowing the pH to fall to a level where the steel will corrode.

Carbonation damage occurs most rapidly when there is little concrete
cover over the reinforcement steel. This problem occurs when there is low
cement content, high water/ cement ratio and poor curing of the concrete.

A carbonation front proceeds into the concrete roughly following the laws
of diffusion [7]. These are most easily defined by the statement that the rate is
inversely proportional to the thickness:

dx/dt =D0/x (3.3)

Where x is the distance, t is time and D0 is the diffusion constant. The
diffusion constant is determined by the concrete quality.

At the carbonation front there is a sharp drop in alkalinity from pH 11-13
down to less than pH 8. At that level the passive layer, which is created by the
alkalinity, is no longer sustained so corrosion proceeds by the general corrosion.
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Many factors influence the ability of reinforced concrete to resist
carbonation-induced corrosion. The time to carbonation-induced corrosion, is a
function of cover thickness, so good cover is essential to resist carbonation. As
the process neutralizes the alkalinity of the concrete, good reserves of alkali are
needed (i.e. a high cement content).
The diffusion process is made easier if the concrete has an open pore structure.
Microsilica and other additives can block pores or reduce pore sizes.

3.3.9 Influence of cracks

Carbonation can penetrate much faster into the concrete via cracks than it
does through uncracked concrete. The same basic interrelation as given in the
general description for carbonation is valid for carbonation in the region of cracks
as well. In addition to the process of carbonation, the diffusion of CO2 within the
crack has to be taken into consideration. A schematic representation of the
relevant processes is given in figure 3.1 .

                                                                                1

                                                                           2                          3

Concrete                                                           Concrete

                                                                                                           4

1. Diffusion of CO2 into the crack

2. Diffusion of CO2 into the concrete

3. Chemical reaction

4. Diffusion of hydroxylions OH-

Figure 3.1 Schematic representation of carbonation in the region of cracks.

The diffusion of CO2 through a crack into the interior of a concrete
member depends on the following parameters:

1. Crack widths
2. Permeability in the crack space
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3. Effusion of alkalis (process 4, in figure 3.1 ).

Crack widths:

The amount CO2 diffusing through the crack increases with increasing
crack widths. Consequently, carbonation rate within the crack increases as well.

Permeability in the crack space:

The type and amount of deposits in the crack space dominantly influence
the permeability in the crack space. Deposits may originate from the environment
(dirt) as well as from the interior of the concrete member itself. In the latter case
the deposits may result from effused and carbonated alkalis (so-called self-
healing of cracks) or from rust products of corroding reinforcement bars [4].

Diffusion of hydroxylions:

The diffusion of alkalis depends mainly on the environmental conditions. In
the case of changing humidity a high rate of water conveyance via the cracks can
be expected. Especially during the drying process dissolved alkalis are
transported together with the effusing water and are likely to be carbonated in the
crack space while the water is evaporated.

3.4 Chloride attack

The depassivation mechanism for chloride attack is a little different from
carbonation.

The chloride ions attacks the passive layer but, unlike carbonation, there
is no overall drop in pH. Chlorides act as catalysts to corrosion when there is
sufficient concentration at the rebar surface to break down the passive layer.
They are not consumed in the process but help to break down the passive oxide
layer on the steel and allow the corrosion process to proceed quickly. This makes
chloride attack difficult to remedy, as chlorides are hard to eliminate.

There is a chloride threshold for corrosion given in terms of the
chloride/hydroxyl ratio. It has been measured in laboratory tests with calcium
hydroxide solutions. When the chloride concentration exceeds 0.6 of the hydroxyl
concentration, corrosion is observed [8]. This approximates to a concentration of
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0.4% chloride by weight of cement if chlorides are cast into the concrete and
0.2% if they diffuse in. One have to keep in mind that these threshold values are
approximations because:

1. Concrete pH varies with the type of cement and the concrete mix. A tiny pH
change represent a massive change in hydroxyl ion (OH-) concentration and
therefore (theoretically the threshold moves radically with pH.

2. Chlorides can be bound chemically (by aluminates in the concrete) and
physically (by absorption on the pore walls). This removes them (temporarily
or permanently) from the corrosion reaction. Sulphate resisting cements have
low aluminate content, which, leads to more rapid diffusion and lower chloride
thresholds.

3. In very dry concrete corrosion may not occur even at very high Cl-

concentration as the water is missing from the corrosion reaction.

4. In sealed or polymer-impregnated concrete, corrosion may not occur even at
very high Cl- concentration if no oxygen or moisture is present to fuel the
corrosion reaction.

5. Corrosion can be suppressed when there is total water saturation due to
oxygen starvation, but if some oxygen gets in, then the pitting corrosion as
described earlier can occur.

3.4.1 Sources of chlorides

Chlorides can be introduced into concrete via two main ways. One is
through contaminates in the original mix and the second, as a result of diffusion
from the outside.

Chloride cast into concrete can be due to:

1. Deliberate addition of chloride set accelerators (calcium chloride, CaCl2, was
widely used until the mid-1970s [3]).

2. Use of seawater in the mix.
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3. Contaminated aggregates (usually sea dredged aggregates which were
unwashed or inadequately washed).

Chloride can diffuse into the concrete as a result of:

1. Sea salts sprays and directs seawater wetting.

2. De-icing salts.

3. Use of chemicals (structures used for salt storage, brine tanks, aquariums,
etc.).

3.4.2 Chloride transportation

Like carbonation, the rate of chloride ingress is often approximated to the
laws of diffusion. There are further complications here. The initial mechanism is
suction, especially, when the surface is dry. Salt water is rapidly absorbed by dry
concrete. There is then some capillary movement of the salt-laden water through
the pores followed by true diffusion.

Another problem with trying to predict the chloride penetration rate is
defining the initial concentration, as chloride diffusion produces a concentration
gradient not a front. With other words we can use the square root relationship
(d = At0.5) for the carbonation front, but we cannot use it so easily for chlorides as
there is no chloride front.

In the case of chlorides the most suitable mathematical model is given in
equation 3.4 [9], which is the second Fick’s law in a semi-infinite medium:

Cx = Cs[1-erf(x/2(Deff⋅t))0,5] (3.4)

Cs = Surface chloride concentration (%)

Cx = Proportion of chlorides at a certain depth (%)

Deff = Depth of penetration (m)

T = Time (s)

In spite of the wide use of this model, it has to be recognized that there
are limitations in its use as a predictive model:
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1. The Cs is not always a constant as it may increase with time.

2. If Cs is not constant, the D value cannot be used for comparative purposes as
it depends on the Cx/Cs ratio.

3. The D value is not always constant. It changes with the proportion of
chlorides and time.

4. No absorption period effect is considered in this model.

5. It has not been related D to the concrete mix proportions.

3.4.3 The influence of cracks

As is the case with carbonation, the microclimate at the steel surface at
the tip of the crack will change much faster than the surrounding of the steel
away from the crack. The diffusion resistance within the crack is negligible to the
diffusion resistance of the cover itself.

Within years the concentration profile along the reinforcement will have
the form as shown in figure 3.2.
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                                                              Crack

                                     Rebar

      Amounts of chlorides at the steel surface

Figure 3.2 Chloride concentration at the steel surface in the region of a crack.

Partly the steel surface will be depassivated and therefore the propagation
period will start.
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MONITORING TECHNIQUES

3.5 Introduction

To be able to perform an effective repair it is very important to fully
understand the cause and extent of damage.

A full evaluation is normally a two-stage process. The preliminary survey
should characterize the nature of the problem and give guidance in planning a
detailed survey. The detailed survey will clarify the cause and quantify the extent
of the problem.

3.6 Preliminary survey

This stage normally involves a visual inspection, probing of cracks and
spalls to see their extent, reinforcement cover measurement, some few
carbonation measurements, half-cell measurements and taking samples for
laboratory testing.

