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Abstract

This study examines the effectiveness of galvanic anodes installed both within the patch
repair and surrounding parent concrete through laboratory testing and on-site monitoring.
Sodium chloride was added during casting of the laboratory concrete specimens to induce
corrosion. The anodes were tested using surface potential mapping at 7 days, 8 months and
also 26 months after repair. Site monitoring of galvanic anodes was performed over a period
of 215 days. The results showed that galvanic anodes installed in the parent concrete had a
greater polarisation effect on the surrounding steel, which is generally considered to be at
highest risk, as compared to galvanic anodes installed within the patch repair itself. This was
in-line with data obtained from similar installations in full-scale reinforced concrete
structures. It was also noted that, with increasing chloride content, the polarisation extent was
reduced.
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1. INTRODUCTION

Corrosion of steel reinforcement is often considered the most significant deterioration
process of reinforced concrete structures [1]. Chloride induced corrosion in particular can
cause significant damage and is caused by the ingress of chloride ions from de-icing salts or
exposure to marine environments [2,3]. Hydrochloric acid is produced which as a result
causes breakdown of the passive oxide layer that protects the steel reinforcement [4]. A
conventional method of repairing corrosion damaged structures involves concrete replacement
of chloride contaminated areas commonly referred to as a patch repair [5]. Patch repairs are
an effective method of restoring structural integrity [6] and re-establishing steel passivity, but
simply maintaining the existing concrete cover may not be adequate protection and additional
corrosion management techniques should be considered [7].

The use of galvanic anodes for the corrosion protection of steel in reinforced concrete
structures has historically been very successful in providing long term corrosion control and
improving the performance of patch repairs [3,8,9]. The galvanic protection is sometimes
preferred over other options due to the simplicity of installation and maintenance of the
system [8,10]. There are a number of galvanic systems available including; sprayed zinc
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anodes, surface mounted anodes and discrete galvanic anodes [1,2,11]. Galvanic anodes are
connected directly to the steel and corrode preferentially to offer a protective current to
improve the environment at the surface of the steel [10,11,12]. Discrete anodes are
traditionally embedded within the patch repair mortar [9,13] or, alternatively, installed
adjacent to the patch repair material in the parent concrete [3,10,12,14]. This installation
method can be advantageous as it is the steel surrounding the patch repair that is often
considered to be most vulnerable to corrosion attack due to an incipient anode effect
[3,13,15].

The aim of this study was to examine galvanic anodes installed both in the surrounding
parent concrete and in the patch repairs in order to identify differences in performance.
Corrosion monitoring was undertaken by close-interval potential mapping.

2. BACKGROUND INFORMATION

Discrete galvanic anodes are a product increasingly applied to improve the conditions at
the surface of the embedded steel reinforcement. This process is often termed pit re-
alkalisation as the alkalinity around the steel increases and the protective, passive film is
restored [16,17,18]. A recent development is to install galvanic anodes into pre drilled cavities
in the parent concrete adjacent to the patch repair. One particular advantage of this method
over embedding the anode in the patch repair is that a larger proportion of current will be
directed to the steel at the interface, which is at greater corrosion risk, due to the higher
resistivity of the repair material [14]. This method also helps preserve the integrity of the
patch repair [3].

Measuring steel potentials using a standard reference electrode is a well-established
method of monitoring corrosion activity and determining localised anodic areas [19,20].
Recent research has shown factors such as moisture content, temperature and humidity can
affect the potential of steel reinforcement and galvanic anodes as they have a ‘responsive
behaviour’ based on the risk of corrosion due to the environment at any given time [21].
Bertolini et al [22] has also shown that a greater protective current can be distributed when the
steel is in a passive environment.

Research on the site performance of galvanic anodes installed within the patch repair, 10
years after installation, demonstrated a polarisation effect on surrounding steel up to 300mm
[9]. In contrast, laboratory research has shown that a similar galvanic anode installed in the
parent concrete can provide a protective current up to 500mm [21]. A study by Christodoulou
et al [14] on the site performance of galvanic anodes installed in the parent concrete showed
polarisation effects up to 600mm in a multi-storey car park and up to 400mm in a bridge
structure, 215 days after installation [14]. The difference in polarisation effects was largely
due to a higher steel density [14,16].

