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CATHODIC PROTECTION OF REINFORCED CONCRETE

This invention relates to the cathodic protection of-
reinforced concrete.

The application of cathodic protection to steel reinforcement
in concrete is an accepted method of providing corrosion protection for
the metal, particularly where chloride ions are present at significant
concentrations in the concrete.

Cathodic protection involves the formation of a circuit with
the reinforcement acting as a cathode, electrically connected to an’
anode, with the circuit being completed by pore solution in the concrete
and an electrolyte contacting the anode. When a potential difference
exists corrosion of the cathode is prevented or reduced.

It is known to create a potential difference between anode
and cathode both by means of impressed current cathodic protection
which involves the use of a non-sacrificial anode and an applied electric
current using an external DC power supply and by means of a galvanic
cell in which the potential arises as a result of the different materials
forming a sacrificial anode and a cathode.

Where a galvanic cell is used it is important that the
electrolyte contacting the anode is such that sustained active corrosion
of the anode can occur. If suitable conditions are not maintained then
the cathodic protection will become inefficient.

Furthermore, the electrolyte must be such that its contact
with the surrounding concrete does not result in the degradation of the
concrete. Of particular significance in this context is the susceptibility
of some aggregates, present in concrete, to alkali-silica or alkali-
aggregate reactions. These reactions can cause swelling and
consequential cracking of concrete.
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According to the invention there is provided a method of
cathodically protecting reinforcement in concrete in which a sacrificial
anode is galvanically connected to the reinforcement characterised in
that the anode is contacted with an electrolyte solution having a pH
which is maintained sufficiently high for corrosion of the anode to
occur and for passive film formation on the anode to be avoided.

According to a further feature of the invention there is
provided a unit for use in the cathodic protection of reinforcement in
concrete by the method of Claim 1 characterised in that the unit
comprises a sacrificial anode in contact with a material containing an
electrolyte which in solution has a pH which is sufficiently high for
corrosion of the anode to occur and for passive film formation on the
anode to be avoided when the anode is galvanically connected to the
reinforcement.

According to yet a further feature of the invention there is
provided an article of reinforced concrete characterised in that the
reinforcement is cathodically protected by the method described above.

To avoid passivation of the anode a suitable pH must be
maintained around the anode. Although for zinc a suitable pH value is
> 13.3, or possible > 13.5, and preferably > 14, other materials when
used as the anode may require other electrolyte pH limits to avoid
passivity. In practice while any pH above the "boundary value" at which
passivity is likely may be suitable in the short term, it is advantageous
to have a pH well above the "boundary value® to start with. During
cathodic protection the pH near the anode is likely to drop and so a
higher initial pH acts as a reserve to maintain activity over a long
period. pH values of 0.2 above the "boundary pH" may be acceptable,
but pH values, 0.5, 0.7 and 1.0 or more units above the "boundary pH"
are likely to give a better reserve and a better long term performance.

The anode material selected will determine the electrolyte |
pH required to maintain active corrosion. In general terms the material
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chosen must be more reactive, and preferably significantly more
reactive, than the material forming the reinforcement.

The anode is preferably zinc or a zinc alloy but the anode
may be aluminium, an aluminium alloy, cadmium, a cadmium alloy,
magnesium or a magnesium alloy or another material which has a
more negative standard electrode potential than the reinforcement

under the prevalent conditions.

The electrolyte may be for example sodium hydroxide or
potassium hydroxide.

Advantageously, in some circumstances, at least one alkaﬁ-
silica reaction inhibitor is also present, in at least a portion of the
electrolyte. '

The high pH of the electrolyte may be due, at least in part,
to one or more of the alkali-silica reaction inhibitors.

Preferably at least one of the alkali-silica reaction inhibitors
is provided in an hydroxide form. Most preferably the, or one of the
inhibitors is lithium hydroxide, which can also function as the
electrolyte itself.

The electrolyte solution may be the pore solution of the
concrete and/or the pore solution of a mortar, paste or other porous
material applied to the concrete being protected.

The method may be practised during the course of repairing
reinforced concrete by connecting one or more sacrificial anodes to the
reinforcement and applying repair material and the electrolyte to the
repair site.

Preferably the anodes are provided in the vicinity of the
repair site. If the anode is provided away from the repair site there is
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likely to be a loss of efficiency due to the extra circuit length required to
complete the galvanic cell. Most preferably the anodes are provided
near the periphery of the repair site. The anodes are preferably in the
new material of the repair site. There may be many anodes. The anode
or anodes may have a relatively large surface area and for example
could be a mesh or wire (or wires) extending adjacent to the periphery of
the repair site. '

Preferably each anode is substantially enclosed in repair
material containing an electrolyte of high pH. The portion of repair
material away from the anode may have a different pH compared with
the portion of repair material substantially enclosing the anode. The
repair material away from the anode may have a pH that is relatively
moderate or low compared with that near the anode.