3.7 Detailed survey

In the detailed survey it is tried to define the extent and severity of
deterioration as accurately as possible. Quantities for repair tenders are often
based on the results of this survey.

3.8 Visual survey

The visual inspection is the first step in any investigation. It may start as a
casual look that spots a problem and end up as a rigorous logging of every
defect seen on the concrete surface.



27

3.8.1 Property to be measured

The spalling of the concrete cover can be used as a measure of extent of
damage. Weighing the concrete, which spalls off over a certain time can be used
as a direct measurement of the deterioration rate.

3.8.2 Interpretation of the results

Interpretation is usually based on the knowledge and experience of the
engineer or technician conducting the survey. The Strategic Highway Research
Program (SHRP) has produced an expert system, HWYCON [10]. This guides
the less experienced engineer or technician.

3.8.3 Limitations with the technique

The main limitation is the skill of the operative. Some defects can be
mistaken for others. When corrosion is suspected, it must be understood that rust
stains can come from iron bearing aggregates rather than from corroding
reinforcement. Different types of cracking can be attributed to different causes.

3.9 Delamination

A layer of corroding rebars will often cause a planar fracture at rebar
depth, before the concrete spalls. This can be detected at the surface by various
means from hitting the surface with a hammer and listening for a hallow sound to
sophisticated techniques using radar, infrared, sonic and ultrasonic equipment.

3.9.1 Property to be measured

The aim is to measure the amount of cracking between the rebars before
it becomes apparent at the surface.
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3.9.2 Equipment

The hammer survey or chain drag (on decks) is usually quicker, cheaper
and more accurate than the other alternatives such as radar, ultrasonics or
infrared thermography. However, these techniques do have their uses, for
instance in large-scale surveys of bridge decks (radar and infrared
thermography), of waterproof membranes or other concrete defects (ultrasonic
and radar).

Correctly tuned infrared cameras can be used to detect the temperature
difference between solid and delaminated concrete. This is best done when the
concrete is warming up or cooling down as the delaminated concrete heats and
cools faster [4].

3.9.3 Interpretation of the results

The interpretation of radar and infrared is a specialist process usually
carried out by the companies who have the equipment and hired to conduct the
surveys. With a hammer and chain drag survey, a skilled technician will often
produce better and more consistent results than the more qualified but less
experienced engineer.

3.9.4 Limitations with the technique

The trapping of water within cracks deep delaminations and heavy traffic
noise can complicate the accurate measurement of delaminations for hammer
techniques. Water and deep delaminations also cause problems for radar and
infrared thermography.

It is common during concrete repairs for the amount of delamination to be
far more extensive than delamination surveys indicate. This is partly due to the
inaccuracy of the techniques available but also because of the time between
survey and repair.

Radar is reasonably accurate in predicting the amount of damage on a
bridge deck, but not the precise location of the damage.
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3.10 Carbonation depth measurement

Carbonation depth is easily measured by exposing fresh concrete and
spraying it with phenolphthalein indicator solution. Some dark coloured fine
aggregates can cause problems by making the colour transition difficult to see.

Very poorly consolidated concrete and concrete underground exposed to
dissolved carbonates in the water may not show clearly defined carbonation
fronts due to the non-uniform progress of the carbonation front.

3.10.1 Equipment

Carbonation is easily measured by exposing fresh concrete and spraying
on phenolphthalein indicator. This can be done either by breaking away a fresh
surface, or by coring and splitting or cutting the core in a laboratory. The
phenolphthalein solution will remain clear where concrete is carbonated and turn
pink where concrete is still alkaline. The best indicator solution for maximum
contrast of the pink coloration is a solution of phenolphthalein in alcohol and
water, usually 1g indicator in 100ml of alcohol/water (50:50 mix) or more alcohol
to water [11].

3.10.2 Interpretation of the results

Carbonation depth sampling can allow the average and standard deviation
of the carbonation depth to be calculated. If this is compared with the average
reinforcement cover then the amount of depassivated steel can be estimated.

3.10.3 Limitations with the technique

Phenolphthalein changes colour at pH 9. The passive layer breaks down
at pH 10-11. If the carbonation front is 5 to 10mm wide, the steel can be
depassivated 5mm away from the colour change of the indicator. Some
aggregates can confuse phenolphthalein readings. Some concrete mixes are
dark in colour and seeing the colour change can be difficult.
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3.11 Chloride determination

Chlorides are usually measured by dissolving powder samples in acid.
The samples are taken from drillings or from crushed cores. Alternatively a core
can be cut into slices and the slices crushed.

Chloride contents can be measured by several methods. In the laboratory,
powdered samples are usually solved in acid and then titrated to find the
concentration in the conventional wet chemical method.

In the field there are two methods of measuring chlorides: Quantab strips
and specific ion electrodes.

The results of the above methods are referred to as total or acid soluble
chloride contents. There are also methods for measuring the free chlorides or
water soluble rather than the acid soluble chlorides. This refers to the fact that it
is the chloride dissolved in the pore water that contributes to the corrosion
process.

Chloride testing will show:

1. Whether chlorides are present in a high enough concentration to cause
corrosion. Typically concrete with more than 0.4% chloride by weight of
cement is at risk of corrosion [3].

2. Whether chlorides were cast in or diffused in later. The spatial distribution of
chloride with depth and about the structure will show a profile with depth if
chloride diffused in. If there is either even distribution or random distribution
then chlorides could have been cast in either as a rapid setting agent or been
introduced during construction in contaminated water or aggregates.

3.11.1 Property to be measured

The amount of chloride ion in the concrete can be measured by sampling
the concrete and carrying out chemical analysis (titration) on a liquid extracted
from the sample. The analysis is usually done by mixing acid with drillings or
crushed core samples.

Considerable work has gone into differentiating between bound and free
chlorides. As only the free chlorides contribute to corrosion these are ideally what
we want to know about.
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The most accurate and reproducible tests are the acid soluble chloride
test that effectively measures total chlorides. Pore water extraction and water
soluble chloride measurements are less reproducible and less accurate [3].

3.11.2 Equipment

The collection of chloride samples should be done incrementally from the
surface either by taking drillings or sections from cores. The first 5mm are usually
discarded for being directly influenced by the immediate environment.

Measurements of chloride content are made at suitable increments,
typically 2 to 5mm. For improved statistical accuracy when taking drillings,
multiple adjacent drillings are made and the depth increments from each drilling
are mixed.

The major concern with sample size is ensuring that there is a uniform
amount of cement paste in each sample and that there is no risk of the sample
being dominated by a large piece of aggregate.

There are several ways of measuring the chlorides once samples are
taken. Field measurements of acid soluble chloride can be made using a chloride
specific ion electrode. Conventional titration by BS1881 (British Standards), Part
124 and potentiometric titration methods are also available [3].

As well as acid soluble chlorides there are water soluble chloride tests.
These techniques use different levels of pulverization of large samples are
refluxed to extract the supposedly unbound chlorides. These are the chlorides
that are free in the pore water to cause corrosion. Further complications arise
because some aggregates of marine origin contain chemically bound chlorides
within the aggregates even after washing.

3.11.3 Interpretation of the results

There is a well-known chloride threshold for corrosion given in terms of the
chloride/hydroxyl ratio. When the chloride concentration exceeds 0.6 of the
hydroxyl concentration the passive layer breaks down. This approximates to a
concentration of 0.2 to 0.4% chloride by weight of cement [3].
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3.12  Half-cell potential measurements

The half-cell is a simple device. It is a piece of metal in a solution of its
own ions (such as copper in copper sulphate, silver in silver chloride, etc.). If we
connect it to another metal in a solution of its own ions (such as iron in ferrous
hydroxide, Fe(OH)2) there will be a potential difference between the two half-
cells. We have made a battery (or an electrical single cell), that will generate a
voltage because of the different positions of the two metals in the electrochemical
series (table 4.1) and due to the difference in the solutions.

Table 4.1 Half-cell potentials.

