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Long-term performance of galvanic anodes for the protection of steel

reinforced concrete structures
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*Department of Civil Engineering, Indian Institute of Technology Madras, Chennai, India
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ABSTRACT

Corrosion is one of the major deterioration mechanisms of reinforced concrete structures. The
conventional patch repair without addressing the root cause of the corrosion can lead to
repeated repairs. Therefore, a form of cathodic protection (CP) using galvanic anodes is a
viable electrochemical technique to mitigate corrosion. However, practitioners hesitate to
adopt CP for repair due to the lack of evidence and limited knowledge on the long-term
performance of galvanic anodes in concrete systems. For this, two reinforced concrete panels
with and without discrete galvanic anodes were cast with admixed chlorides and exposed to a
natural environment for 12 years. Electrochemical measurements, such as depolarized
corrosion potentials and corrosion rate of the rebars, and output protection current density of
the galvanic anodes were measured. In addition, physico-chemical characteristics such as
elemental composition, residual lithium content, pH, pore volume, and pore size distribution
in the encapsulating mortar were determined on a 12-year in-service galvanic anode. This
paper indicates that the alkali-activated galvanic anodes can protect the steel rebars from
corrosion for at least 12 years. Analysis after 12 years showed that the pores in encapsulating
mortar were partially filled with zinc corrosion products, resulting in substantial pore blockage
surrounding the zinc metal. This led to a reduction in the pH buffer in the vicinity of the zinc
metal. Also, characteristics of tie wire-zinc metal interface may affect the long-term
performance of galvanic anodes. Based on this study, specifications are proposed to help

manufacturers to design durable galvanic anode systems.

Keywords: Concrete, steel, chloride, corrosion, repair, galvanic anodes, cathodic protection.
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1 INTRODUCTION

Worldwide, many reinforced concrete (RC) structures were built for a design service
life of about 50 years (designed by old standards). Most of them are facing distress due to
corrosion of reinforcement. Protection of these structures is utmost important. The emphasis
on protection of these structures varies across the globe depending on the period of major
economic developments. In addition, many nations in the past two decades have built many
RC infrastructure systems such as railways, highways, buildings, and ports for a desired service
life of 100 years. Many of them are located in a chloride-rich environment. To achieve such
long service life, RC systems (concrete and steel) should have adequate corrosion resistance.
However, due to accelerated construction, much of the infrastructure are built without the quest
for quality of construction practices and materials, which can result in premature corrosion [1—
4]. NACE Impact Report states that about 50% of structures require major repair within ten
years after construction [5]. This leads to a huge construction budget to refurbishment and
repair of existing structures [6]. Generally, conventional repairs, such as patchwork using
complete or partial replacement of concrete/mortars, are adopted to repair RC systems. The
patch repairs alone do not address the root cause of corrosion and create the difference in the
electrochemical characteristics of steel rebar in parent and repair concrete, leading to premature
failure of repair and need for repeated repair. The repeated repairs can be eliminated by the
use of cathodic protection (CP) systems using galvanic anodes in the critical locations. Critical
locations can be identified by detecting locations where corrosion is already initiated and by
estimating residual service life of structural elements where corrosion is not yet initiated, but
may initiate within a few years (say, less than 10 years). However, very few structures are
provided with CP systems to repair the RC systems. For example, in India, only about 70
structures were repaired using galvanic anodes until 2020 [7]. The practitioners are hesitant to
use the galvanic anodes due to (i) the limited availability of evidence of the long-term

performance of galvanic anode systems in RC structures, (ii) limited knowledge on corrosion
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characteristics of galvanic anodes in-service, and (iii) unavailability of standards or guidelines
in developing nations to select and use the galvanic anodes, which are the focuses of this paper.