The whole or any portion of the repair material may also
contain one or more alkali-silica reaction inhibitors.

Where only a portion of the material contains an electrolyte
of high pH and only a portion contains one or more alkali-silica reaction
inhibitors the portions may be the same, distinct or overlapping in
extent. '

Preferably at least one of the alkali-silica reaction inhibitors
also contributes to the high pH of the electrolyte.

As well as introducing sacrificial anodes and an electrolyte
of high pH to a structure during a repair, potentially along with an
alkali-silica reaction inhibitor, this invention is also applicable to the
construction of new reinforced concrete articles or structures and to the
improved protection of existing ones.

Just as during repair, anodes and a suitable electrolyte can
be provided in electrical contact with the reinforcement to form a
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galvanic cell, so a similar arrangement can be generated during
construction.

The entire structure can be provided with a suitable
electrolyte, or merely that portion in the vicinity of the anode can be so
provided.

In the construction of new reinforced concrete articles or
structures one or more sacrificial anodes can be connected to the
reinforcement, a material containing the electrolyte cast around the
anode or anodes and concrete then cast around the electrolyte-
containing material.

In the improvement of the protection of existing concrete
articles one or more sacrificial anodes can be inserted in a hole in a
mass of reinforced hardened concrete and connected to the
reinforcement and then surrounded by a material containing the
electrolyte.

In both methods the material containing the electrolyte can
be a non-cementitious material or a cementitious material.

One or more of the sacrificial anodes may be introduced to
the repair site as a pre-formed unit comprising an anode in contact in
use with a porous material containing an electrolyte of high pH. The
material may also contain one or more alkali-silica reaction inhibitors.
The unit may have an anode substantially enclosed in porous material
of high pH.

The sacrificial anode may be at least partially enclosed in
the material. Only a portion of the material which contacts the anode
may contain an electrolyte of high pH. Of course more than one anode
could be provided in each unit.
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The unit may comprise a container holding the material and
the anode. The unit may be ready for introduction to a repair site, or
may require some local treatment (for example wetting). The unit may
comprise a bag or sock which contains the high pH material and an
anode.

It is possible to provide a localised area of high pH adjacent
or around the anode and this will probably occur in patch repair
automatically. However it may be desirable to have a region of higher
pH even when making original concrete articles.

Embodiments of the invention will now be described by way
of example only, with reference to the accompanying drawings, in
which:-

Figure 1 shows a repair site in a reinforced concrete article,
with the reinforcement exposed and sacrificial anodes attached; and

_ Figure 2 shows a cross section through a reinforced
concrete article with a sacrificial anode unit embedded therein.

Chloride-contamination of concrete structures can cause
significant corrosion in reinforced structures. Such corrosion is often
localised and can cause cracking of concrete surrounding the
reinforcement. It is normal to treat problems of local corrosion-induced
cracking in reinforced concrete structures primarily by removing the
affected material and patching with fresh cementitious mortars or
concretes. A common difficulty which arises in such cases is that
failure to detect and remove all chloride-contaminated concrete from
around the corrosion-damaged areas can result in the formation of so-
called "incipient anodes” on the reinforcing steel in the vicinity of the
repair patches, which are electrically coupled to cathodic steel situated
in the repaired areas themselves. This can lead to rapid corrosion at
the "incipient anodes"” and to eventual cracking of the concrete around
the repaired areas.



However, if having removed the contaminated and cracked
concrete from around the reinforcement in regions of the structure
where corrosion has been detected or where chloride salts have been
found in significant concentrations, the exposed steel is cleaned and
connected to zinc-based sacrificial anodes at locations near the
periphery of the area to be patched and the repair site is reinstated with
mortar (or a similar material) of suitably controlled high pore solution
PH, (for example pH > 13.3, 13.5 or 14 for zinc or zinc alloy anodes)
such problems can be overcome.

Figure 1 illustrates such a repair where a contaminated
volume of concrete has been removed from a concrete slab 1 to leave a
void. As a result the reinforcement 2 is exposed. The reinforcement 2
can then be cleaned and a series of zinc anodes 3 can be attached by
connectors 4 to the reinforcement at locations 5. The anodes may
conveniently be located around the periphery of the area to be
protected.

Subsequently repair mortar can be applied to fill the void.