Zn → Zn2+ + 2e- -0.76 V
Fe → Fe2+ + 2e- -0.44 V
Cu → Cu2+ + 2e- +0.34 V

This is a galvanic cell in that the corrosion and current flow between
different metals is known as galvanic action. By using a standard half-cell that is
in a constant state, and moving it along the concrete surface (figure 4.1), we
change our full cell by the difference in condition of the steel below the moving
half-cell.
                                                           Voltmeter

                                                                                                Half-cell              Rebar

                                                                                                          Concrete

Figure 4.1 Half-cell measurement of corrosion potential.

If the steel is passive the potential measured is small (0 to -200 mV
against a copper/copper sulphate half-cell, or even a positive reading). If the
passive layer is failing and increasing amounts of steel are dissolving (or if small
areas are corroding but the potential is being averaged out with passive areas),
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the potential moves towards -350 mV [3]. At more negative than -350 mV the
steel is usually corroding actively.

Corrosion potentials can be misleading. Their interpretation is based on
empirical observation, not rigorously accurate scientific theory [3]. The problem is
the potential is not purely a function of the corrosion condition but also of other
factors.

3.12.1 Equipment

The equipment used is a standard half-cell. Silver/silver chloride (Ag/AgCl)
and mercury/mercury oxide (Hg/HgO), are recommended [3]. Copper/copper
sulphate (CSE) cells are also used but are not recommended because of the
maintenance needs, the risk of contamination of the cell, the difficulty of use in all
orientations and the leakage of copper sulphate.

Different half-cells have different offsets. The silver/silver chloride half-cell
gives potentials that are a function of the chloride concentration in them. This is
usually about 130 mV more positive than the copper/saturated copper sulphate
electrode [3].

A high impedance digital voltmeter is used to collect the data in the
simplest configuration.

3.12.2 Interpretation of the results

ASTM C867 [12] (American Society for Testing and Materials) presents
one way of interpreting half-cell potentials in the field. ASTM quotes the values
against a copper/copper sulphate half-cell.

An interpretation from ASTM is given in table 4.2  for different types of half-
cells.
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Table 4.2 ASTM criteria for corrosion of steel in concrete for different standard half-cells.

Copper/copper Silver/silver Standard Calomel Corrosion condition

Sulphate chloride/4M KCl hydrogen

electrode

> -200 > -106 > +116 > -126 Low (10% risk)

-200 to -350 -106 to -256 +116 to -34 -126 to -276 Intermediate risk

< -350 < -256 < -34 < -276 High (< 90% risk)

< -500 < -406 < -184 < -426 Severe corrosion

The major problem with this interpretation occur when there is little oxygen
present, especially where the concrete is saturated with water and the potentials
can go very negative without corrosion occurring.

In carbonated concrete the anodes and cathodes are so close together
that a mixed potential (an average of the anode and cathode) is measured. Also
carbonated concrete wets and dries quickly as the pores are partly blocked by
the calcium carbonate deposits. This means the resistivity of the concrete will
effect the measurement. If the reading is taken with no wetting a very positive
reading may be found. If the reading is taken after wetting the measurement may
drift negative for many hours [3].

A third problem arises due to the existence of the carbonation front. This is
a severe change in the chemical environment from pH 12 to pH 8, i.e. a factor of
104 difference in the concentrations of the hydroxyl and hydrogen ions [3]. This
can lead to a junction potential superimposed on the corrosion potential giving
rise to misleading results.

For all its limitations, the half-cell is a very powerful diagnostic tool for
corrosion investigation.



35

4 CORROSION PROTECTION

4.1 Introduction

For the majority of environments sufficient durability with respect to
protection of reinforcement can be gained by adequate quality of the concrete
cover. Only in extremely aggressive environmental conditions may additional
protective measures be necessary. However, poor planning and execution has
often contributed to the development of corrosion damage and cannot be totally
neglected in future.

Both aspects have led to an increased interest in providing corrosion
protection to the reinforcement additional to that provided by the concrete cover.

4.2 Corrosion inhibitors

There is a wide range of different corrosion inhibitors for increased
protection of steel in concrete. The ones that have got most interest are nitrites
and benzoates. Nitrites act as anodic inhibitors, that means the influence the
anodic process, benzoates act as cathodic inhibitors.

4.2.1 Coatings

Coated steelwork has been widely used in civil as well as structural
engineering.

There are numerous considerations to be made in selecting an optimum
coating system. The first considerations should be given to the durability of the
coating. Another important consideration is selection of a coating that can be
easily applied in the field or if it is necessary to apply it at the plant, the coating
should be able to withstand the transport. Other important aspect of the coating
is the surface preparation requirements to provide adequate bond to the steel
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and, hopefully, to the concrete. It is also important the coating is neither brittle
nor subject to cold flow under stress.

There are a number of different coatings that can be used to protect
reinforcement bars. The most common ones are given below:

Coal tar epoxy coatings:

Their tolerance for poor cleaning (wire brush surface preparation),
strength, excellent bond characteristics, and 1-day cure before use make them
some of the more satisfactory coatings.

The metallic coatings:

The most common metallic coating would be galvanizing or zinc coating.
Copper and nickel coatings offer the major disadvantage that penetration of the
coating establishes a galvanic cell between the coating and the steel

4.3 Cathodic protection (sacrificial anode design)

Steel hulls of ships, offshore drilling platforms and oil and gas undersea
pipelines are all protected against attack in one of the most aggressive natural
environments by cathodic or anodic protection.

In any cell it is the anode that corrodes and the cathode, which does not.
Using the galvanic series (table 5.1), the engineer selects a material, which
becomes an anode when, coupled to the metal requiring protection.
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Table 5.1 The galvanic series in sea-water.

Magnesium

Zinc

Berylium

Aluminium alloys

Cadmium

Mild steel, cast iron

Low-alloy steel

Austenitic nickel cast iron

Aluminium bronze

Naval brass, yellow brass

Tin

Copper

Pb/Sn solder, 50/50

Admiralty brass, aluminium brass

Manganese bronze

Silicon bronze

Tin bronzes (G and M)

Stainless steel (410, 416)

Nickel silver

90/10 cupronickel

80/20 cupronickel

stainless steel (430)

Lead

70/30 cupronickel

Nickel aluminium bronze

Nickel chromium alloy 600

Silver braze alloys

Nickel 200

Silver

Stainless steel (302, 304, 321, 347)

Nickel-copper alloys 400, K500

Stainless steel (316, 3117)

Alloy 20, stainless steels cast and wrought

Nickel-chromium-iron alloy 825

Ni-Cr-Mo-Cu-Si alloy B

Titanium
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Ni-Cr-Mo alloy C

Platanium

Graphite

Because engineers are most frequently concerned with the protection of
iron and steel, a glance at the galvanic series shows any of the metals at more
active potentials than iron will, in theory, be suitable. But in practice, it does not
make sense to try to protect iron by coupling it to sodium because sodium reacts
explosively with water [13]. It is therefore necessary to find another anodic metal,
which corrodes more slowly than sodium. Metals such as zinc, magnesium and
aluminium are suitable and are much used.
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5 EXPERIMENT

5.1 Introduction

To be able to investigate the impact of load-induced cracking on the
initiation time of steel corrosion in concrete and find a mathematical model a
number of beams were needed.

5 specimens from each crack width were tested in a corrosion tank and 1
from each crack was placed on a near located beach with normal seawater
according to table 6.1 .

The pouring of the concrete was divided into 2 days with 1 week between
each pour. The first day 3 batches were made and 2 on the second. 2 to 3 test
cubes were also poured for each batch to be able to verify the strength, density
and slump.

Table 6.1 Testing matrix.

