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A. EXTENT AND COST OF REINFORCEMENT CORROSION

Reinforced concrete is one of the most durable, versatile, and widely used construction materials. It
can be used to make small posts, vast bridges, and tall buildings as well as lining tunnels and
constructing pipelines. Generally, this composite material is capable of withstanding a wide range of
environments, from oil rigs in the North Sea to deserts. However, occasionally it does not give the
low maintenance life expected of it. Sometimes this is due to incorrect expectations, sometimes to
inadequate specification or construction and sometimes due to more adverse conditions than initially
expected. Consequently, there are many structures in the built environment suffering from corrosion
induced damage.

One estimate from the United States [1] is that the cost of damage due to deicing salts alone is
between $325 and $1000 million/year to reinforced concrete bridges and car parks. In the United
Kingdom, the Department of Transport (DoT) estimates a total repair cost of £616.5 million (~ 1
billion U.S. dollars) due to corrosion damage to motorway bridges [2]. These bridges represent
~ 10% of the total bridge inventory in the United Kingdom. The total problem may therefore be 10
times the DoT estimate. There are similar statistics for Australia, Europe, and particularly the Middle
East, where the warm marine climate with saline ground conditions increase all corrosion problems.
Corrosion control is made more difficult by the problems of curing concrete in hot, drying
environments, and has led to very short lifetimes for reinforced concrete structures [3]. Deterioration
occurs on buildings and other structures as well as bridges.

B. PRINCIPLES OF REINFORCEMENT CORROSION IN CONCRETE

Whereas concrete and concrete deterioration are described in Chapter 26, this chapter is concerned
with corrosion of steel in concrete. As concrete is porous and both moisture and oxygen can move
through the pores and microcracks in concrete, the basic requirements for corrosion of mild or high
strength ferritic reinforcing steels are present. The reason that corrosion does not occur in most cases
is that the pores contain high levels of calcium, sodium, and potassium hydroxide, which maintain a
pH of between 12 and 13. This high level of alkalinity passivates the steel, forming a dense gamma
ferric oxide that is self-maintaining and prevents rapid corrosion.

In many cases, any attack on reinforced concrete will be on the concrete. However, there are two
chemicals that penetrate the concrete and attack the steel without breaking down the concrete first.
The culprits are chlorides and carbon dioxide as these are the main common atmospherically borne
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FIGURE 1. The corrosion process for steel in concrete.

species that penetrate concrete without causing significant damage and then promote the corrosion of
steel by removing the protective passive oxide layer on the steel, created and sustained by the
alkalinity of the concrete pore water.

There are many texts covering the mechanisms of corrosion in concrete and assessment
techniques (e.g., 4-7) as well as specifications and recommended practice documents on how to
select and apply repair methods (e.g., NACE RP 0290 and RP 0390, CEN prEN 12696-1, and ACI
222R-96; see Bibliography, Section H).

Figure 1 shows the electrochemical corrosion mechanism common to both carbonation and
chloride induced corrosion. The separation of anodes and cathodes is an important part of the
understanding, measurement, and control of corrosion of steel in concrete. Corrosion of steel in
concrete is basically an aqueous corrosion mechanism where there is very poor transport of corrosion
product away from the anodic site. This usually leads to the formation of voluminous corrosion
product and cracking and spalling of concrete, with delaminations forming along the plane of the
reinforcing steel. In the absence of sufficient oxygen at the anodic site, the ferrous ion will stay in
solution or diffuse away and deposit elsewhere in pores and microcracks in the concrete, leading to
severe section loss without the advanced warning given by concrete cracking and spalling.

C. CHLORIDE INGRESS AND THE CORROSION THRESHOLD

Chlorides can be present in concrete for a number of reasons:

1. Contamination
a. Deliberate addition of calcium chloride set accelerators.
b. Deliberate use of sea water in the mix.
c. Accidental use of inadequately washed marine sourced aggregates.
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2. Ingress
a. Deicing salt ingress.
b. Sea salt ingress.
c. Chlorides from chemical processing, and so on.

Until the later 1970s, it was widely held that chlorides cast into concrete were largely bound as
chloroaluminates and would not cause corrosion. It was then found that large numbers of structures
with chloride cast into the mix did suffer from corrosion and that binding was not as effective as
initially believed. The ACI Report 222R-96 reviews the national standards and laboratory data. The
consensus is that a chloride level of 0.4% chloride by weight of cement is a necessary but not
sufficient condition for corrosion and that in variable chloride and aggressive conditions corrosion
can occur at lower chloride levels, down to ~ 0.2% chloride by weight of cement.

A recent literature review [8] suggested that whether chlorides are bound or not, the chloro-
aluminates break down releasing chloride ions for participation in the passivation breakdown
process. They suggested that the discussion about the amount of chloride bound in the cement paste
is therefore less important than previously thought. They also pointed out that the amount of calcium
hydroxide available to maintain the pH has a profound effect on initiation of corrosion. This has
implications for cement replacement materials.

Chloride ingress into concrete is generally held to follow Pick's second law of diffusion, forming
a chloride profile with depth into the concrete.

d[Cl~]/dt = Dc • d2[Cr]/dx2

where [Cl ~ ] is the chloride concentration, at depth x and time t and Dc is the diffusion coefficient
(usually of the order of 10 ~ 8 cm2/s). The solution to the differential equation for chlorides diffusing
in from a surface is

x
(Cmax — Cxj)/(Cmax — Cmin) = erf - -y-^-

where

Cmax is the surface or near surface concentration
Cx>t is the chloride concentration at depth x at time t
Cmin is the background chloride concentration
erf is the error function

The parameter Cmax must be constant, which is why a near surface measurement is used, to avoid
fluctuations in surface levels on wetted and dried surfaces.