3. METHODOLOGY

3.1  Casting and repair

A C20/25 1:2:4 OPC, sand and coarse aggregate mix with a water cement ratio of 0.65 was
cast [7,23]. The fine and coarse aggregate were dried overnight in an oven heated to 105°C. A
12mm diameter steel reinforcement bar was cast centrally into the beams and sodium chloride
was added at 0%, 0.8% and 2.5% by weight of cement to help initiate chloride-induced
corrosion. The specimens were cured under damp hessian for 4 days and then air-dried for a
further 3 days before repairing with a commercially available, chloride-free, class R3 acrylic-
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polymer modified structural repair mortar complying to BS EN 1504-3 [6]. Beam 2 had a
small repair made to provide a 20mm cover to the installed anode.

Table 1: Beam dimensions for reinforced concrete specimens

Dimensions (mm)

Beam No. Cast | Length | Width | Height | Repair | Anode
1 6 600 100 100 200 A
2 6 800 100 100 0 B
Control 6 600 100 100 200 None

Two types of anode were tested. Anode A was 65mm in diameter by 30mm height and was
cast directly into the patch repair. Anode B was 18mm in diameter by 42mm height and was
installed into a pre drilled cavity 25mm in diameter within the parent concrete (Fig. 1). Both
anode types have a similar mass of zinc, approximately 60 grams. The anodes were directly
connected to the reinforcement by a titanium wire riveted to the steel bar.

Beam! - Anode A — Installed within patchreparmortar(100mm from  Beam?2 - Anode B — Installed into parent concrete (1 30mm from edge of
edge ofrepair) beam)

L]

Control beams— No anodeinstalled

—

H Steel reinforcement 50mm within patchrepair

B Anode B Steel [0 Repair [] Concrete

Figure 1: Arrangement of reinforced concrete specimens and patch repairs

3.2  Testing

Potential readings were taken at 50mm intervals directly above the reinforcement using a
portable Manganese (1V) oxide (MnO,) reference electrode and a high impedance multi-meter
[11,24]. Potential readings were taken before the repair, after the initial repair with the anode
connected, and then after 7 days. The beams were then left outside exposed to the weather
between October 2011 and November 2013 in the East Midlands, UK. Further readings were
taken at 8 and 26 months. A criterion for monitoring galvanic anodes has been suggested by
Christodoulou et al [14] and Holmes et al [21] whereby the performance should be based on
the dominant effect over any steel anodic areas. This effect should be at least equal to half the
anode spacing to prevent the development of anodic areas [16].

4. ANALYSIS OF RESULTS

4.1  Effect of anode location

The polarisation effects for anode types A and B at 7 days, 8 months and 26 months is
illustrated in Figures 2, 3 and 4 respectively. It can be seen for all cases examined anode B
located in the parent concrete afforded a greater polarisation effect on the surrounding steel.
At all 3 time intervals anode A only afforded a polarisation effect on steel reinforcement
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50mm outside of the patch repair when installed in concrete with 2.5% chlorides, whereas
anode B had a dominant effect over steel up to 400mm when installed in concrete with up to
2.5% chlorides. It was observed for anode A that a large proportion of the dominant effect of
the anode was lost at the interface between the patch repair mortar and the parent concrete.
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Figure 2: Polarisation effect of anodes at 7 days in varying chloride contents
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Figure 3: Polarisation effect of anodes at 8 months in varying chloride contents
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Anode A
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Potential (mV vs MnO2)
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Distance (mm) from edge of patch repair Distance (mm) from edge of beam
Figure 4: Polarisation effect of anodes at 26 months in varying chloride contents

Figure 5 shows the results for the two anodes installed into specimens with 0.8% chlorides
and their effect over time. When the anodes were installed there was a significant drop in the
potentials across the length of the beam. Both anodes showed a similar dominant effect on
polarisation in the early stages. There was a significant increase in the potentials within the
first 200mm from anode A which mainly occurs within the patch repair material. At all time
intervals anode B had a greater influence on the surrounding steel potentials. The polarisation
effect for anode A can be seen up to 50mm external to the repair and for anode B up to
250mm from the edge of the beam at 789 and 783 days respectively (26 months).
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Figure 5: Polarisation effects of anodes in 0.8% chloride content

4.2  Effect of chloride content

When the anodes were installed into a concrete with a higher percentage of chlorides the
polarisation effect was reduced (Figs. 2,3,4). The potential of the steel was also monitored in
control specimens cast and repaired with no anodes installed (Fig. 6). The results suggest that
there was a higher risk of corrosion in the parent concrete of the specimens cast with 2.5%
chloride content at 8 and 26 months as localised anodic areas were seen along the length of
the beam, indicated by a drop in potential readings. It was observed in the specimens with 0%
and 0.8% chloride that the potential readings within the patch repair material were
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significantly lower than in the parent concrete. This suggests that the alkalinity of the concrete
can permanently depress steel potentials to very negative values.