Specimen Location Crack Batch Week
1.1 Tank 0mm Batch 1 Week 1
1.2 Tank 0mm Batch 1 Week 1
1.4 Tank 0mm Batch 1 Week 1
1.5 Tank 0mm Batch 1 Week 1
5.2 Tank 0mm Batch 5 Week 2

2,2 Tank 0.05mm Batch 2 Week 1
2,3 Tank 0.05mm Batch 2 Week 1
2,4 Tank 0.05mm Batch 2 Week 1
2,6 Tank 0.05mm Batch 2 Week 1
5,3 Tank 0.05mm Batch 5 Week 2

1.6 Tank 0.1mm Batch 1 Week 1
2.1 Tank 0.1mm Batch 2 Week 1
3.1 Tank 0.1mm Batch 3 Week 1
3.2 Tank 0.1mm Batch 3 Week 1
4.6 Tank 0.1mm Batch 4 Week 2
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4.2 Tank 0.2mm Batch 4 Week 2
4.3 Tank 0.2mm Batch 4 Week 2
4.4 Tank 0.2mm Batch 4 Week 2
4.5 Tank 0.2mm Batch 4 Week 2

1.3 Beach 0mm Batch 1 Week 1
2.5 Beach 0.05mm Batch 2 Week 1
5,1 Beach 0.1mm Batch 5 Week 2
4.1 Beach 0.2mm Batch 4 Week 2

1 Test Cube Batch 1 Week 1
2 Test Cube Batch 1 Week 1
3 Test Cube Batch 1 Week 1
4 Test Cube Batch 2 Week 1
5 Test Cube Batch 2 Week 1
6 Test Cube Batch 2 Week 1
7 Test Cube Batch 3 Week 1
8 Test Cube Batch 3 Week 1
9 Test Cube Batch 4 Week 2
10 Test Cube Batch 4 Week 2
11 Test Cube Batch 5 Week 2
12 Test Cube Batch 5 Week 2
13 Test Cube Batch 5 Week 2

5.2 Preparation work

The reinforcement bars used in the experiment, were high yield steel,
12mm in diameter, 490mm length.

A small hole was drilled in the end of each bar, which was approximately
20mm deep and 3.4mm wide so a self tapping screw could be attached with an
isolated copper wire around it, to make sure there was an impeccable connection
between the bar and the wire.

Before the wires were attached, the bars were carefully cleaned by grit
blasting with a special machine that squirts sand under high pressure.

The screw were then attached at the end, with a 300mm copper wire
twined around it.

One coat of Epoxy resin was applied on each bar 30mm from the ends.
This first coat was let to dry in room temperature for 24 hours, then a second
layer was applied, which also was let to dry the under the same conditions. This
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was done to make sure the ends of the reinforcement bars shouldn’t corrode and
make disruptions in the readings with the half-cell later on.

The reason why the ends were sticking out was of convenience reason A
10mm plywood with a 14mm hole was needed at the ends of each plywood, to
make sure the concrete cover of 25mm was kept during the pouring of the
concrete.

When the second coat had dried, the bars were grit blasted a second time
to make sure no spill of Epoxy was on the middle, to prevent corrosion taking
place.

After all bars had been grit blasted, cleaned, wired and coated twice with
Epoxy resin they were placed into fully cleaned and oiled iron moulds, which
were 500x100x100 with a piece of 10mm plywood at both ends. Silicon was
applied on joints between the plywood and the moulds to make sure no concrete
could leak out.

5.3 Mixing and casting of concrete

The concrete used in the experiment was a C30 concrete. Mixing
proportions were chosen from [14] and the amount of each ingredient is given in
table 6.2.
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Table 6.2 Example of mix design.

Item or calculation Reference Values

Characteristic strength (fc): (Specified) 30 N/mm2 at 28 days strength

Proportion defective (K): (Specified) 2.5%

Standard deviation (S): (Fig 3 in [14]) 8 N/mm2

Margin (M): (KxS) 16 N/mm2

Target mean strength (fm): (fc+M) 46 N/mm2

Cement strength class: (Specified) 42.5

Aggregate type (coarse): (Specified) uncrushed

Aggregate type (fine): (Specified) uncrushed

Free-water/cement ratio (a): (Tab 2, Fig 4 in [14]) 0.47

Maximum free-water/cement ratio:(Specified) 0.55

Maximum aggregate size: (Specified) 10 mm

Free-water content (b): (Tab 3 in [14]) 180 kg/m3

Cement content (c): (b/a) 383 kg/m3 (uses 380)

Minimum cement content: (Specified) 290 kg/m3

Relative density of aggregate:(Assumed) 2.6

Concrete density (d): (Fig 5 in [14]) 2380 kg/m3

Total aggregate content (T): (d–c–b) 1820 kg/m3

Grading of fine aggregate: (Specified) 70% (percentage passing 600x10-6

m sieve):

Proportion of fine aggregate (= Y):(Fig 6 in [14]) 35%

Fine aggregate content (= F): (TxY) 637 kg/m3

Coarse aggregate content: (TxF) 1183 kg/m3

Quantities Cement Water Fine aggregate Coarse aggregate 10 mm

(kg) (litres) (kg) (kg)

per m3 380 180 637 1183

per mix 13.3 6.3 22.3 41.4

Because the fine and coarse aggregates have the ability to bind water when they

are not saturated another 0.4%x(Fine aggregate content) were added plus

1.2%x(Coarse aggregate content) to the water amount, which gave a total of 6.885 l

water/mix.
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The mixing of the concrete was done in an automated concrete mixer. The
mixing procedure was in accordance with BS 1881: Part 125: 1986 (appendix 1).

Testing and pouring of the concrete was done after the procedures in BS
1881: Part 102: 1983 and BS 1881: Part 125: 1986 respectively (appendix 1).

Because of lack of moulds and limited capacity of the concrete mixer, the
mixing had to be divided into 2 days. The first day a total of 3 batches were
made. All together 16 specimens were made and 2 to 3 test cubes for each batch
to verify the strength of the concrete after 28 days. On the second day only 8
moulds were poured.

The specimens were cured the first 24 hours indoor in room temperature
of 20-22 °C under a tentage of damp hessian and impermeable polythene

sheeting.
24 hours later the moulds were taken off and an extra coat of Epoxy was

applied on the ends of the reinforcement bars to make sure they were completely
covered and the copper wire was covered as well. This final coat of Epoxy was
let to dry for 24 hours indoors before the specimens finally were put into special
curing tanks with water for another 27 days. This water kept a steady
temperature of 22 °C.

After the curing days the beams were taken out and let to dry for 2 days
before the short ends and bottom of the beams were sealed using a silane primer
and paraffin wax sealing system, allowing transmission of moisture and chlorides
through three sides only.

The test cubes were also tested to verify the strength and density of the
different batches (appendix 2).

5.4 Cracking of specimens

To be able to crack the specimens in various cracks a special rig had to
be designed for each beam. This was necessary to keep the cracks widths
constant during the testing, and preventing them from closing.

The rig was constructed of normal steel to be able withstand the tension.
A total of 4 threaded bars (∅12mm, 250mm length), 12 nuts, 4 steel plates
(180x40x12.5), 1 steel roller (∅ 30mm 100mm length) and a channel profile
(500x100x50x10) were needed for each beam.
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                                                                                                              Threaded bar

                    Specimen

                                                                                                                  Steel roller

                        Nut                                                                                             Metal plates

                                                              Channel profile

Figure 6.1 Cracking rig.

The steel plates, metal roller and channel profile were painted with
corrosion protective paint to prevent the rig from corroding.

The nuts were first attached to the threaded bars and the steel plates. The
roller was placed on top of the channel profile in the middle and then finally the
beam over the roller. The four top nuts were then gently tightened equally with an
adjustable spanner to make the specimen crack directly over the roller in the
middle.

The crack width was monitored with a special magnifying glass with a
measuring device in it. This was repeated for every beam except for the ones,
which were put into the corrosion tank uncracked.
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5.5 Corrosion tank

The corrosion tank used in the test could automatically change cycles.
The cycles were controlled with a timer and were set to cycles of 6 hours dry and
6 hours wet.