An alternative to the error function calculation is to calculate the progress of a threshold chloride
concentration as a parabolic function of time [9, 10], using a similar function to that used for the
carbonation front progression.

D. CARBONATION OF CONCRETE AND THE CONSEQUENCES OF
CORROSION

Carbonation is a simpler process than chloride attack. Atmospheric carbon dioxide reacts with the
pore water to form carbonic acid. This reacts with the calcium (and other) hydroxides to form solid
carbonates. The pH therefore drops from ~pH 12 to ~pH 8. The steel starts to corrode at around
pHll.



Carbonation is associated with poor concrete cover, poor concrete quality, poor consolidation,
and old age in the absence of chlorides. Carbonated concrete is good quality concrete but it is no
longer protective to the reinforcing steel. Carbonation rates generally follow parabolic kinetics:

d = Af'5

where d — Carbonation depth
t = time
A is a constant, generally of the order 0.25 to 1.0 mm/year172

Carbonation rates are a function of the environment where indoor concrete will carbonate faster
than outdoor concrete in North American and Northern European environments, but wet/dry cycling
in warm conditions can accelerate Carbonation in more southern latitudes. As corrosion will not
proceed in the absence of water, carbonation rates are usually unimportant inside buildings except in
bathrooms, kitchens, and other situations where there is wet/dry cycling and sufficient moisture to
cause corrosion after carbonation to rebar depth.

E. METHODS OF DETECTING AND MEASURING CORROSION AND
CORROSION DAMAGE IN CONCRETE

There are several techniques available for assessing corrosion and corrosion damage on reinforced
concrete structures. The main ones used in the field are described below.

1. Visual Inspection

The visual inspection is the first step in any investigation. A properly executed survey consists of a
rigorous logging of every defect seen on the concrete surface. The aim of the visual survey is to give
a first indication of what is wrong and how extensive the damage is. If concrete is spalling off, then
that can be used as a measure of extent of damage. In some cases, weighing the amount of spalled
concrete with time can be a direct measure.

The main equipment is obviously the human eye and brain, aided with a notebook, proforma or
hand held computer, and a camera to record and locate defects. Binoculars may be necessary, but
close inspection is preferred if access can be arranged. A systematic visual survey will be planned in
advance. Many companies that carry out condition surveys have standardized systems for indicating
the nature and extent of defects. These are used in conjunction with customized proformas for each
element or face of the structure. It is normal to record date, time, and weather conditions when doing
the survey and to note visual observations, such as water or salt run down, and damp areas.

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 [U]. This guides the less experienced engineer or technician through the
different types of defects seen on concrete highway pavements and structures, including alkali silica
reaction, freeze-thaw damage, and corrosion.

The main limitation of visual inspection is the skill of the inspector. Some defects can be
mistaken for others. When corrosion is suspected, it must be understood that rust staining can come
from iron bearing aggregates rather than from corroding reinforcing steel. Different types of
cracking can be attributed to different causes. The recognition of alkali silica reaction (ASR) is
discussed in Chapter 26. Visual surveys must always be followed up by testing to confirm the source
and cause of deterioration.

2. Delamination Surveys

As corrosion proceeds, the corrosion product formed takes up a larger volume than the steel
consumed, building up tensile stresses around the rebars. A layer of corroding rebars will often cause



a planar fracture at rebar depth prior to spalling of the concrete. The aim of a delamination survey is
to measure the amount of cracking between the rebars before it becomes apparent at the surface. It
should be noted that this can be a very dynamic situation.

The delamination survey with a hammer is often conducted alongside the visual survey with
hollow sounding areas marked directly onto the surface of the structure with a suitable permanent or
temporary marker, and then recorded on the visual survey proforma. The hammer or chain drag
survey is usually quicker, cheaper, and more accurate than alternatives such as radar, ultrasonics or
infrared (IR) thermography. The other techniques do have their uses, for example, in large scale
surveys of bridge decks (ultrasonics and infrared), or waterproofing membranes or other concrete
defects (ultrasonics and radar). The reader is recommended to review the literature for further
information [12-14].

For interpretation, the experience of the inspector is vital. A skilled, experienced technician will
often produce better results than the more qualified but less experienced engineer. Trapped water
within cracks, deep cracks (where bars are deep within the structure), and heavy traffic noise can
complicate the accurate measurement of delamination.

It is common during concrete repairs for the amount of delamination to be far more extensive than
delamination surveys indicate, because of the inaccuracy of the techniques available and also
because of the time between survey and repair. Once corrosion has started, delaminations can initiate
and grow rapidly. An underestimate of 40% or more is not unusual and should be borne in mind when
budgeting for repairs.

3. Concrete Cover Measurements

The thickness of concrete cover to the reinforcing steel is measured on new structures to see that
adequate cover has been provided to the structure in line with design requirements. It is also carried
out when corrosion is observed because low cover will increase the corrosion rate both by allowing
the agents of corrosion (chlorides and carbonation) more rapid access to the steel, and also allowing
more rapid access of the "fuels" for corrosion, moisture and oxygen. A cover survey can determine
the location of the rebars three dimensionally, that is, their position with regard to each other (X, Y)
and depth from the surface (Z). If construction drawings are not available then it may be necessary to
measure rebar diameters as well locations.

Magnetic cover meters (often known as pachometers in North America) are now available
with logging features and digital outputs. With some models, a spacer can be used to estimate
rebar diameter. Other alternatives, such as radiography, can be used to survey bridges or other
structures.