Potential (mV vs MnO2)

Potential anodic areas

Distance (mm) from edge of patch repair

Figure 6: Steel potential readings for control beams in varying chloride contents

5. DISCUSSION

5.1  Effect of anode location

Galvanic anodes (type B) installed into the parent concrete afforded a greater polarisation
effect on the surrounding steel (Figs. 2,3,4), which is considered to be at highest risk of
corrosion due to an incipient anode effect [3,13,15]. This is due to the higher proportion of
protective current which is directed to the surface of the steel [16].

A large polarisation effect was seen within the patch repair material when galvanic anode
A was installed into the patch repair itself. The high alkalinity of the repair causes a
permanent depression of steel potentials. The polarisation effect rapidly declines beyond the
patch repair material which suggests that there are membrane effects due to different concrete
mixes. This effect was also observed when the parent concrete had up to 2.5% chlorides
which represented a high corrosion risk. The same observation was also made in control
specimens with no chlorides which indicates that the interface between the two materials may
be the key factor on the performance of anode A.

The difference in polarisation effects seen at 7 days, 8 months and 26 months may be due
to the change of moisture content, temperature and humidity as the specimens were exposed
to a changing environment [21]. The early polarisation effects up to 7 days (Fig. 5) were
potentially still affected by the passive oxide film build up along the steel reinforcement.

5.2  Effect of chloride content

The formation of localised anodic areas along the length of the control specimens cast with
2.5% chlorides indicated that a higher proportion of chloride ions increased the corrosion risk
[4,19,20]. The control specimens exhibited lower potential values for the steel reinforcement
within the patch repair material compared to the parent concrete. This effect was more
dominant in the control specimens with low or no chloride content. This may be attributed to
the high alkalinity of the repair material causing a membrane effect.
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The polarisation effect for both anode types reduced with increasing chloride content.
5.3  Comparison with site performance

The site performance of galvanic anodes installed into the patch repair showed a dominant
effect on the polarisation of steel up to 300mm [9] compared to 400-600mm when installed
into pre-drilled cavities within the parent concrete [14].

The laboratory results of this study showed a polarisation effect for anode A up to 350mm
outside the patch repair only when the steel remained passive. Chloride ions added at 0.8%
and 2.5% caused a reduction in polarisation to only 50mm outside the patch repair. Anode B
afforded a dominant effect up to 400mm in concrete with up to 2.5% chlorides.

The comparison of laboratory and site performance of galvanic anodes has highlighted the
increased polarisation effect when installed into full scale structures. Newly cast concrete
compacted in a laboratory environment should be expected to be less porous and therefore
limit the movement of chloride ions. This may be the reason for the difference in performance
of galvanic anodes.

6. CONCLUSIONS

Galvanic anodes installed in the parent concrete, had a greater influence on the polarisation
of surrounding steel reinforcement, which is considered to be at highest corrosion risk, than
anodes traditionally installed within the repair itself. The greater polarisation effect of the
anode installed in the parent concrete was observed at all chloride contents investigated.

The polarisation effects of galvanic anodes installed either in parent concrete or within the
patch repair were reduced with increasing chloride content. This effect was more dominant
when the anode was installed within the patch repair itself. In the specimens cast with a 2.5%
chloride content the polarisation effect of anodes installed in the patch was just 50mm beyond
the edge of the repair compared to 400mm with anodes installed in the parent concrete.

The two methods of installation in the laboratory testing demonstrated similar polarisation
behaviour of the steel reinforcement compared to data collected from full-scale reinforced
concrete structures. Previous research highlighted that anodes installed in full-scale structures
are able to have a dominant effect over steel potentials at greater distances. This is possibly
due to the difference in concrete ages, mix design and degrees of compaction.
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