The dimensions of the tank were 750x850x500 and underneath the actual
tank was another, which was able to contain the same amount of water. These
two tanks were connected with a pipe and a valve. There was also a pump that
was controlled by the timer. When the wet cycle started the pump started to
pump up the water in the tank below and slowly filled the tank with the specimens
so they were completely covered. This took normally less than 10min. After 6
hours the valve opened and the water started to go back to the other tank and
the dry cycle began. The fan was used to make sure the specimens were
completely dry before the wet cycle started. This accelerate the corrosion rate in
the steel, which was necessary due to lack of time.

The solution used was a 2M salt solution (117g NaCl/liter of solution). The
salt needed to be diluted in warm water before it was put into the tank.

5.6 Half-cell test

A standard silver/silver chloride half-cell, together with a normal standard
voltmeter was used during the testing of the steel. A wet sponge was placed at
the end of the half-cell to make sure a good connection was obtained at all times
during the experiment.

The half-cell was applied gently over the crack in the beam and the copper
wire from the reinforcement bar was connected to the voltmeter with a cable.
This connection was kept until a steady reading could be obtained.

The testing took place in room temperature 20-22 °C and a RF of 95%.

Normally the measurements started 1-3 hours after the wet cycle had
ended. This was repeated daily until the specimens reached the theoretical
corrosion value of at least -256mV.

When exceeding above this value, the specimens were taken out of the
tank and cracked open so a visual inspection could be possible.

One specimen from each crack width was placed in a steel cage on a
beach to be able to get some real life readings from seawater. These were
measured once a week.
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5.7 Chloride test

The chloride test was done by collecting concrete powder from the beams.
When the specimens reached the threshold value for the initiation time (-256mV)
and taken out of the tank, drillings were made to collect the powder. These holes
were divided in 3 layers with 8mm intervals.

The first 5mm were discarded because the concrete surface is containing
a very high value of chloride due to direct contact with the solution [3]. Samples
were obtained at 13mm, 21mm and 29mm depth from the surface of the beam. A
total of 3 holes were drilled scattered along the crack to prevent getting a sample
containing only concrete powder from an aggregate or a cement section.

           Drill holes

          Concrete beam

Figure 6.2 Drill holes to collect concrete powder.

The drilling was made with an ordinary masonry drill machine with a
12mm bit. The concrete powder was collected and verified so at least 5g were
obtained and stored in small self-sealing plastic bags.

The samples were then put into a special grinding machine, which
contained 6 small metal balls. These were let to grind the sample during 5min
until a very fine concrete dust was obtained for each specimen. The concrete
samples were then placed into small aluminium disks and compacted in a small
pressing machine, 4min under a pressure of 5tons and 10min under 10tons.

The disks were then put into a PW 1410 X-ray Spectrometer. The
Spectrometer uses the fact that most materials are crystalline and hence show
some symmetry and regularity. This can be made visible by X-ray diffraction, or
diffractometry and a characteristic pattern is obtained for each material. The
Spectrometer could test 4 disks at the time. The data obtained is the total amount
of chloride in the concrete. With simple calculations this value can be converted
to amount of chloride/weight of cement and be compared with the threshold
value of 0.2%.
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Cl/Weight of cement = Clcon/[(CaOcon – CaOagg)/(CaOcem – 1.23xCaOagg)] (6.1)

Clcon = Amount Cl in the concrete tested (%)

CaOcon = CaO obtained in each specimen tested by the Spectrometer (%).

CaOcem = CaO in the cement (%).

CaOagg = CaO average CaO amount from the sand and gravel used in the

concrete mix (%).

This technique was chosen because the techniques discussed in
section 4.7 was to time consuming and it is believed to be more accurate due to
less treatment of the concrete powder.

5.8 Results

The results obtained from the half-cell measurements are given in
table 6.3. Start value for each beam is measured directly after removal from the
curing tank and a test was also made directly after the beams were cracked. This
was done approximately 2 days after because it was necessary to let most of the
water inside the beams have a chance to evaporate before the sides were
sealed.

After each cycle the specimens had been under water for 6 hours and dry
another 6 and the testing was normally made 1-3 hours after the wet cycle had
ended.

The table indicates after which cycle the beams were taken out for
chloride testing and visual inspection.
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Table 6.3 Half-cell results.

Beam Crack Location Start (mV) After Loading Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7

1.1 0 mm Tank -79,05 -101,5 -168,9 -202 -251 -300 Out of Tank

1.2 0 mm Tank -94,01 -108 -156,2 -225 -367 Out of Tank

1.4 0 mm Tank -51,6 -100 -170,8 -179 -190 -228 Out of Tank

1.5 0 mm Tank -94,2 -131,8 -274 Out of Tank

5.2 0 mm Tank -14 -60,8 -117 -213 -372 -386 Out of Tank

Average -66,57 -100,4 -117 -213 -228,4 -248 -269,3 -264

% of specimens corroded 0% 0% 0% 0% 0% 20% 40% 60% 100%

2,2 0,05 mm Tank -74,8 -114,2 -265,3 -311 -360 Out of Tank

2,3 0,05 mm Tank -85,4 -111 -155,8 -212 -248 -272 Out of Tank

2,4 0,05 mm Tank -75 -115,6 -305 Out of Tank

2,6 0,05 mm Tank -58,4 -189,2 -327,2 Out of Tank

5,3 0,05 mm Tank -22,8 -87,4 -173 -240 -383 Out of Tank

Average -63,28 -123,48 -173 -240 -287,3 -261,5 -304 -272

% of specimens corroded 0% 0% 0% 0% 0% 60% 60% 80% 100%

1.6 0,1 mm Tank -78,3 -140 -334 Out of Tank

2.1 0,1 mm Tank -57,4 -105,6 -152 -216 -314 Out of Tank

3.1 0,1 mm Tank -121,7 -132,4 -172 -198 -287 Out of Tank

3.2 0,1 mm Tank -52 -110 -144,5 -223 -320 Out of Tank

4.6 0,1 mm Tank -55,3 -117 -190 -174 -155 -196 -240 -287 Out of Tank

Average -72,94 -121 -190 -174 -191,5 -208,25 -290,3 -287

% of specimens corroded 0% 0% 0% 0% 0% 20% 20% 80% 100%

4.2 0,2 mm Tank -58,2 -105,8 -206 -199 -178 -260 Out of Tank

4.3 0,2 mm Tank -71 -113 -222 -241 -351 Out of Tank

4.4 0,2 mm Tank -55 -122,5 -205 -235 -311 Out of Tank

4.5 0,2 mm Tank -72,1 -133,8 -187 -178 -149 -200 -202 -159 Out of tank

Average -43,1 -113,8 -211 -225 -280 -260

% of specimens corroded 0% 0% 0% 0% 0% 33% 100%

The beams that were placed on the beach needed to be measured
separately only once a week due to the location. The testing was normally done
in the beginning of the week and the results are given in table 6.4.
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Table 6.4 Results from the specimens placed on the beach.

Beam Crack Location Start (mV) After Loading Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

1.3 0 mm Beach -89 -110,7 -97,6 -107 -120 -125 -120 -140 -125 -130

2.5 0,05 mm Beach -85,4 -111 -127 -186 -194 -170 -170 -165 -167 -156

5,1 0,1 mm Beach -60 -109 -120 -131 -200 -197 -186 -180 -177 -171

4.1 0,2 mm Beach -55,1 -104 -198 -221 -192 -200 -200 -210 -199 -193

Table 6.5 to 6.9 are showing the results for the beams after removal from
the tank when the half-cell was showing at least –256mV. The measurements
were made on three locations 13, 21 and 29mm from the reinforcement bar to
show how the chloride ingress differently, through the different cracks.

Table 6.5 Chloride results for the uncracked beams.