The remainder of the paper is organized in the following manner: first, the difference
between repair of full structures with and without galvanic anodes is discussed. Then, a
literature review on long-term performance and the factors affecting the long-term performance
of galvanic anodes is discussed. After that, an experimental program to evaluate the long-term
performance of galvanic anodes is discussed. The results from the long-term electrochemical
assessment and the effect of physico-chemical characteristics of galvanic anodes on their
performance are presented. Based on the results, a list of specifications is proposed to facilitate
and ensure the long-term performance of galvanic anodes. Finally, conclusions from this
research are presented.

1.1 Repair of reinforced concrete systems

Figure 1 shows the difference in the patch repair without and with galvanic anodes. If patch
repair is employed without galvanic anodes (PR strategy), the following consequences can

occur (see Figure 1(a)):

Q) Incipient Anode effect, sometimes referred to as the Halo or Ring effect:
Following repair, the rebar in parent and repair concrete is exposed to different
physical (relative humidity, voids, cracks, etc.) and chemical (chloride
concentration, pH, etc.) conditions. Prior to repair, steel adjacent to the corroding
steel is receiving a level of cathodic protection by the corroding (anodic) region.
After repair, this fortuitous local protection is removed so that the above mentioned
variation in properties between parent concrete and repair material create an
electrochemical potential difference on the rebar surface stretching across the
interface of parent and repair concrete [8,9] — leading to the formation of a
corrosion cell and accelerated corrosion around the perimeter of the patch repair

[9,10].
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(i) Residual chloride effect: The rebar in the repaired region, especially if the parent
concrete surrounding the steel is not totally removed, may continue corroding due
to residual chlorides on the steel rebar surface [7]. This can continue the reduction

of the cross-sectional area of rebar even after the repair.

(i) Hidden/upcoming corrosion: This concerns the rebar in the parent concrete which
was not addressed at the time of repair either because there was no sign of corrosion
or the electrochemical measurements indicated no corrosion activity. However, in
a matter of a few months or years; new, and existing chlorides in the concrete will
further diffuse into the concrete and initiate the corrosion of steel located in non-
patched parts of the structure. This will lead to corrosion of the rebars in locations
where repair was not carried out in the earlier intervention.

As a result, these repair strategies can fail within about five years [6,7,11]. Soon, a
large number of structures may undergo repeated repair — resulting in a large number of
accumulation of structures for repair [9,12]. Therefore, there is a dire need to adopt a suitable
repair strategy, which can arrest the corrosion due to Incipient Anode effect, sometimes
referred to as the Halo or Ring effect, residual chloride effect, and hidden/upcoming corrosion.

Figure 1(b) shows how the repair using galvanic anodes can eliminate such effects and
help to facilitate a durable repair life [13]. Here, the anode is more electrochemically negative
(say —1100 mV) than the steel rebar (say —350 mV). They are electrically connected using tie
wires to the rebar and concrete act as the ionic conductor [14]. The potential difference across
the galvanic anode and rebar is more than the potential difference between two points on steel
rebar at the repaired or parent concrete, or interface of parent and repair concrete [15].
Therefore, the metal in galvanic anode preferentially corrodes to protect the rebars up to the
throwing distance until the galvanic anode is consumed. The throwing distance is the area or
sphere of influence surrounding the galvanic anode up to which it can protect the rebars from

corrosion. The throwing power depends on various factors such as type of anode used,

Page 5 of 42



108

109

110

111

112

113

114

115

116

117

118

resistivity of concrete, rate of corrosion of steels, relative humidity of concrete, etc. [16,17].
Therefore, the design of CP systems using galvanic anode (numbers and location) is case-
specific and is decided based on throwing power of the galvanic anodes [18]. To address
hidden or upcoming corrosion, estimating the residual service life of structural element can
help in deciding if the structural element needs immediate attention or can be addressed later.
If residual service life is less than 10 years, then installation of galvanic anodes in these
locations can delay the initiation of corrosion (see Figure 1(c)). If repair of structure is
adequately planned by installation and replacement of galvanic anodes, it is reported that the
level of civil infrastructure needing repair can be decreased by 2 to 5 times [8,19]. The

performance of galvanic anodes depends on various factors, which are discussed later in this

paper.
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Residual chloride

Halo effect

Hidden/upcoming corrosion

seg es0ae

Chloride-free patch concrete +a few months

or years =
Old chloride-contaminated Concrete —
(a) Patch repair without anode
Chloride-free patch concrete Old chloride-contaminated Concrete