There is only one standard for cover meters, BS 1881 Part 204, and this standard refers to the
measurement on a single rebar. A recent paper discusses cover meter accuracy when several rebars
are close together [15]. The paper suggests that different types of head are more accurate in different
conditions. The smaller heads are better for resolving congested rebars.

The main problem with cover measurements is the congestion of rebars giving misleading
information [15]. Iron bearing aggregates can lead to misleading readings as they will influence the
magnetic field. Different steels also have different magnetic properties (at the extreme end, austenitic
stainless steels are nonmagnetic). Most cover meters have calibrations for different reinforcing
steel types.

4. Carbonation Depth

There are two principal causes of corrosion: chloride contamination and carbonation of the
concrete. Any survey must distinguish between the two. The distinction is important because
the type of repair may be determined by the cause of corrosion. The neutralization of the pore
solution by the carbonation process leads to a "carbonation front," where there is a transition from
~pH 12 to 8.



Carbonation is easily measured by exposing fresh concrete and spraying with phenolphthalein
indicator solution. The measurement can be done either by breaking away a fresh surface (e.g.,
between the cluster of drill holes used for chloride drilling), or by coring and splitting, or cutting the
core in the laboratory. The phenolphthalein solution remains clear where concrete is carbonated and
turns 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 [16]. If the concrete is very dry
then a light misting with water prior to applying the phenolphthalein will also help show the color.
Petrographic analysis will also reveal carbonated and partially carbonated zones under an optical
microscope.

Sampling can allow the average and standard deviation of the carbonation depth to be calculated.
If the carbonation depth is compared with the average reinforcement cover, then the amount of
depassivated steel can be estimated. If the carbonation rate can be determined fr6m historical data
and laboratory testing then the progression of depassivation with time can be calculated.

In some aggregates, accurate phenolphthalein readings are difficult to obtain. Some concrete
mixes are dark in color and color change may not be visible. Care must be taken that no
contamination of the surface occurs from dust and the phenolphthalein sprayed surface must be
freshly exposed or it may be carbonated before testing. High alumina cement (HAC) concrete does
not show the color change well, and HAC concretes may be highly susceptible to carbonation
because of low alkali content (see Chapter 26).

It is also possible for the phenolphthalein to bleach at very high pH (e.g., after electrochemical
chloride extraction or realkalization). If the sample is left for a few hours, it will turn pink. There
can also be problems on buried structures where carbonation by ground water does not always
produce the clear carbonation front induced by atmospheric carbon dioxide ingress. It should
be noted that phenolphthalein changes color at pH 9.5 whereas concrete starts to corrode below
pH 11. This could be important in realkalized concrete, where the pH may not reach 11, but
may reach 9.5.

5. Chloride Content

Chlorides can be cast into concrete or can be transported in from the environment. The chloride ion
attacks the passive layer even though there is no significant drop in pH. Chlorides act as catalysts to
corrosion. They are not consumed in the process, but help to break down the passive layer of oxide on
the steel and allow the corrosion process to proceed quickly. Chloride contents are measured by
sampling the concrete and analyzing a liquid extracted from the sample. This is usually done by
mixing acid with concrete dust from drillings or crushed core samples. An alternative is pore water
extraction by squeezing samples of concrete or, more usually, mortar. The pore squeezing technique
is frequently used in laboratory experimental work as it is often difficult to extract useful pore water
samples from field concrete. A third technique is to crush concrete and boil it in water to extract
water soluble chlorides only.

To measure the chloride profile in the concrete, chloride samples should be collected
incrementally from the surface either by taking drillings or sections from cores. The first 5 mm is
usually discarded as being directly influenced by the immediate environment and then measurements
of chloride content made at suitable increments. For improved statistical accuracy, multiple adjacent
drillings are made and the depth increments from each drilling are mixed. 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 [17]. Conventional titration (e.g., by BS 1881 part 124
and potentiometric titration methods) are also available [18].

As well as acid soluble chloride, there are the water soluble chloride tests [ASTM C 1218,
American Association of State Highway Officers (AASHTO) Test T 260 and Federal Highway
Administration Report FHWA RD-77-85]. These techniques use different levels of pulverization of
large samples that are refluxed with water to extract the supposedly unbound chlorides. These
chlorides are, or can become, free in the pore water to cause corrosion as opposed to the chlorides



bound by the aluminates in the concrete, or bound up in some aggregates of marine origin. The water
soluble chloride test is rather less accurate than the acid soluble test because some of the "bound"
chlorides can be released, and the finer the grinding the more will be extracted. However, this test can
be useful in showing the corrosion condition where chlorides have been cast into concrete, and
particularly where aggregates are known to contain chlorides that do not leach into the pore water.

The corrosion threshold is usually given as ~ 0.4% chloride by weight of cement, 0.05% chloride
by weight of concrete, or 1.21b/cuyd. of concrete. This is only an approximation because

a. Concrete pH (14-logi0 of the OH ~ concentration), varies with the cement powder and the
concrete mix. A small pH change is a massive change in OH ~ concentration, and therefore
the threshold moves radically with pH.

b. Chlorides can be bound chemically (by aluminates) and physically (by absorption on the pore
walls). This removes them (temporarily or permanently) from the corrosion reaction.

c. Some aggregates contain chlorides that cannot be leached into the pore water. They do not
play any part in the corrosion threshold but will show up on acid soluble chloride tests.

d. In very dry concrete, corrosion may not occur even at very high Cl ~ concentration as the
water is missing.

e. In saturated concrete, corrosion may not occur even at a very high Cl ~ concentration as the
oxygen is missing.

