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just neutralizes the alkalis in the pore water, mainly forming
calciumcarbonate that lines the pores:

CO2+H2O H2CO3Gas Water

H2CO3+Ca(OH)2 CaCO3+2H2OCarbonic Poreacid solution

There is a lot more calcium hydroxide in the concrete pores than
can bedissolved 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 allthe locally available calcium hydroxide reacts,
precipitating the calciumcarbonate and allowing the pH to fall to a
level where steel will corrode.This is illustrated in Figure 3.1.
There is a discussion of the pH levelsinvolved and their
measurement in Section 4.8.

Carbonation damage occurs most rapidly when there is little
concretecover over the reinforcing steel. Carbonation can occur
even when theconcrete cover depth to the reinforcing steel is high.
This may be due to

a very open pore structure where pores are well connected
together andallow rapid CO2ingress. It may also happen when
alkaline reserves inthe pores are low. These problems occur when
there is a low cementcontent, high water cement ratio and poor
curing of the concrete.

A carbonation front proceeds into the concrete roughly following
thelaws of diffusion. These are most easily defined by the
statement thatthe rate is inversely proportional to the
thickness:

dx

/dt=

D0/

x

where xis distance, tis time and D0is the diffusion constant.The
diffusion constant D0 is determined by the concrete quality. At

the carbonation front there is a sharp drop in alkalinity from
pH 1113down to less than pH 8 (Figure 3.1). At that level the
passive layer,which we saw in the previous chapter was created by
the alkalinity, isno longer sustained so corrosion proceeds by the
general corrosionmechanism as described.

Many factors influence the ability of reinforced concrete to
resistcarbonation induced corrosion. The carbonation rate, or
rather the timeto carbonation induced corrosion, is a function of
cover thickness, sogood cover is essential to resist carbonation.
As the process is one ofneutralizing the alkalinity of the
concrete, good reserves of alkali areneeded, i.e. a high cement
content. The diffusion process is made easierif the concrete has an
open pore structure. On the macroscopic scale

(3.1)

(3.2)

Carbonic acid

(3.3)
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Figure 3.1 Schematic of the carbonation front and its
relationship to the corrosion thphenolphthalein.
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this means that there should be good compaction. On a
microscopicscale well cured concrete has small pores and lower
connectivity ofpores so the CO2 has a harder job moving through the
concrete.Microsilica and other additives can block pores or reduce
pores sizes.

Carbonation is common in old structures, badly built
structures(particularly buildings) and reconstituted stone elements
containingreinforcement that often have a low cement content and
are veryporous. Carbonation is rare on modern highway bridges and
other civilengineering structures where water/cement ratios are
low, cementcontents are high with good compaction and curing, and
there isenough cover to prevent the Carbonation front advancing
into theconcrete to the depth of the steel within the lifetime of
the structure. On

those structures exposed to sea water or deicing salts, the
chloridesusually penetrate to the reinforcement and cause corrosion
long beforecarbonation becomes a problem. Wet/dry cycling on the
concretesurface will accelerate carbonation by allowing carbon
dioxide gas induring the dry cycle and then supplying the water to
dissolve it in thewet cycle (equation 3.1). This gives problems in
some countries intropical or semi-tropical regions where the
cycling between wet and dryseasons seems to favour carbonation,
e.g. Hong Kong and some Pacific

Rim countries.When a repairer talks of repairing corrosion due
to low cover heusually means that the concrete has carbonated
around the steel leadingto corrosion. As the cover is low it was a
quick process, perhaps withinfive years of construction. If the
concrete were of the highest qualitycarbonation may not have been
possible and low cover might not havemattered.

Carbonation is easy to detect and measure. A pH indicator,
usually

phenolphthalein in a solution of water and alcohol, will detect
thechange in pH across a freshly exposed concrete face.
Phenolphthaleinchanges from colourless at low pH (carbonated zone)
to pink at high pH(uncarbonated concrete). Measurements can be
taken on concrete cores,fragments and down drilled holes. Care must
be taken to prevent dustor water from contaminating the surface to
be measured but the test,with the indicator sprayed on to the
surface, is cheap and simple. Figure3.1 shows a typical carbonation
front in concrete with the pH of theconcrete before and after
carbonation, the pH threshold of corrosion for

steel and the pH change of phenolphthalein taken from Parrott
(1987).The measurement of the carbonation front is covered in
Section 4.6.