Cations Cations
Chloride-free
patch concrete

Cations Cations

Old chloride-contaminated Concrete

(b) Patch repair with galvanic anode (c) Galvanic anodes for CPrev in the locations
where corrosion has not yet initiated

Figure 1: Schematic of the patch repair without and with CP using galvanic anodes
1.2 Performance assessment of galvanic anodes in reinforced concrete systems

Conventionally, the performance of galvanic anode CP systems in concrete is assessed based
on the ‘100 mV potential shift’ of the steel over a period of 24 hours as per ISO EN 12696 [20].

For this, the following measurements are required:

Q) instant-off potential (Ei-off): the potential of steel rebars with respect to reference

electrode measured within 1 second of disconnecting the anode from the steel rebars

(i)  24-hour depolarized potential (Ezs-n): the potential of steel rebars with respect to

a reference electrode after the anodes are disconnected for 24 hours.

As per 1ISO EN 12696, the difference between Ei.off and E2s.n should be greater than 100 mV

[20]. For this, monitoring box is required to be installed at specific locations on the structures,
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which is mostly not practiced or not maintained for a long time, which has hindered their long-
term performance evaluation [7]. Much of the literature reports that galvanic anode CP systems
are primarily designed to offer corrosion prevention, i.e. prevent initiation of corrosion, and
cannot achieve 24 h depolarization of 100 mV [21,22]. Therefore, instead of ‘100 mV
potential shift’ criterion, the measurement of depolarized potential or the rate of corrosion of
the steel in a depolarized state is adopted in this study. This can provide true corrosion

conditions of steel rebar surfaces [19].

1.3  Factors affecting the long-term performance of galvanic anodes in concrete
systems

Figure 2 shows a schematic of typical alkali-activated discrete galvanic anodes with three
important elements: (i) galvanic metal, (ii) encapsulating mortar, and (iii) tie wires. The shape
and size of anodes vary with manufacuturers and the purpose of use. Galvanic metal corrodes
to protect the reinforcement and is selected such that it is more electronegative than steel rebars.
Commonly used galvanic metals are magnesium, aluminum, zinc, or their alloys [9]. To keep
the galvanic metal active for corrosion, the galvanic metals are embedded in specially
formulated encapsulating mortar [8]. The activating agent in the encapsulating mortar,
however, should not aggravate the corrosion of steel rebars [23]. Details on the required

characteristics of encapsulating mortar are discussed later.
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Figure 2 Schematic of typical alkali-activated discrete galvanic anode

Many literature worldwide (from Netherlands, England, USA, Canada, India, and Venezuela)
report that the good quality galvanic anodes can perform for a service life of 10 to 25 years
[7,19,24-26]. The performance of galvanic anodes depends on various factors, such as
resistivity of of old and repair concrete, relative humidity of concrete, and steel density to be
protected, pH, and porosity of encapsulating mortar, relative humidity at the interface of a
galvanic metal and encapsulating mortar. The factors such as steel density, the relative
humidity of concrete, and resistivity of concrete are well reported in the literature [15]. Many
of these factors can be accommodated by adopting adequate design. However, there are a few
factors such as pore volume, pH of encapsulating mortar and effect of alteration of
encapsulating mortar characteristics during service, which can influence the performance of

galvanic anodes [27,28] are discussed later.