Corrosion can be observed at 0.1% chloride in some cases and none seen > 1.0% chloride by
weight of cement or more in others. If (d) or (e) are the reasons that no corrosion is observed, then a
change in conditions may lead to corrosion.

The important questions from chloride measurement are how much of the rebar is depassivated
and how will this progress. Points (a)-(c) review how the corrosivity of the chloride can change. If
chlorides have been transported in from outside, then the chloride profile can be used along with
measurements (or estimates) of the diffusion constant to estimate future penetration rates and the
build up of chloride at rebar depth.

In Europe, it is normal to quote the chloride content as a percentage by weight of cement. In many
cases, assumptions must be made about the cement content because the measurement is by weight of
sample (concrete), and the true cement content is not known.

6. Concrete Resistivity Measurements

The four probe resistivity meter is now used for measurement of concrete resistivity on site. The
measurement can be used to indicate the possible corrosion activity if steel is depassivated. The
electrical resistivity is an indication of the amount of moisture in the pores, and the size and
tortuosity of the pore system. Resistivity is strongly affected by concrete quality, (i.e., cement
content, water/cement ratio, curing, and additives used).

The four probe resistivity meter used for soil resistivity measurements has been modified for
concrete application and is used by pushing pins directly onto the concrete surface with moisture or
gels to enhance the electrical contact. Millard et al. [19] described two versions of the equipment.
Other variations use drilled-in probes or a simpler, less accurate two probe system.

An alternative approach measures the resistivity of the cover concrete by a two electrode method
using the reinforcing network as one electrode and a surface probe as the other.

Concrete resistivity of the area around the sensor is obtained by the formula:

Resistivity = 2RD(ft - cm)

where R = the resistance by the "iR drop" from a pulse between the sensor electrode and the
rebar network.

D = the electrode diameter of the sensor.



The interpretation of resistivity measurements with regard to corrosion is empirical. The
following interpretation of resistivity measurements has been cited when referring to depassivated
steel [2O].

> 20 kfJ • cm Low Corrosion rate
10-2OkH • cm Low-to-moderate corrosion rate
5-10kfi • cm High corrosion rate
< 5 kft • cm Very high corrosion rate

Researchers working with a field linear polarization device for corrosion rate measurement have
conducted laboratory and field research and found the following correlation between resistivity and
corrosion rates using the surface to rebar two electrode approach [21]:

> lOOkfJ • cm Cannot distinguish between active and passive steel
50-100kfi • cm Low corrosion rate
10-5OkH • cm Moderate to high corrosion where steel is active
< 1OkH • cm Resistivity is not the controlling parameter

In this method and interpretation resistivity is used along side linear polarisation measurements (see
below).

The resistivity measurement is a useful additional measurement to aid in identifying problem
areas or confirming concerns about poor quality concrete. Measurements can only be considered
along side other measurements. Reinforcing bars will interfere with resistivity measurements.

7. Electrochemical Potential Measurements

Measurement of the electrochemical potential of the steel with respect to a standard reference
electrode gives an indication of the corrosion risk of the steel.

The silver/silver chloride (Ag/AgCl) electrode, mercury/mercury oxide (Hg/HgO), and
sometimes the standard calomel electrode (SCE) are commonly used as reference electrodes for
steel in concrete. Copper/copper sulfate (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 sulfate. A high impedance digital voltmeter is used to collect the data in
the simplest configuration. Other options are to use a logging voltmeter (or logger attached to a
voltmeter), an array of cells with automatic logging, or a reference electrode linked to a wheel for
rapid data collection.

Interpretation is most reliable for cast in situ, reinforced concrete with chloride induced corrosion
due to diffusion of sea or deicing salts. The ASTM C-876 states that there is a high risk of corrosion
if the potential is more negative than — 350 mV CSE. If the potential is less negative than — 200 mV
there is a low risk of corrosion. In between those values the risk is indeterminate. This interpretation
does not necessarily apply to carbonated structures, precast concrete elements or elements with
chlorides cast into the concrete. The readings can also be affected by moisture content, with the base
of columns or walls showing more negative potentials regardless of corrosion activity. Stray currents
can also influence the readings, which can be used as a diagnostic tool where stray current corrosion
is suspected in the presence of DC fields.

Very negative potentials have been measured below the water line in marine environments,
however, the lack of oxygen will often slow the corrosion rate to negligible levels.

"Junction potentials" can be created by the change in chemical concentrations within the
concrete. This effect was severe in a concrete slab subjected to chloride removal, but that may be due
to the treatment, rather than being a real problem under normal conditions. Junction potentials may
explain the erratic changes in potential seen in carbonated structures. The potential changes across
the carbonation front because of the pH change, and because the concentration of dissolved ions



changes as carbonated concrete wets and dries quickly because the pores are narrowed by a lining of
calcium carbonate.

8. Corrosion Rate Measurement

The corrosion rate is probably the nearest the engineer will get to measuring the rate of deterioration
with current technology. Although there are various ways of measuring the rate of corrosion,
including AC impedance and electrochemical noise [22], linear polarization, also known as
polarization resistance, will be discussed along with various macrocell techniques as they have been
shown to be field worthy for measuring the corrosion of steel in concrete.