The pore solution of the repair mortar acts as the electrolyte
to complete the circuit enabling cathodic protection to take place, with
the high pH ensuring that corrosion of the anode and hence the
protection is sustainable. '

In many cases a pore solution having pH values high
enough for use in the above applications may be made either from
Portland cements of intrinsically high alkali content ({i.e. . those
containing relatively high proportions of NagO and K30 or from
cements of lower alkali content with supplementary alkalis (in the form
of LiOH, NaOH or KOH for instance} incorporated into the mix
materials as admixtures.
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In some instances, because the presence of high
concentrations of hydroxyl ions in combination with sodium and
potassium ions can cause alkali-silica reactions, which can cause
deleterious expansion and cracking of the concrete, the presence of an
alkali-silica reaction inhibitor is advisable.

Where a potentially reactive aggregate is present the mortar
can be made from a cement of relatively low alkali content with lithium
hydroxide as an admixture. Typically, this would involve the addition of
LiOH to the mix water at a concentration of about 1 mole/litre or
higher, which would ensure the maintenance of a high pH value,
necessary to sustain the activity of the zinc-based anode, whilst
introducing a cation, Li*, that is known to act as an inhibitor of alkali-
silica reaction.

The use of lithium hydroxide as admixture is of especial
benefit when the mortar, concrete, or the like, has a low Na and K
content {or a low Na or K content). Li* can assist in preventing alkali
aggrégate reaction.

Alternatively other inhibitors may be added to the material
in use, for example to the mix water, in conjunction with a pH adjusting
reagent.

The inhibition effect of such reagents is aided further in
that the current resulting from the cathodic protection encourages
migration of the inhibitor to the preferential alkali-silica reaction sites,
{where the inhibitor has a positive charge, as is the case for lithium
ions). Thus lithium ions migrate over time and there is in use a higher
concentration of them where they are desirable.

As an alternative to {or in addition to) using repair mortars
(or similar) of high pH value to reinstate the entire region of removed
concrete, it is also possible to utilise sacrificial zinc-based anodes which
have been precast in mortars of suitable composition. Such an
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arrangement is shown in Figure 2, where a sacrificial anode 6 is almost
entirely enclosed in a block of precast mortar 7 to form a discrete unit.
A connector 8 allows connection of the anode to the reinforcement 9 in
use. The mortar 7 contains an electrolyte of a sufficient pH to ensure
that the anode remains active, in use.

Having galvanically coupled the anode to the steel
reinforcement reinstatement of the regions to be patched may then be
carried out with mortar or concrete 10 of moderate or low alkali content
because the sacrificial anode 6 has already been surrounded by mortar
7 containing an electrolyte that will sustain its activity, allowing
effective cathodic protection of the steel. Surrounding the anode with
high pH mortar is preferred, but it may not be essential to surround it

As well as precast units the provision of porous bags or
socks containing an anode and the mixtures for the mortar is
envisaged. The high pH electrolyte, with or without alkali-silica reaction
inhibitors, may then be added at the location of the structure in
question. Other porous material to enclose the anode, for example
foams, plastics, sponges are also envisaged.

As a further alternative it is possible to apply the anode as
a coating or layer (for example as a paint to the reinforcement]. It is
usually desirable to clean the reinforcement first in such applications.
The paint would be rich in the dissimilar metal or composition which
forms the anode, so providing cathodic protection in that way. Zinc or
zinc alloys are particularly suitable for such applications.

To ensure the continued activity of the anode the ¢electrolyte
surrounding the reinforcement applied paint needs to be at a high pH.
A suitable pH for zinc is > 14 although pH values > 13.3 are believed to
work for at least a limited period. However, the remainder of the repair
material could once again be of lower or more moderate pH {or could be
of the same pH]).



- 10 -

If the concrete was judged to be susceptible to alkali-silica
reactions then lithium ions or other inhibitors could be provided either
in the surrounding electrolyte {or in the paint or coating forming the
anode). If the concrete were judged not to be susceptible to alkali-silica
reactions then it may be preferable to use NaOH or KOH (or some other
alkali) to produce the high pH rather than lithium hydroxide.

When treating an existing structure without the need for
repair, sacrificial anodes can be provided in proximity with a surface of
the structure. Mortar, paste or other porous material containing a
suitably high pH electrolyte can be introduced to connect the anode to
the pore solution of the existing concrete; with the anode connected to
the reinforcement to complete the circuit. Alkali-silica reaction
inhibitors can also be introduced to the electrolyte and so can migrate
into the existing structure because of the galvanic potential.

Instead of providing the anodes in their own pre-cast high
pH environment (with or without the presence of alkali-silica reaction
inhibitors) it is possible to apply a region of high pH (and/or alkali-silica
reaction inhibitors) mortar in the vicinity of the or each anode, and a
region of different pH elsewhere (for example as an upper layer on top of
a lower layer). The anode would still be in contact with a high pH
electrolyte.