1.3.1 Activators and humectants

The continuous and long-term corrosion of zinc can be achieved by using adequate
encapsulating mortar with (i) activators and (ii) humectants [29,30]. Activators increase the
dissolution kinetics of anodes and maintain a high corrosive environment around the zinc metal
[31] and are classified into two types: (i) halide and (ii) alkali activators [14,32]. Halide

activators such as fluoride, chloride, bromide, iodide act as catalysts to maintain a continuous
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corrosive environment around the anode metal. As the zinc corrodes, the soluble corrosion
products migrate through encapsulating mortar, aiding the continuous corrosion of the metal
[33]. However, they may lead to corrosion of steel rebars due to the diffusion of the halide
anions towards the steel surface, especially when the anodes are placed close to the rebar[23] .
On the other hand, alkali activators, such as lithium hydroxide, sodium hydroxide, potassium
hydroxide, help in maintaining the pH of the encapsulating mortar to more than 14, thereby,
keeping the zinc active [23,34,35]. During this process, these activators get consumed and can
lead to the reduction of pH at galvanic metal-encapsulating mortar. For example: zinc oxidises
by loosing its two electrons and reacts with an equivalent amount of OH-, which has to be
supplied by the activator, and is a service life determining factor (as is mass of zinc) [see

Equations 1 and 3].

Zn - Zn*t + 2e” )
Zn*t + 40H~ - Zn(OH)3~ 2
Zn(OH)2~ - Zn0 + 20H™ + H,0 ©)

Zinc reacts with both acids and bases to form salt. However, the rate of corrosion of zinc is
high at pH less than 6 (acidic) and greater than 12.5 (basic) [36]. The rate of corrosion of Zn
is relatively low for pH between 6 to 12.5 [27], which can also be termed as passivation of
zinc”. Therefore, maintaining high alkalinity in encapsulating mortar of alkali-activated mortar
is essential. It was reported that the activity of zinc can be enhanced by adding either
170 g KOH/100g of zinc or by 73 g LiOH/100g of zinc [8,27]. In another investigation, it was
reported that the concentration of LiOH was significantly reduced in the encapsulating mortar
after about 14 years of service — leading to a decrease in pH from a designed value of 14.6 to
13.8 [19]. However, these anodes were intended to achieve repair life of 10 years, which was
designed by providing sufficient zinc and lithium hydroxide content in the encapsulating
mortar. This reduction in pH can result in the reduced effectiveness (say, output current,

throwing distance, etc.) of the galvanic anode [19], which is why the amount of added alkali to
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the activating mortar should be determined before production so that the desired service life is

achieved.

Humectants are hygroscopic materials, which maintain adequate humidity around the
anode metal for continuous corrosion of the galvanic metal. They also reduce the build-up of
ions at the metal surface to facilitate ionic conduction by allowing them to diffuse (a slow
process) into the surrounding moist pore structure [24,29,30]. A few commonly used
humectants are lithium bromide, lithium nitrate, calcium chloride, etc. During the process of
ionic conduction and electrochemical reactions, the concrete in the vicinity of steel will be
enriched with ions such as OH, Li*, Na*, and K*. The region around the anode will be enriched
with chlorides and other anions due to the diffusion or migration of ions from chloride
contaminated concrete [37], and may affect the performance of the galvanic anode.

1.3.2 Characteristics of encapsulating mortar

The pore structure of the encapsulating mortar provides space for accommodating the zinc
corrosion products and interconnected pores provide the path for movement of zinc corrosion
products [8]. It was reported that the pore volume of 16-23% performed best [24,38]. Another
research by Schwarz et al. (2016) reported that the encapsulating mortar with volumetric
porosity of more than 35% can help to provide a path for movement of zinc corrosion products
away from the anode — making fresh zinc surface available for corrosion [27]. Encapsulating
mortar with low pore volume can result in clogging of pores with corrosion products and hinder
the movement of corrosion products and reduce the ionic transport through the encapsulating
mortar [38,39]. Therefore, the pore structure of encapsulating mortar should be designed such
that it diffuses the corrosion products away from the zinc metal to make unreacted zinc
available for corrosion. The investigation on various pore volume is out of scope of this paper.
In addition to pore volume, pH of encapsulating more plays an important role. An advantage

of highly alkaline encapsulating mortar (pH>14) is that the zinc corrosion products exist as
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soluble zincate ions, which can migrate through the pores away from the zinc-mortar interface
and maintain clear pathways for current flow for longer period [19]. The authors could not
find literature on evaluating the effects of the reduction of porosity of encapsulating mortar on

the long-term performance of anodes, which is one of the focuses of this paper.