The rate at which steel dissolves and forms oxide is determined by measuring the electric current
generated by from electrons liberated the anodic reaction:

Fe-^Fe2+ + 2<T

and recaptured by the cathodic reaction:

H2O + 102 + 2e~ -> 2OH-

The current is converted to rate of metal loss by Faraday's law

m = MIt/zF

where m = mass of steel consumed (g)
I=current (A)
t = time (s)

F = 96,500 A.s

z = ionic charge (2 for Fe —> Fe2+ + 2e~)
M= atomic weight of metal (56 g for Fe)

This results in a conversion of 1 uA/cm~2 = 11.6 jam/year.
A typical setup is shown in Figure 2. The basic system has a rebar connection, a reference

electrode, or half cell, an auxiliary electrode through which a small current is applied, and a battery
operated power supply to supply the direct current to change the potential of the steel with respect to
the reference electrode. The equation for the corrosion current is given by Stern and Geary [23]:

^coir = •£-
Kp

Where /corr = the corrosion current.
B = a constant related to the anodic and cathodic Tafel slopes,

and Rp = the polarization resistance = dE/dl.
where dl = the change in current.

dE — the change in potential.
The potential is measured with respect to the reference electrode or half-cell. Current, dl, is

passed from the surrounding electrode to the steel and the potential shift, dE, is measured. This
measurement can be repeated for increasing increments of dl. The potential must be stable
throughout the reading so that a true dE is recorded.

The simplest devices do not include a guard ring. Therefore they do not define the area of
measurement accurately. At low corrosion rates this can lead to errors by orders of magnitude [24]. A
more accurate device has been developed that uses a guard ring controlled by half-cells [25, 26]. It



FIGURE 2. Schematic of setup for linear polarization measurement.

has also been used to assess carbonated as well as chloride-induced corrosion. Figure 3 shows the
system used. Its important features are the two extra reference electrodes that are used to control the
guard ring current and define the area of measurement.

In an assessment of three different devices, one without a guard ring, one with a simple guard
ring, and the device with the sophisticated half-cell controlled guard ring [24], a good correlation
was found between this device and the most sophisticated laboratory measurements, except where
the concrete resistivity was very high or cover to the rebar was very deep. Field trials also showed
good performance of the device.

The following broad criteria for corrosion have been developed from field and laboratory
investigations with the sensor controlled guard ring device [2O]:

/corr < 0.1 uA/cm2 Passive condition
/corrO.l to 0.5 uA/cm2 Low to moderate corrosion
/corr0.5 to 1 JiA/cm2 Moderate to high corrosion
/corr > 1 uA/cm2 High corrosion rate

The device without sensor control has the following recommended interpretation [26].

Icon < 0.2 uA/cm2 No corrosion expected
/corrO.2 to 1.0uA/cm2 Corrosion possible in 10 to 15 years
/corr 1.0 to 10uA/cm2 Corrosion expected in 2 to 10 years
ICOTT > 10 uA/cm2 Corrosion expected in 2 years or less

These measurements are affected by temperature and relative humidity, so the conditions at the time
of measurement affect the interpretation of the limits defined above. The measurements should be
considered accurate to within a factor of 2.
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FIGURE 3. Guard ring linear polarization defines area of measurement.

Although the conversion of/corr to section loss and end of service life has been investigated [28],
the loss of concrete is the most usual cause for concern, rather than loss of reinforcement cross
section. It is far more difficult to predict cracking and spalling rates, especially from an instantaneous
measurement. A simple extrapolation assuming that the instantaneous corrosion rate on a certain day
is the average rate throughout the life of the structure often gives inaccurate results [21]. The average
rate of section loss and rate of delamination are difficult to predict from this type of measurement
because further assumptions are required about oxide volume and stresses for cracking the concrete.

Another area of concern is corrosion due to pitting. Much of the research on linear polarization
has been done on highway bridge decks in the United States, where chloride levels are high and
pitting is not observed. However, in Europe, where corrosion is localized in run-down areas on
bridge substructures and pitting is more common, the problems of interpretation are complicated as
the /Corr reading originates in isolated pits rather than uniformly from the area of measurement.

Laboratory tests with the guard ring device have shown that the corrosion rate can be up to 10
times higher than general corrosion [29]. This means that the device is very sensitive to pits.
However, it cannot differentiate between pitting and general corrosion.

An alternative approach, which introduces the theme of long-term corrosion monitoring, is the
embedding of macrocell devices. This includes galvanic couples of different steels [30] or
embedding steel in high chloride concrete to create a corrosion cell, as is popular in cathodic
protection monitoring systems. This approach is also popular in laboratory corrosion studies and is
an ASTM procedure (ASTM G109, [31]) Concrete prisms are made with a single top rebar in
chloride containing concrete and two bottom rebars in chloride free concrete. The current flow
between the top and bottom bars is monitored.

Another configuration has been used for installation in new structures, for example, the Great
Belt Bridge in Denmark [32]. This approach uses a "ladder" of steel specimens of known size,
installed at an angle through the concrete cover. As the chloride (or carbonation) front advances,
each specimen becomes active, and the current flow from the anodic specimen to its adjacent
cathodic specimen can be monitored along with the potential.
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There are two major problems with interpreting macrocell systems. The first is that we are not
actually measuring corrosion on the reinforcing steel. The extent to which the current represents the
reaction on the actual reinforcement partly depends on the care and thought taken about installation
of the probes. The second issue is how representative macrocell currents are of the true corrosion
currents in the steel. The microcell currents may be more important than macrocell currents. In a
comparison with linear polarization, it was found that the macrocell technique underestimates the
corrosion rate, sometimes by an order of magnitude [33]. As this was using the ASTM prism
technique, it should be considered the most accurate use of the macrocell technique, so if it is an
order of magnitude out, field uses of macrocell techniques are probably even less accurate.