3.1.1Carbonation transport through concrete

Carbon dioxide diffuses through the concrete and the rate of
movementof the carbonation front approximates to Ficks law of
diffusion. This
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states that the rate of movement is inversely proportional to
thedistance from the surface as in equation 3.3 above. However, as
thecarbonation process modifies the concrete pore structure as it
proceeds,this is only an approximation. Cracks, changes in concrete
composition

and moisture levels with depth will also lead to deviation from
theperfect diffusion equation. Integration of equation 3.3 gives a
squareroot law that can be used to estimate the movement of the
carbonationfront. The calculation of diffusion rates is discussed
in more detail inChapter 8.

Empirically, a number of equations have been used to
linkcarbonation rates, concrete quality and environment. Table
3.1summarizes some of those equations and shows the factors that
have

been included. Generally there is a tdependence. As discussed
abovethe other factors are exposure, water/cement ratio, strength
and CaOcontent (functions of cement type and its alkali content).
For example ifwe consider the basic equation:

d=At0.5

and carbonation depths are 16 mm in 16 years in typical poor
concrete

and 4 mm in 20 years in a good concrete, we would expect the
diffusioncoefficientAto range from 0.25 to 1.0 mm yr-1/2. In
bridges it is commonto see negligible carbonation after 20 years or
more. On buildings it canrange from negligible to 60 mm or more.
This is a function of the highercover, lower water cement ratios,
better specification and constructionrequired to produce the high
strength concrete required in a bridge.However, high strength is
not always synonymous with a low diffusionconstant. Permeability
measurements (Section 4.12) should always be

made on structures in harsh environments rather than just
relying onthe concrete strength as a measure of its durability.

3.2 CHLORIDE ATTACK

3.2.1Sources of chlorides

Chlorides can come from several sources. They can be cast into
theconcrete or they can diffuse in from the outside. Chlorides cast
into

concrete can be due to:

deliberate addition of chloride set accelerators (calcium
chloride,CaCl2, was widely used until the mid-1970s);

use of sea water in the mix; contaminated aggregates (usually
sea dredged aggregates which

were unwashed or inadequately washed).
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Chlorides can diffuse into concrete as a result of:

sea salt spray and direct sea water wetting; deicing salts; use
of chemicals (structures used for salt storage, brine tanks,

aquaria, etc.).

Table 3.1 A selection of carbonation depth equations

Source: Parrott (1987).
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Much of our discussion will centre on the diffusion of chlorides
intoconcrete as that is the major problem in most parts of the
world eitherdue to marine salt spray or use of deicing salts.
However, the cast-inchlorides must not be overlooked, especially
when they are part of the

problem. A low level of chloride cast in can lead to rapid onset
ofcorrosion if further chlorides become available from the
environment.This often happens in marine conditions where
seawatercontaminates the original concrete mix and then diffuses
into thehardened concrete.

3.2.2Chloride transport through concrete

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

by true diffusion. There are other opposing mechanisms that slow
thechlorides down. These include chemical reaction to
formchloroaluminates and adsorption on to the pore surfaces.

The other problem with trying to predict the chloride
penetrationrate is defining the initial concentration, as chloride
diffusion producesa concentration gradient not a front. In other
words we can use thesquare root relationship for the carbonation
front as the concrete eitheris or is not carbonated, but we cannot
use it so easily for chlorides asthere is no chloride front, but a
concentration profile in the concrete. Atypical chloride profile is
shown inFigure 3.2.This particular profile is avery convincing fit
to a diffusion curve but shows no error bars. Many

profiles show far more scatter. The calculation of chloride
diffusionrates is discussed more fully in Chapter 8.

3.2.3Chloride attack mechanism

In Chapter 2 we discussed the corrosion of steel in concrete and
theeffectiveness of the alkalinity in the concrete pores producing
a passivelayer of protective oxide on the steel surface which stops
corrosion. Inthe previous section we observed that alkalinity in
the concrete pores is

neutralized by carbonation. The depassivation mechanism for
chlorideattack is somewhat different. The chloride ion attacks the
passive layer

but, unlike carbonation, there is no overall drop in pH.
Chlorides act ascatalysts to corrosion when there is sufficient
concentration at the rebarsurface to break down the passive layer.
They are not consumed in theprocess but help to break down the
passive layer of oxide on the steeland allow the corrosion process
to proceed quickly. This is illustrated in
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Figure 3.3.This makes chloride attack difficult to remedy as
chloridesare hard to eliminate.