Specimen 1.1 0mm Cycle 7
Depth
(mm)

CaO
con(%)

Cl
ions/Con(%)

CaO
Cem

CaO
agg

Cement content Cl/Weight of
Cement

13 12,5 0,008 65 1,74 0,171 0,05
21 11,65 0,004 65 1,74 0,158 0,03
29 11,4 0 65 1,74 0,154 0,00

Specimen 1.2 0mm
Cycle 6

13 12,96 0,003 65 1,74 0,178 0,02
21 11,1 0 65 1,74 0,149 0,00
29 10 0 65 1,74 0,131 0,00

Specimen 1.5 0mm Cycle 4

13 11,9 0 65 1,74 0,162 0,00
21 11,83 0 65 1,74 0,161 0,00
29 13,23 0 65 1,74 0,183 0,00

Specimen 5.2 0mm Cycle 5

13 13,25 0,078 65 1,74 0,183 0,43
21 13,79 0,071 65 1,74 0,192 0,37
29 13,05 0 65 1,74 0,180 0,00
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Table 6.6 Chloride results for 0.05mm.

Specimen 2.4 0,05mm Cycle 6
Depth
(mm)

CaO
con(%)

Cl
ions/Con(%)

CaO
Cem

CaO
agg

Cement content Cl/Weight of
Cement

13 13,25 0,653 65 1,74 0,183 3,57
21 13,14 0,352 65 1,74 0,181 1,94
29 12,71 0,29 65 1,74 0,175 1,66

Specimen 2.6 0,05mm Cycle 5

13 13,77 0,246 65 1,74 0,191 1,29
21 13,04 0,217 65 1,74 0,180 1,21
29 12,41 0,204 65 1,74 0,170 1,20

Specimen 5.3 0,05mm Cycle 4

13 10,28 0,228 65 1,74 0,136 1,68
21 11,3 0,008 65 1,74 0,152 0,05
29 11,72 0 65 1,74 0,159 0,00

Specimen 2.3 0,05mm Cycle 7

13 13,5 0,189 65 1,74 0,187 1,01
21 12,89 0,054 65 1,74 0,177 0,30
29 12,45 0,02 65 1,74 0,170 0,12

Table 6.7 Chloride results for 0.1mm.

Specimen 1.6 0,1mm Cycle 4
Depth
(mm)

CaO
con(%)

Cl
ions/Con(%)

CaO
Cem

CaO
agg

Cement content Cl/Weight of
Cement

13 12,9 0,52 65 1,74 0,178 2,93
21 13 0,417 65 1,74 0,179 2,33
29 11,3 0,315 65 1,74 0,152 2,07

Specimen 2.1 0,1mm Cycle 6

13 12,5 0,156 65 1,74 0,171 0,91
21 11,6 0,05 65 1,74 0,157 0,32
29 10,5 0,001 65 1,74 0,139 0,01

Specimen 3.1 0,1mm Cycle 6

13 13,14 0,25 65 1,74 0,181 1,38
21 12,7 0,013 65 1,74 0,174 0,07
29 11,6 0,003 65 1,74 0,157 0,02



51

Specimen 4.6 0,1mm Cycle 7

13 12,18 0,556 65 1,74 0,166 3,35
21 13,54 0,426 65 1,74 0,188 2,27
29 11,41 0,347 65 1,74 0,154 2,26

Table 6.8 Chloride results for 0.2mm.

Specimen 4.3 0,2mm Cycle 5
Depth
(mm)

CaO
con(%)

Cl
ions/Con(%)

CaO
Cem

CaO
agg

Cement content Cl/Weight of
Cement

13 13,94 0,692 65 1,74 0,194 3,57
21 13,14 0,277 65 1,74 0,181 1,53
29 12,33 0,249 65 1,74 0,168 1,48

Specimen 4.4 0,2mm Cycle 4

13 11,83 0,46 65 1,74 0,161 2,87
21 11,99 0,441 65 1,74 0,163 2,70
29 12,08 0,421 65 1,74 0,164 2,56

Specimen 4.5 0,2mm Cycle 7

13 11,78 0,258 65 1,74 0,160 1,62
21 11,6 0,15 65 1,74 0,157 0,96
29 10,1 0,01 65 1,74 0,133 0,08

Table 6.9 Chloride results for dummy specimens.

Specimen 1.4 0mm Dummy Cycle
4
Depth
(mm)

CaO
con(%)

Cl
ions/Con(%)

CaO
Cem

CaO
agg

Cement content Cl/Weight of
Cement

13 12,89 0,045 65 1,74 0,177 0,25
21 12,56 0 65 1,74 0,172 0,00
29 10,77 0 65 1,74 0,144 0,00

Specimen 1.4 0mm Dummy Cycle
5

13 12,53 0,134 65 1,74 0,172 0,78
21 11,74 0 65 1,74 0,159 0,00
29 13,81 0 65 1,74 0,192 0,00
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Specimen 2.2 0,05mm Dummy Cycle 4

13 11,3 0,116 65 1,74 0,152 0,76
21 10,85 0 65 1,74 0,145 0,00
29 13,09 0 65 1,74 0,181 0,00

Specimen 2.2 0,05mm Dummy Cycle 5

13 12,21 0,216 65 1,74 0,167 1,30
21 11,94 0,095 65 1,74 0,162 0,59
29 12,04 0,066 65 1,74 0,164 0,40

Specimen 3.2 0,1mm Dummy Cycle 4

13 11,08 0,003 65 1,74 0,149 0,02
21 12,09 0 65 1,74 0,165 0,00
29 11,46 0 65 1,74 0,155 0,00

Specimen 3.2 0,1mm Dummy Cycle 5

13 11,5 0,278 65 1,74 0,155 1,79
21 10,98 0 65 1,74 0,147 0,00
29 11,84 0 65 1,74 0,161 0,00

Specimen 4.3 0,1mm Dummy Cycle 2

13 14,23 0,042 65 1,74 0,199 0,21
21 13,73 0 65 1,74 0,191 0,00
29 13,23 0 65 1,74 0,183 0,00

Specimen 4.3 0,1mm Dummy Cycle 3

13 13,94 0,692 65 1,74 0,194 3,57
21 12,33 0,249 65 1,74 0,168 1,48
29 13,14 0,277 65 1,74 0,181 1,53
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6 DISCUSSION AND CONCLUSIONS

6.1 Half-cell results

When the results from the half-cell measurements are compared a couple
of factors have to be regarded, which will influence the results.

One important factor is the accuracy of the half-cell. When the concrete is
completely saturated the conductivity is much better than when it is dry.

During the experiment the measurements were made 1-3 hours after the
wet cycle had ended, which means the beams had different grades of saturation.
The beams were also stashed on top of each other in some extent due to lack of
space in the corrosion tank, and this may have influenced the effectiveness of
the fan to reach some beams.

The half-cell test also gives very varied results. A measurement obtained
can be up to ±10mV 10min after the first test. So when the beams were tested
the half-cell was held over the crack and the value was read from the voltmeter.
When a steady value was obtained that value was chosen even if the another
test would have shown a different value. The test took normally 2-5min for each
specimen. It worked well for all the beams except for specimen 4.5, where the
testing was terminated after to many and unreasonable up and downs in the
readings. This was caused probably by a bad connection between the copper
wire and the steel bar.

Another important factor is the solution and fan used in the corrosion tank.
The solution used was a 2M salt solution, which is stronger than normal
seawater. A fan was also used to help with the acceleration of the corrosion
process. This was later found to be to accelerating, because the time it took for
the beams to start corrode was so short that a couple of measurements were
missed in the beginning of the first test group. This made it more difficult to
compare the different crack widths from each other, and may have affected the
overall experiment to much.
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During the testing of the specimens, the crack width in the beginning may
have altered by the time the beams were taken out of the tank. The cracking rig
used could have lost some of its stiffness and made the crack sealed itself which
means the Cl- had more difficult to reach the steel surface and therefore make it
problematic to compare the different crack widths.