The advantage of these techniques is that they are permanently set up and can be used to monitor
the total charge passing with time. This approach provides a clearer indication of the total metal loss
or total oxide produced than does instantaneous measurement of the corrosion rate.

9. Permanent Corrosion Monitoring

The technique of corrosion monitoring is well established for cathodic protection of reinforced
concrete structures where microprocessor controlled systems are linked by modem to remote
monitoring stations and potentials and current flows are monitored. The sort of system available was
described several years ago [2O]. Variations on this concept were used in the Middle East and on the
U.K. motorway system. Recently, systems have been installed in new and existing reinforced
concrete structures to monitor corrosion rate with polarization resistance, resistivity, temperature,
and half-cell potentials [34].

The advantage of long-term monitoring is that the progression of changes can be monitored. The
growth of anodic areas, potential changes, changes in corrosion rates using linear polarization or
macrocell approaches, and the changes in concrete resistivity with time are more helpful in
predicting long-term durability than the "snapshot" approach of a survey.

F. METHODS OF REPAIRING AND TREATING CORROSION DAMAGE

Repairs are rarely applied in isolation. Most other repairs are preceded by patch repairing, and patch
repairs are frequently followed by coating. No single rehabilitation process is always suitable for all
elements of all structures, so there is always a degree of "mix and match" in rehabilitating a
structure, by applying the correct repairs and treatments to the different elements in different
environments.

1. Patch Repairing

Almost all corrosion repairs are preceded by patch repairs, since treatments such as cathodic
protection are rarely applied until after corrosion damage is observed. The exceptions are discussed
below. The degree and extent of patch repairing are determined by what other treatment is being
applied.

Patch repairs are usually applied with the intention of making the structure safe, restoring its
appearance, and inhibiting further corrosion. Modern patch repair materials produce an extremely
durable repair, but the act of patching can actually cause corrosion in adjacent areas by the "incipient
anode" effect (Fig. 4). If a patch repair is carried out, then an anode is removed, stopping the
cathodes from functioning and allowing the development of new anodes around the patch. This
phenomenon is commonly observed on structures suffering from chloride induced corrosion where
anodes are large and well defined.

Patch repairs are applicable to most reinforced structures and should be carried out with
appropriate materials and skilled operators. There are several good guides to specifying and
measuring patch repairs (e.g., [35]). Proprietary patch repair systems have the advantage of ensuring
that the correct proportions are mixed together from sealed containers of known "use by date." They



FIGURE 4. The formation of incipient anodes after patch repairing.

may include bond coats applied to the parent concrete, primers for the steel, and may be applied by
hand, flowable grouts into shutters, or spray applied. All systems require cutting the concrete from
the corrosion damaged area of steel back to undamaged concrete and steel, good surface preparation
of the steel and square edges to the break out. Materials must be low shrinkage and require good
curing to minimise the risk of cracking in the repair.

The length of bar and the amount of the circumference exposed during break-out will depend on
the extent and type of corrosion and the other elements of the treatment. If cathodic protection,
realkalization, or chloride extraction are being applied, then the repair is mainly cosmetic as the
other techniques will stop the corrosion. If only patch repairs are being used then the repair should
extend all round the bar (usually cut out 25-40 mm behind the bar) and at least 100mm beyond the
point where any corrosion damage or rust can be seen along the length of the bar.

Patch repairs are a straightforward, immediate solution to corrosion damage that can improve the
condition of a structure and can extend the life of a structure either to give an acceptable repair cycle
(e.g., repairs every 10-20 years), or to the desired life of the structure. Patch repairs will not stop
corrosion elsewhere in the structure, and may even promote it due to the "incipient anode" effect
described above. Nor will patch repairs take the structural load unless specifically designed to do so.

Patches are difficult to match to the existing finish of a structure, and even when that is done, they
usually weather differently, so unless an opaque coating is applied, the patches will eventually
become visible. Applying patch repairs is noisy, dusty, and dirty. Other treatments often claim the
minimization of patch repairing as one of their benefits.

2. Barriers

The aim of barrier materials is to stop or severely retard the ingress of aggressive agents such as
carbon dioxide or chloride ions, and to aid the drying out of the concrete. There is considerable
literature on anticarbonation coatings and testing for carbonation resistance (e.g., [36]). Penetrating
sealers, such as silanes, siloxanes and related compounds and mixtures, are used on highway
substructures in many countries to retard chloride ingress without changing the appearance of the
structure, or its ability to "breathe," allowing water vapor movement, but being liquid water
repellent. The Netherlands, Norway, and the United States are the only OECD (Organisation of
Economic Cooperation & Development) countries that do not mandate waterproofing on their bridge

BEFORE ;;;AFTEir:;

Concrete Concrete

Patch

C
athode

A
node

C
athode

A
node

C
athode

A
node

Corrosion at +ve Anode "Anode"is made non-corroding -ve cathode



decks [37]. Although the membranes themselves require regular replacement throughout the life of
the structure, they significantly reduce chloride ingress if good quality membranes are applied and
are properly detailed at edges, corners, drains, joints, and so on.

The principle of barrier materials is to stop ingress of chlorides, carbon dioxide, and/or water to
slow down the depassivation and corrosion processes. Any attempt to use coatings once corrosion
has initiated requires a careful analysis to see what will happen to the steel after coating the concrete.
If chloride levels are well above the corrosion threshold, or if carbonation is well established around
the reinforcing steel, then corrosion can continue. However, if the areas of depassivation are small
and can be repaired then coatings can retard or even "freeze" the "corrosion front."