Obviously a few chloride ions in the pore water will not break
downthe passive layer, especially if it is effectively
re-establishing itself when

damaged, as discussed in Chapter 2.There is a chloride threshold
for corrosion given in terms of the

chloride/hydroxyl ratio. It has been measured in laboratory
tests withcalcium hydroxide solutions. When the chloride
concentration exceeds0.6 of the hydroxyl concentration, corrosion
is observed (Hausmann1967). This approximates to a concentration of
0.4% chloride by weightof cement if chlorides are cast into
concrete and 0.2% if they diffuse in.

Figure 3.2Chloride profiles of marine bridge substructure
(Yaquina Bay bridgesoffit).
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In the USA a commonly quoted threshold is 1 lb chloride per
cubic yardof concrete. Although these figures are based on
experimental evidence,the actual values are a function of practical
observations of realstructures.

All these thresholds are approximations because:

1. Concrete pH varies with the type of cement and the concrete
mix. Atiny pH change represents a massive change in hydroxyl ion
(OH -)

concentration and therefore (theoretically) the threshold
movesradically with pH.2. Chlorides can be bound chemically (by
aluminates in the concrete)

and physically (by adsorption on the pore walls). This removes
them(temporarily or permanently) from the corrosion reaction.
Sulphateresisting cements have low aluminate (C

3A) 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, as

discussed in Chapter 2.4. In sealed or polymer impregnated
concrete, corrosion may not occur

even at a very high Cl- concentration if no oxygen or moisture
ispresent to fuel the corrosion reaction.

5. Corrosion can be suppressed when there is total water
saturation dueto oxygen starvation, but if some oxygen gets in,
then the pittingcorrosion described in Chapter 2 can occur.

Figure 3.3The breakdown of the passive layer and recycling
chlorides.
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Therefore corrosion can be observed at a threshold level of
0.2%chloride by weight of cement if the concrete quality is poor
and there arewater and oxygen available. In different circumstances
no corrosionmay be seen at 1.0% chloride or more if oxygen and
water are excluded.

If the concrete is very dry or totally saturated (as in (3) or
(5) above) thena change in conditions may lead to rapid
corrosion.

3.2.4Macrocell formation

As stated in the previous chapter, corrosion proceeds by
theformation of anodes and cathodes (Figures 2.1 and 2.2).In the
case ofchloride attack they are often well separated with areas of
rusting

separated by areas of clean steel (illustrated in Figure
2.3).This isknown as the macrocell phenomenon. Chloride induced
corrosion isparticularly prone to macrocell formation as a high
level of water isusually present to carry the chloride into the
concrete and becausechlorides in concrete are hygroscopic (i.e.
they absorb and retainmoisture). The presence of water in the pores
increases the electricalconductivity of the concrete. The higher
conductivity allows theseparation of anode and cathode as the ions
can move through the

water filled (or water lined) pores.The separation of corroded
areas does not necessarily represent thedistribution of chlorides
along the rebar. The anodic and cathodicreactions are separated
with large cathodic areas supporting small,concentrated anodic
areas.

For carbonation to occur the concrete is generally drier
(otherwise theCO2does not penetrate far). Corrosion is therefore on
a microcell levelwith apparently continuous corrosion observed
along the reinforcing.

Stray currents from cathodic protection systems on other
objects(such as a nearby pipeline or DC electric railway lines) can
also causecorrosion by accelerating the anodic reaction and
suppressing thecathodic reaction. In anaerobic conditions,
bacterial attack has also beenseen. These causes all give rise to
the same corrosion mechanismdiscussed above, but may need
specialist investigation and treatment.

3.3 CORROSION DAMAGE

In most industries corrosion is a concern because of wastage of
metalleading to structural damage such as a collapse, perforation
ofcontainers and pipes, etc. Most problems with corrosion of steel
inconcrete are not due to loss of steel but the growth of the
oxide. Thisleads to cracking and spalling of the concrete
cover.