The steel bars used in the test was also grit blasted before they were cast
into the beams. This makes the bars extremely sensitive to contamination’s and
is far from a real life scenario where the bars always have a greasy surface and
even a corroded surface that actually can protect the steel. This is also believed
to be one contributing factor to why the specimens had such a short initiation
time.

Due to lack of space and moulds in the beginning of the experiment,
number 5.2, 5.3, 4.6, 4.1, 4.2, 4.3, 4.4 and 4.5 had to be tested after the other
beams. These beams were poured 1 week after the first test specimens so this is
believed to have little influence on the results because the density and the
strengths of the different specimens had a very small difference (appendix 2).

The salt concentration was also measured and there was no significant
reduction in the concentration of the solution that could have affected the results.

When an average is taken from the values obtained from the different
beams and compared with each other a graph is obtained.

Figure 7.1 Average half-cell results for different crack widths.
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As one can see, from these results it is very difficult to really see any clear
pattern how the half-cell value is changing for the different crack widths tested.

One important reason beside the ones mentioned before can be that the
crack widths are so-called self-healed up to a certain crack width (0.3mm in the
UK), and is therefore making it difficult to see any difference in the half-cell
values between the different cracks tested.

If a comparison is made between the different crack widths to show have
many of the beams corroded after each cycle, the results would be like in figure
7.2.

Figure 7.2 % of specimens corroded for each crack width.

From this graph it is seen that the crack width 0.2mm is clearly
distinguished from the other crack widths. 100 % of the beams are corroded 2
cycles before the other ones, which means there is a much quicker initiation time
for this crack width. The other cracks tested are more difficult to see any
difference. They all have 100% corroded after 7 cycles and it can be seen that in
the beginning, the 0.05mm seems to have more beams corroded in the middle of
the test than 0.1mm, which is not very logical.

The testing of the specimens that were placed on the beach had to end
after 8 weeks due to lack of time. It was far to short to be able to see any
significant difference between the different crack widths tested.

The result from the beach measurement gives a graph like in Figure 7.3 .
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Figure 7.3 Half-cell values from the specimens placed on the beach.

The values obtained shows that the thresholds level of -256mV never
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initiation of the corrosion had occurred because it was impossible to know where
that was before the beams were cracked open.

Another problem arrised with the so-called dummy beams, which were
used for each crack width. They were thought in the beginning of the experiment
to be used to see how the chlorides ingressed into the crack during the time they
were in the corrosion tank. This was done by taking them out when ever one of
the other beams were showing initiation had started and taking drill samples in
the crack and then fill it with cement.

The problem here was that each chloride testing needed at least 2 drill
holes for each test to collect enough concrete powder. After this treatment the
crack got too messed up to be able to give any representative value after they
were taken out the first time. When the holes were filled with cement it is believed
that the crack also got sealed in some extent and not be able to be of use
anymore. So the results from the Dummy’s will not be discussed further.

If an average is taken from the chloride results and compared with the
other cracks, a graph is obtained.

Figure 7.3 Chloride/weight cement ingress for different crack widths.
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beams were not directly over the area where the steel had started to corrode,
and should therefore not be taken into consideration.

As a conclusion to this experiment, the author believes the values
obtained from the half-cell measurements are far to scattered to be able to
predict a pattern, and get a mathematical model for the initiations time for the
different crack widths tested. The author believes further research needs to be
made to obtain that.

If the graphs for the half-cell measurements were studied one would see a
tendency for the bigger crack widths to reach a higher value quicker than the
smaller cracks. Both the results obtained from the corrosion tank and from the
beach shows the specimen with a 0.2mm crack tends to corrode faster and reach
a higher half-cell value before the other sizes. The chloride testing also shows
there are a difference in the ingress for different crack widths, even as small as
0.05mm. And therefore the author believes it will be possible to find a
mathematical model to predict the initiation time for corrosion even if the results
obtained in this dissertation doesn’t really prove that.

If further research were to be made, it would be wise trying to minimize the
acceleration of the corrosion to a minimum, to get a hopefully smoother graph
and be able to distinguish different crack widths better. This can be obtained by
using only seawater concentration, which is closer to reality when it comes to the
ingress of the chlorides. If this is used with a fan to dry out the specimens quicker
then there would take longer for the reinforcement to corrode and hopefully see a
more distinguish difference between the cracks.

It could also be wise to use more specimens for each crack width and the
cracks should be monitored during the experiment to make sure they keep the
same width during the whole experiment.

Another thing worth discussing is the grit blasting of the reinforcement.
After the grit blasting treatment the bars becomes very sensitive and may make
the bars corrode when the actually wouldn’t have had under normal
circumstances.
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APPENDIX 1

Method statement for mixing concrete

In accordance with BS 1881: Part 125: 1986

1. The pan of the mixer was moistened with a wet tissue to reduce absorption of
mix water onto the pan surface.

2. The total batched laboratory dried coarse and fine aggregate were placed in
the mixer and mixed dry for 30 seconds.

3. Half of the total free mixing water (adjusted for aggregate absorption) was
added and mixed for 1 minute.

4. The mixer was left with the lid closed for 6 minutes to allow for aggregate
absorption effects.

5. The total binder (cement) was added to the mixer and mixed for 1 minute.
6. The remaining mix water was added and mixing continued for 1 minute.
7. The mix was thoroughly hand-mixed to ensure complete homogeneity.

Method statement for casting concrete

In accordance with BS 1881: Part 125: 1986

1. After performing a slump test of the mix the concrete was cast as follows:
2. All concrete moulds were lightly brushed with mould release oil and placed on

the vibrating table.
3. The fresh concrete was placed in the moulds by hand in three layers, each

layer receiving 15 seconds vibration at number 7 on the vibrating scale.
4. The moulds were hand finished and placed under tentage of damp hessian

and impermeable polythen sheeting for 24 hours before being transferred to
water cure tanks.
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APPENDIX 2

Method statement for determination of slump

Determination of slump is in accordance with BS 1881: Part 102: 1983

The dimensions of the hollow frustum of the cone were as follows:
Diameter of base = 200 mm
Diameter of top = 100 mm
Height = 300 mm

1. The internal surface of the mould was cleaned and dampened ensuring that
no superfluous moisture is present and was placed on a smooth, horizontal,
rigid, non-absorbent and vibration free board.

2. The mould was held firmly to the board by means of footholds occupied by
the operator.

3. The fresh concrete was sampled from the pan mixer and placed in the mould.
4. The concrete was placed in three layers, each layer was tamped 25 times

with a tamping rod, the strokes were uniformly distributed over the cross
section of the layer. Each layer was tamped to its full depth and just into the
layer underneath.

5. After tamping the top layer the excess concrete was struck off using a sawing
and rolling motion to ensure a level surface with the top of the mould.

6. With the mould still being held down any excess concrete, which had fallen
onto the lower edge of the mould, was removed and the mould was removed
vertically in 5 to 10 seconds.