In Europe, it is normal to apply silanes and waterproofing to new structures before chloride
ingress occurs. Anticarbonation coatings are applied as part of a rehabilitation process once
corrosion is detected. Coatings are frequently applied after electrochemical chloride extraction,
realkalization, or inhibitor application to retard further ingress of aggressive agents (and to retain
vapor-phase inhibitors). A thorough description of waterproofing membranes for bridge decks is
given in [38].

Coatings can be effective in excluding chlorides and carbon dioxide. They will improve the
appearance of patch repaired structures and can be very cost effective if applied appropriately.
Coatings, sealers, and membranes are likely to have only marginal effects on the corrosion rate once
depassivation has occurred, particularly if there are substantial levels of chloride in the concrete.
There is also a risk that if some oxygen is excluded, then the anodic reaction of oxidation of iron to
the soluble ferrous ion proceeds rapidly but there is no oxygen to react with it to form the solid
hydrated ferric oxide that expands and cracks the concrete. Severe section loss of rebar without
apparent concrete cracking has been observed by the author under failing waterproofing membranes
on bridge decks in the United Kingdom and the United States due to this phenomenon. Coatings and
membranes require replacement at regular intervals.

3. Impressed Current Cathodic Protection

Impressed current cathodic protection (ICCP) systems consist of an anode system, a dc power supply
and monitoring probes, with associated wiring as with other cathodic protection systems described in
Chapter 57. For steel in concrete, one of the most important decisions is the choice of anode. Anodes
consist of conductive coatings on the surface, mixed metal oxide coated mesh, or ladders in a
concrete overlay, conductive mortar overlays, coated titanium ribbon in slots, or conductive ceramics
or mixed-metal oxide coated titanium rods or tubes in holes in the concrete.

The coatings available range from a variety of formulations of carbon loaded paints, and thermal
sprayed metals such as zinc or, more recently, titanium, with a catalytic coating applied as a spray
after the titanium application. The overlay systems are either a wet sprayed conductive mortar or
titanium grids or mesh fixed to the surface and overlaid with a cementitious overlay that can be
sprayed or poured or pumped into oversized shutters. The probe or discrete anodes are rods of coated
titanium in a carbonaceous backfill, coated titanium ribbon or conductive ceramic tubes in
cementitious grout.

The important calculations for designing an ICCP system for steel in concrete are the steel
surface area to be protected, and hence the current output of the distributed anode and the
transformer/rectifier supplying the DC.

ICCP has been applied to most types of reinforced concrete structures in all types of conditions.
The range of anodes means that the technology can be adapted for application to most situations.
There is extensive literature on the subject (e.g., [5, 39]) and standards and specifications [40, 41].
ICCP has been applied to most types of reinforced concrete structures, such as

Buildings (apartment buildings, offices, hospitals, schools, etc.).
Bridges (decks and substructures).
Tunnels.



Wharves and jetties.
Water towers.
Industrial plant.
Multistorey car parks.

It is primarily applied to structures suffering from chloride induced corrosion due to cast in
chlorides and marine or deicing salt ingress. However, it has recently been applied to historic steel
framed stone structures where the stonework was cracking due to expansive corrosion of the steel
frame. Cathodic protection has also been applied to new structures, either where chloride ingress is
expected or where chlorides have been used in the mix water.

Cathodic protection stops the corrosion process across the whole of the area where anodes are
applied. It is extremely versatile and is not limited by the extent and severity of corrosion, as long as
anodes can be placed in a suitable electrolyte for the current to pass to the corroding steel areas.
Using cathodic protection minimizes the amount of break out for patch repairs, in terms of the need
to cut behind the bar and extend along bars. As long as the concrete is sound the ICCP provides
protection. Smaller cut outs may alleviate the need for structural propping during patch repairs.
Minimizing patch repairs minimized the disturbance to occupants of offices, apartment buildings,
and so on.

The ICCP requires continuous ongoing monitoring for the life of the system/structure by suitably
trained and qualified persons. It has a comparatively high initial cost and anodes need replacing on a
10-40 year cycle, depending on the type used.

One of the advantages of the continuous monitoring requirement of ICCP systems is that its
effectiveness and the condition of the structure are under continuous scrutiny, so that further
intervention if required can be carried out in a timely manner.

Life cycle cost analysis frequently shows ICCP to be one of the most cost effective repairs for
structures with 20 years or more of residual life. Once applied, the system stops the cycle of regular
concrete repair associated with structures with high chloride levels.

Impressed current cathodic protection (ICCP) cannot easily be applied to elements containing
prestressing steel. There is concern about its application to structures with a high susceptibility to
alkali silica reaction (ASR). Also, structures with a lot of electrically discontinuous steel can be
expensive to protect as all the steel must be in contact for the current to flow correctly. This situation
includes epoxy coated reinforcing steel, where bars are electrically isolated by their coatings (but see
below). Short circuits caused by tie wires and tramp steel touching the anode can also be a problem.
Current cannot flow through insulators so coatings and membranes must be removed. Because ICCP
anodes evolve gases, gas evolution must be handled if impermeable membranes are being applied
over the anodes.

4. Galvanic Cathodic Protection

Galvanic, or sacrificial anode, systems are attractive in that they cannot be controlled, so they are
simpler than impressed current systems. They usually consist of zinc applied to the concrete surface
and directly connected to the reinforcing steel. Alloys and other metals such as aluminum have been
evaluated too. The principles of galvanic cathodic protection are the same as for impressed current
CP, except that the anode is a less noble metal than the steel to be protected and is consumed
preferentially, generating the cathodic protection current. The potential difference between anode
and cathode is a function of the environment and the relative electrode potentials of the anode and
cathode materials. The current is a function of the potential difference and the electrical resistance.
As the voltage and current cannot be controlled, the level of protection cannot be guaranteed and a
low resistance environment is required.