Structural collapses of reinforced concrete structures due to
corrosionare rare. The author knows of two multistorey parking
structures in
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North America which have collapsed due to deicing salt
inducedcorrosion. A post-tensioned concrete bridge collapsed in
Wales due todeicing salt attack on the strands (Woodward and
Williams, 1988), andso did one in Belgium. Concrete damage would
usually have to be well

advanced before a reinforced concrete structure is at
risk.Particular problems arise when the corrosion product is the
black

rust described in Chapter 2 and in prestressed,
post-tensionedstructures where corrosion is difficult to detect as
the tendons areenclosed in ducts. Tendon failure can be
catastrophic as tendons areloaded to 50% or more of their ultimate
tensile strength and modestsection loss leads to failure under
load. The particular problems ofassessing prestressed
post-tensioned concrete structures are addressed

in Section 4.15.The most common problem caused by corrosion is
spalling of

concrete cover. A man was killed in New York City by a slab of
concretewhich spalled off a bridge substructure due to deicing
salts, and avehicle was badly damaged in Michigan in a similar
incident. Specialmetal canopies have been built around the lower
floors of high rise

buildings where corrosion has led to risk of falling concrete.
Thisenables the investigators to collect the fallen concrete at
regular

intervals and weigh it. In that way they can determine whether
thecorrosion rate is stable, increasing or decreasing.The important
factors in corrosion of steel in concrete compared with

most other corrosion problems are the volume of oxide and where
it isformed. A dense oxide formed at high temperatures (such as in
a powerstation boiler) usually has twice the volume of the steel
consumed. Inmost aqueous environments the excess volume of oxide is
transportedaway and deposits on open surfaces within the structure.
For steel in

concrete two factors predominate. The main problem is that the
porewater is static and there is no transport mechanism to move the
oxideaway from the steel surface. This means that all the oxide is
deposited atthe metal/oxide interface. The second problem is that
the oxide is notdense. It is very porous and takes up a very large
volume, up to tentimes that of the steel consumed. This is
illustrated inFigure 3.4.

The thermodynamics of corrosion, coupled with the low
tensilestrength of concrete, means that the formation of oxide
breaks up theconcrete. It has been suggested that less than 100 m
of steel section loss

are needed to start cracking and spalling the concrete. The
actualamount needed will depend upon the geometry in terms of
cover,proximity to corners, rebar spacing, bar diameter and the
rate ofcorrosion. There is further discussion of the rate and
amount ofcorrosion leading to damage in Section 4.11 on corrosion
ratemeasurement.

Corners tend to crack first on corroding reinforced concrete
structures.

1997 John P Broomfield

1997 John P Broomfield


	
8/10/2019 Causes and mechanisms of.pdf

12/14


	
8/10/2019 Causes and mechanisms of.pdf

13/14

3.4 VERTICAL CRACKS, HORIZONTAL CRACKS AND CORROSION

The importance of vertical cracks in accelerating corrosion by
allowingaccess of corrosion agents to the steel surface has been
widely

discussed. If reinforcing steel is doing its job in areas of
tension in thestructure, small cracks will occur as the tensile
load exceeds the tensilestrength of the steel. Most of these are
small cracks (less than 0.5 mm)intersecting the reinforcing steel
at right angles. They do not lead tocorrosion of the steel as any
local ingress of chlorides, moisture andcarbonation is limited and
contained by the local alkalinity. Obviouslythere is a limit to
this self-healing ability. If large cracks stay open(greater than
0.5 mm), then corrosion can be accelerated. Such cracksmay be due
to plastic shrinkage, thermal expansion or other reasons.The
relationship between cracks in concrete and reinforcementcorrosion
is fully discussed in Concrete Society (1995) Technical ReportNo.
44.

Corrosion causes horizontal cracking along the plane of the
rebar andthe corner cracking around the end rebar. This leads to
the loss ofconcrete cover as shown inFigure 3.5.This is the main
consequence ofreinforcement corrosion with its subsequent risk of
falling concrete andunacceptable appearance.

3.5 THE SYNERGISTIC RELATIONSHIP BETWEEN CHLORIDE ANDCARBONATION
ATTACK, CHLORIDE BINDING AND RELEASE

We have already discussed the fact that chlorides can be bound
by theconcrete. One of the constituents of cement paste is C3A, a
complexinorganic aluminium salt. This reacts with chloride to
formchloroaluminates. This removes the chloride from availability
in the

pore water to cause corrosion. This binding process is strongest
forchlorides cast into concrete, and is why it was considered
acceptable touse sea water to make concrete for many years.

The extent of binding and its effectiveness is not well
understood.However, it is known that a reduction in pH as caused by
carbonationwill break down the chloroaluminates. This leads to a
wave ofchlorides moving in front of the carbonation front.
Consequentlystructures with chlorides in them that carbonate are
more susceptible to

corrosion than those with only one source of problem.
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