7. Immediately after the mould had been removed the slump is measured to the
nearest 5 mm using a rule to determine the difference between the height of
the mould and the highest point of the specimen being tested.
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APPENDIX 3

Test cubes

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

Weight (g) 2397 2370 2411 2361 2365
2394 2393 2405 2362 2369
2400 2375 2370

 Average (g) 2397 2379,3 2408 2361,5 2368

Density (kg/m3) 2397 2379,3 2408 2361,5 2368

Strenght (kN) 464 454 454 560 455
460 467 487 570 495
470 455 490

Average (kN) 464,7 458,7 470,5 565 480

Slump test
(mm)

46 28 19 10 15



64

APPENDIX 4

Sand and Aggregate composition

Property Natural

Sand

Natural Aggregate (10-20 mm)

Shape, visual Rounded

Surface texture, visual Smooth

Flakiness Index (%) 11

Elongation Index (%) 14

Aggregate Impact Value (%) 24

Aggregate Crushing Value

(%)

15

Water Absorption (%) 0.4 1.2

Particle Density (SSD), (%) 2.63 2.59

Bulk Density (Mg/m3)

Loose 1.58 1.59

Compacted 1.68 1.66

Gading passing by mass (%)

37.5 mm

20 mm

14 mm 100

10 mm 91

6.3 mm 46

5 mm 100 18

2.36 mm 96 4

1.18 mm 90

0.60 mm 77

0.30 mm 43

0.15 mm 8

0.075 mm 0.9 0.01
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Bulk Oxide Composition (%)

SiO2 78.5 65.4

Al2O3 10.5 11.7

Fe2O3 3.0 10.0

CaO 1.5 2.7

MgO 0.9 1.4

P2O5 0.1 0

TiO2 0.5 0.7

SO3 0.1 0.1

K2O 1.6 1.7

Na2O 2.0 2.8

MnO 0.1 0.1

Loss-On-Ignition (%) 1.2 3.4

Chloride Content (%) <0.01 <0.01



66

GLOSSARY

These definitions are not always full, accurate scientific definitions and
may be incomplete if used outside the context of the subject in this report.

Acid

A solution that (among other things) attacks steel and other metals and
reacts with alkalis, forming a neutral product and water.

Alkali

A solution that (among other things) protects steel and other metals from
corrosion and reacts with acids, forming a neutral product and water.

Anode

The site of corrosion in an aqueous corrosion cell (a combination of
anodes and cathodes).

An external component introduced into a cathodic protection system to be
the site of the oxidation reaction and prevent corrosion of the metal object to be
protected.

The positive pole of a simple electrical cell (battery).

Austenitic steel

Many non-magnetic, corrosion-resistant, hard-wearing, tough, alloy steels
with high resistance to shock, often alloyed with manganese, chromium, nickel or
all three. A common one is stainless steel with 18% Cr and 8% Ni [1].

Blast-furnace slag

Waste from iron smelting. The compounds in it are the same as those in
Portland cement (silicates of calcium, magnesium, and aluminium) but their
proportions are different. Properly used it can make more durable concrete’s than
those made with pure Portland cement [1].

Brass
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An alloy generally of copper and zinc, mainly coppers [1].
Carbonation

The process by which carbon dioxide (CO2) in the atmosphere reacts with
the alkalis in the pores, neutralizing them. This can then lead to the corrosion of
the reinforcing steel.

Cathode

The site of a charge balancing reaction in a corrosion cell.
The protected metal structure in a cathodic protection system.
The negative pole of a simple electrical cell (battery).

Cement compounds

Blast-furnace slag and Portland cement contain the same chemical
compounds though in different proportions. Cement technologists use the
following shorthand for them: C stands for lime, CaO; S for SiO2, silica; F for
Fe2O3, iron oxide; and A for Al2O3, aluminium oxide. In hydrated cement, H
stands for water. Tricalcium silicate (3CaO⋅SiO2) is written C3S; dicalcium silicate
(2CaO⋅SiO2) is written C2S; tricalcium aluminate (3CaO⋅Al2O3) is written C3OA;
tetracalcium aluminoferrite (4CaO⋅Al2O3⋅Fe2O3) is written C4AF [1].

Chloride

The negative ion in salt (sodium chloride) found in sea salt, deicing salt
and calcium chloride admixture for concrete. Chloride promotes corrosion of steel
in concrete but are not used up by the process so they can concentrate and
accelerate corrosion.

Chloroaluminates

Chemical compounds formed in concrete when chlorides combine with the
C3A in the hardened cement paste. These chlorides are no longer available to
cause corrosion. Sulphate resisting cement have a low C3A content and are
more prone to chloride induced corrosion than normal Portland cement based
concrete’s.

Galvanic action

The consequence of coupling together two dissimilar metals in a solution.
The most active one will become an anode and corrode. A current will pass
between them. Galvanic action drives electric batteries (single cells). It is used to
stop corrosion by applying zinc to steel (galvanizing), and in sacrificial anode
cathodic protection.
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Half-cell

Usually a pure metal in a solution of (fixed) concentration. The half
reaction of the metal ions dissolving and reprecipitating creates a steady
potential when linked to another half-cell. Two half-cells make an electrochemical
cell that can be a model for corrosion or be used to generate electricity (a single
cell, often called battery). Reference half-cells are connected to reinforcing steel
to measure corrosion potentials that show the corrosion condition of the steel in
the concrete.

Mild steel

Steel containing from 0.15 to 0.25% C, which because of its low carbon
content cannot be hardened by quenching but is much more ductile than high-
carbon steel [1].

Oxidation

The process of removing electrons from an atom or ion. The process:

Fe → Fe2+ + 2e-

Fe2+ → Fe3+ + e-

s the oxidation of iron to its ferrous (Fe2+) and ferric (Fe3+) oxidation state.
Oxidation is done by an oxidizing agent, of which oxygen is only one of many.

Passivation

The process by which steel in concrete is protected from corrosion by the
formation of a passive layer due to the highly alkaline environment created by the
pore water. The passive layer is a thin, dense layer or iron oxides and hydroxides
with some mineral content. That is initially formed as bare steel is exposed to
oxygen and water, but then protects the steel from further corrosion as it is too
dense to allow the water and oxygen to reach the steel and continue the
oxidation process.
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PH

A measure of acidity and alkalinity based on the fact that the concentration
of hydrogen ions [H+] (acidity) times hydroxyl ions [OH-] (alkalinity) is 10-14

moles/l in aqueous solutions:

H+][OH-] = 1x10-14

pH = - log[H+]

pH + pOH = 14

I.e. a strong acid has pH = 1 (or less), a strong alkali has pH = 14 (or
more), a neutral solution has pH = 7. Concrete has a pH of 12 to 13. Steel
corrodes at pH 10 to 11.

Reduction

Chemically this is the reverse of oxidation. The incorporation of electrons
into a nonmetal oxidizing agent when a metal is oxidized. When oxygen (O2)
oxidizes iron (Fe) to Fe2+, it receives the electrons that the iron gives up and is
itself reduced:

O2 + 4e- → 2O2-

2e- + H2O + 0.5O2 → 2OH-

Are reduction reactions.

Portland blast-furnace cement

A cement with at least 35% of ordinary Portland and up to 65% of blast-
furnace slag crushed with it. This is good for making the concrete in dams, which
does not need high early strength. It resists leaching well and has lower heat of
hydration than Portland cement [1].

Portland pozzolan cement

Portland cement of which up to 30% has been replaced by natural or
artificial pozzolan. The pozzolan combines with the free lime in the cement and
may improve the concrete by reducing its permeability. It hardens more slowly
than Portland cement concrete but eventually reaches or exceeds the strength of
Portland cement concrete [1].
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Pozzolan

A volcanic dust found at Pozzuoli, Italy, and used since Roman times as a
hydraulic cement when mixed with lime. All pozzolans contain silica (SiO2), and
siliceous or aluminous minerals. Artificial pozzolans are industrial fumes like fly-
ash or microsilica. Both artificial and natural pozzolans harden more slowly than
Portland cement [15].

Quenching

Cooling steel rapidly from above critical point to harden it. This is done for
most carbon-steel cutting tools such as miners picks, drill steels, carpenters
chisels, and so on [1].

Reference electrode

An alternative name for a half-cell.

Sacrificial anode cathodic protection

A system of cathodic protection that uses a more easily corroded metals
such as zinc, aluminium or magnesium to protect a steel object from corrosion.

Trass

A volcanic ash from Eifel mountains near Coblenz, resembling pozzolan
[1].

Wrought iron

Very malleable, fibrous pure iron, with such a low carbon content (less
than dead-mild steel) that it cannot be hardened by quenching. It is soft, does not
rust so easily as steel but is more expensive, and therefore has been replaced by
dead-mild steel or manganese steel even for such uses as small domestic water
pipe or chain-making [1].