The most successful and extensive application has been to the splash and tidal zones of
prestressed concrete piles and epoxy coated reinforcing steel in substructures supporting bridges in



the Florida Keys [42]. These are either thermal sprayed zinc or zinc sheets clamped to the surface.
Recently, there have been applications of a zinc sheet with an adhesive gel on it [43]. A commercial
version of a sacrificial anode for installation in patch repairs has been developed to suppress the
incipient anode effect as discussed under patch repairs above. This is still undergoing trials (1999).

The simplicity of galvanic CP is very attractive. It requires only the installation of the anode and a
direct connection to the steel. In Florida, one method was to clean up the steel exposed by corrosion
damage and to arc spray zinc across the steel and the concrete, directly connecting them. This
procedure provided an added advantage in the cases where the steel had been epoxy coated as it
made direct electrical connections. The lower current and voltage meant that the risk of accelerating
corrosion in isolated bars was lower than for an ICCP system.

The current flows and voltages in galvanic CP systems are lower than in ICCP systems. Galvanic
systems are therefore more readily useable with prestressing because the risk of hydrogen evolution
and subsequent embrittlement is lower. The lack of control and the limited voltage and current
generated in galvanic systems can be a major limitation, consequently, most galvanic systems are
used in splash and tidal zone applications. The anodes are consumed, and therefore, must be replaced
regularly, about every 5-10 years for thermal sprayed zinc in a splash/tidal situation. The anode has
been found to work well initially and then the current drops, probably due to rising internal resistance
at the anode/concrete interface. A recent development is the use of a chemical agent to increase the
moisture around the anode, and hence, the effectiveness of the galvanic CP system [44]. The trials of
this system are underway. Attempts have been made to use other anodes such as aluminum and zinc/
aluminum alloys, but there have been application and installation problems [5].

5. Electrochemical Chloride Extraction

Electrochemical chloride extraction (ECE) is also known as electrochemical chloride removal or
desalination. The technique uses a temporary anode and passes a high current (~ 1 AJm2 of steel or
concrete surface area) to pull the chlorides away from the steel. A proportion (usually ~ 50-90%) of
the chloride can be completely removed from the concrete with very significant removal
immediately around the steel, and a high level of repassivation of the steel, is obtained.

ECE can be used in many of the situations where cathodic protection can be applied. It is at its
best where the steel is reasonably closely spaced, the chlorides have not penetrated too much beyond
the first layer of reinforcing steel and future chlorides can be excluded. It has been applied to
highway structures, car parks and other structures in Europe and North America. The treatment
typically takes 6-8 weeks. On completion the anode is removed and there are no ongoing monitoring
requirements. If sufficient chloride is removed and further chlorides excluded, then it is a "one off"
treatment. Field and laboratory research showed an improvement in concrete properties such as
freeze-thaw, chloride and carbonation resistance, and water uptake resistance for one set of
experiments [5]. The treatment time can be too long for some applications, for example, bridge decks
that cannot be closed for 6-8 weeks. The problems with isolated steel, prestressing, and ASR
mentioned for ICCP are exacerbated for ECE due to the high voltages and current densities. Some
concerns with reduction in bond strength have been identified [45], but these only apply to structures
containing smooth reinforcement where the mechanical interlock of ribbed steel is not available. A
lithium-based electrolyte has been used in trials to mitigate the ASR risk, but results are not yet
conclusive on its effectiveness.

6. Realkalization

Realkalization can be described as the equivalent of ECE for corroding steel in carbonated concrete
structures. It is a shorter term treatment (days instead of weeks), and the proprietary system uses a
sodium carbonate electrolyte as an aid to regenerating the alkalinity in the concrete and around the
rebar. The same anode systems are used as for ECE. The treatment is most commonly applied to
buildings with carbonation damage but with at least moderate cover of the reinforcing steel



C^lO mm.). The literature is still contradictory about the use of the sodium carbonate electrolyte to
maintain alkalinity after treatment and the extent to which it migrates into the concrete. The pH of
sodium carbonate is not far above the pH corrosion threshold for steel in concrete. The use of
phenolphthalein indicator causes some concern as its color change at pH 9.5 is below the corrosion
threshold for steel in concrete at pH 11.

7. Corrosion Inhibitors

The use of calcium nitrite as a corrosion inhibiting admixture in the concrete mix is well established.
However, trials of inhibitor treatments to hardened concrete after corrosion damage has been
observed are comparatively recent. Although new materials are being produced and tested, the range
of inhibitors presently available can be summarized as follows:

Several proprietary formulations of vapor-phase inhibitors, based on volatile amino alcohols that
create a molecular layer on the steel to stop corrosion.

Calcium nitrite, an anodic inhibitor in a mixture to aid penetration into concrete.
Monofluorophosphate, which seems to create a very alkaline environment as it hydrolyzes in the

concrete.

In principle, corrosion inhibitors are applicable in any situation. However, for the present
understanding of the materials available and the limited field testing the following applications for
inhibitors can be considered.

Carbonation or low-to-modest chloride levels (< 1% chloride by weight of cement).
Low cover (< 20 mm).
Penetrable concrete (carbonated or corrosion damaged in < 20 years).
Barrier coating applied after application.
Corrosion monitoring installed in concrete to assess effectiveness with time.

Application of an inhibitor any element with an accessible surface is simple and inexpensive.
Limited results of field trials are available e.g. [46].
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