The ready made anode unit shown in Figure 2 comprises a
pre-cast concrete block. However other units may be provided, such as
for example bags or socks of high pH concrete or mortar which also
contain an anode which is in use connected to the reinforcement. The
bags may be provided with wet, unset, mortar, or may be provided dry,
the user wetting them before use. They may even in some unlikely
circumstances be used dry, absorbing the necessary liquid from their
surroundings (when they are cast into place). The units would normally
also contain a connector to connect the anode to the reinforcement.



-11 -

The anodes may be provided separately from the bags of high pH
material and introduced to the high pH material upon installation.

It will also be appreciated that the high pH material in
contact with the (and preferably surrounding) the anode need not be
mortar or concrete, so long as it is permeable to the electrolyte. It
preferably has good mechanical strength in use, but not necessarily. In’
an extreme case it could be spongy.

It will be appreciated that the pH of the concrete, mortar or
the like is controlled. This is done either by choosing the composition of
the repair material so as to give a suitably high pH, or by deliberately
adding admixtures (such as KOH and/or LiOH, and/or NaOH) to give
the desired pH. Thus controlling the pH is a step in the method.

The following example will serve to further illustrate the
invention.

Mild steel bars 6 mm in diameter were cut into 80 mm
lengths, cleaned using 600 grade carbide paper, degreased in acetone
and stored in a desiccator for a minimum of 2 days so that a uniform
oxide film could develop on the surface. The two ends of the steel
specimens were masked using a styrene-butadiene rubber modified
cement slurry and epoxy resin in such a way as to expose a 10 cm?
area of the central region of each specimen. The top 3 mm of each
specimen was left unmasked to provide an electrical connection during
monitoring. These mild steel specimens were individually fixed in a hole
on the lids of cylindrical PVC containers (45 mm dia., 75 mm high).
Similarly, strips of zinc 1 mm thick 10 mm wide and 80 mm long were
prepared in the same way allowing a central region of 10 cm2 to be
exposed. These strips were also fixed individually on lids.

Duplicate cement pastes of a 0.5 water/cement ratio and
containing 3% chloride by weight of cement as sodium chloride were
then produced. The freshly made mix was emptied into the PVC



-12-

containers in two stages, vibrating after each stage. The lids containing
the steel electrodes were then fixed on to the containers and after
further vibration of a few seconds for compaction, the cast specimens
were allowed to stand for 24 hours in ambient conditions. After
demoulding, the specimens were stored in a 100% relative humidity
environment at room temperature. The cement was an ordinary
Portland cement of about 0.6% alkali content expressed as NagO
equivalent. This level of alkali produced a cement paste whose pore-
solution had a pH of about 13.6. In the same way the zinc electrodes
were embedded in cement pastes containing O or 2 molar NaOH or LiOH
dissolved in the mix water. Such additions of alkali hydroxides raised
the pH of the pore-solution to a level higher than 14.

The corrosion potential of each individual steel or zinc
electrode was measured regularly with a voltmeter against a standard
saturated calomel electrode rested on a damp piece of tissue paper
positioned on each of the cement paste specimens. After three weeks,
one of the steel electrodes and one zinc specimen containing 2 molar
NaOH were positioned side by side at a distance of around 5 cm in a
container able to maintain a near 100% relative humidity and whose
base was lined with wet tissue paper. The two electrodes were
electrically connected so that a current could pass between them.

The potential of the corroding steel embedded in chloride
contaminated cement paste quickly fell to a value lower than -400 mV
and oscillated around this value throughout the exposure period of over
300 days. The potential of the zinc electrode embedded in cement paste
without any additions after starting at a very negative potential of
around -750 mV gradually climbed to more noble potentials of around
-400 mV. The similarity of the potential of the two sets of electrodes will
restrict the flow of current between them when coupled and protection
of the steel against corrosion would be unlikely. Such protection will
only be achieved if a significant potential gradient existed between the
two metals. The addition of 2 molar sodium hydroxide or lithium
hydroxide was able to bring the potential of the zinc to potentials of
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around -700 mV, values significantly lower than those obtained for the
corroding steel. The coupling of the steel electrode with the zinc
embedded in a paste whose alkalinity was enhanced by addition of
NaOH resulted in a galvanic current which eventually stabilised at
around 2.5pA (0.25pA/cm?2 or 2.5 mA/m2 of steel area) a level of
current normally applied in cathodic protection systems in steel
reinforced concrete. The "instant off" potentials of the steel and the zinc
electrodes after 275 days were -426 mV and -640 mV respectively. The
potential of the steel after 24 hours of disconnection rose to a very noble
value of -207 mV compared to -470 mV of the parallel unprotected
steel specimen, indicating a substantial degree of protection of the steel
by the zinc anode.
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1. A method of. cathodically protecting reinforcement in

concrete in which a sacrificial anode is galvanically connected to the
reinforcement characterised in that the anode is contacted with an
electrolyte solution having a pH which is maintained sufficiently high
for corrosion of the anode to occur and for passive film formation on the
anode to be avoided.

2. A method according to Claim 1 characterised in that the pH
of the electrolyte solution is at least 0.2 units above the pH value at
which passivity of the anode would occur.

3. A method according to Claim 1 characterised in that the pH
of the electrolyte solution is from 0.5 units to more than 1.0 units above
the pH value at which passivity of the anode would occur.

4, A method according to any one of Claims 1 to 3
characterised in that the anode is zinc or a zinc alloy.

5. A method according to Claim 4 characterised in that the pH
of the electrolyte solution is greater than 13.3.

6. A method according to Claim 4 characterised in that the pH
of the electrolyte solution is greater than 14.0.

7. A method according to any one of Claims 1 to 3
characterised in that the anode is aluminium, an aluminium alloy,
cadmium, a cadmium alloy, magnesium or a magnesium alloy.

8. A method according to any one of Claims 1 to 7
characterised in that the electrolyte is sodium hydroxide or patassium
hydroxide.
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0. A method according to any one of Claims 1 to 8
characterised in that the anode is also in contact with an alkali-silica
reaction inhibitor.
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10. A method according to Claim 9 characterised in that the
electrolyte and the alkali-silica reaction inhibitor are lithium hydroxide.

11. A method according to any one of Claims 1 to 10
characterised in that one or more sacrificial anodes is or are connected
to the reinforcement, a material containing the electrolyte solution is
cast around the anode or anodes and concrete is cast around the
electrolyte-containing material.

12. A method according to any one of Claims 1 to 10
characterised in that the one or more sacrificial anodes is or are
inserted in a hole in a mass of reinforced hardened concrete and
connected to the reinforcement, and then surrounded by a material
containing the electrolyte.

13. A method according to Claim 11 or Claim 12 characterised
in that the material containing the electrolyte is a non-cementitious
material.

14. A method according to Claim 11 or Claim 12 characterised
in that the material containing the electrolyte is a cementitious
material.

15. A method according to any one of Claims 1 to 10
characterised in that the method is carried out during repair of the
reinforced concrete, and the electrolyte and repair material are applied
to a repair site at which one or more sacrificial anodes is or are
connected to the reinforcement.
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16. A method according to Claim 14 or Claim 15 characterised
in that the anode contacting portion has a different pH compared with
remaining repair material.

17. A unit for use in the cathodic protection of reinforcement in
concrete by the method of Claim 1 characterised in that the unit
comprises a sacrificial anode in contact with a material containing an
electrolyte which in solution has a pH which is sufficiently high for
corrosion of the anode to occur and for passive film formation on the
anode to be avoided when the anode is galvanically connected to the
reinforcement.

18. A unit according to Claim 17 characterised in that the
sacrificial anode is at least partially enclosed in the material.

19. A unit according to Claim 17 or Claim 18 characterised in
that only a portion of the material which contacts the anode contains
the electrolyte. '

20. A unit according to any one of Claims 17 to 19
characterised in that the anode is zinc or a zinc alloy.

21. A unit according to any one of Claims 17 to 19
characterised in that the anode is aluminium, an aluminium alloy,
cadmium, a cadmium alloy, magnesium or a magnesium alloy.

22, A unit according to any one of Claims 17 to 21
characterised in that the electrolyte is sodium hydroxide or potassium
hydroxide.

23. A unit according to any one of Claims 17 to 21
characterised in that at least a portion of the material contains one or
more alkali-silica reaction inhibitors.
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electrolyte and the alkali-silica reaction inhibitor are lithium hydroxide.

25. A unit according to any one of Claims 17 to 24
characterised in that the anode is enclosed in a block of precast
concrete or mortar containing the electrolyte and the anode has a
connector for connecting to the reinforcement in use.

26. A unit according to any one of Claims 1 to 24 characterised
in that the anode and the material containing the electrolyte are
contained in a bag or sock.

217. A unit according to any one of Claims 17 to 26
characterised in that the unit contains more than one anode.

28. An article of reinforced concrete characterised in that the
reinforcement is cathodically protected by a method according to any
one of Claims 1 to 16.
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