2 RESEARCH SIGNIFICANCE

As detailed in Section 1.1, conventional patch repairs can result in repeated repairs of adjacent
regions. The National Association of Corrosion Engineers IMPACT report states that nearly
4% of worldwide GDP is spent to control corrosion of infrastructure [5], most of which is spent
to repair the concrete systems. The adequate implementation of CP using galvanic anodes for
full structure as CP and CPrev can reduce the frequency of repair and cost of corrosion. The
results presented in this paper show that suitable galvanic anodes can protect RC systems for
more than 12 years. It is hoped that this will encourage practitioners to incorporate galvanic
anodes in the repaired areas of RC systems to significantly prolong their performance. The

specifications proposed in this paper can help to design durable galvanic anode systems.

3 EXPERIMENTAL METHODS

The experimental program is designed in two phases, Phase I: long-term performance of
galvanic anodes and Phase Il: Physico-chemical characterization of a 12-year-old galvanic
anode, which is aiming to identify factors affecting the long-term performance of galvanic

anodes.

3.1 Phase I: Long-term performance of galvanic anodes
3.1.1 Specimen preparation and exposure condition

Figure 3(a) shows the schematic of the panels with a dimension of 1 x 1 x 0.25 m. For
this, 32 mm diameter rebars were cut to a length of 1.05 m. The rebars were placed 100 mm
apart and electrically disconnected to each other (Figure 3(b)). A total of 18 rebars, 9 top and

9 bottom rebars, were placed so that the top set of rebars were =~ 85 mm away from the
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bottom set. The steel to concrete surface area ratio was 1. For this, only top and bottom surface
area of concrete panel were considered. The top face of the panel will augment to the severe
exposure condition by ingress of moisture and oxygen to the steel rebars, whereas, bottom face
of panel will only be provide the access of oxygen, but not moisture. Side faces were not
considered because the extent of ingress of moisture and oxygen from sides will be limited to
a few mm from either side face of the panel. Two panels (i) with and (ii) without galvanic
anodes were cast. To simulate the condition of existing structures with chlorides in concrete,
the concrete in both panels was premixed with 2% chloride by weight of cement (%bwoc).
Panel 1 was divided into three parts considering the type of anode installed. The part of Panel
1 with Anode Al, A2, and A3 is labelled as Part A1, A2, and A3, respectively [see Panel 1 in
Figure 3(b)]. The rebars in Panel 1 were connected using three numbers of three types of
anodes, labeled Al, A2, and A3 (a total of 9 anodes). The anodes were tied to rebars with a
c/c distance of 400 mm [see Figure 3(a)]. Note that the anodes were electrically disconnected.
The difference between anodes Al, A2, and A3 is the surface area of the metal piece. The
surface area of metal pieces in Al, A2, and A3 were x1, x2, and x4 the surface area of Anode
Al, respectively (see Figure 3(b)). The weight of anode metal in Anode A1, A2, and A3 were
x1, x2, and x4 the weight of Anode A1, respectively. The weight (gm) to surface area of anode
metal (cm?) for all anodes was 1.65. All the rebars and anodes were connected together outside
the panel system using electric wire and junction box, which allowed the measurement of the
depolarized potential of the steel 24 hours after disconnection of the anodes and the corrosion
rate of the steel rebars without the influence of the anodes. Panel 2 was prepared as a control
specimen with no anodes. Table 1 shows the mix proportions of concrete used to cast both
slabs. After casting, both the panels were cured with wet sack for 7 days and were exposed to
a natural environment within 2 km from the seashore of a coastal city in western India for 12
years. The panels experienced an average of 4 months per year of heavy rain and an

environment with relative humidity ranging from 55 to 80% for the remaining of each year and
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270  temperature ranging from = 15 to = 35 °C throughout the year [40]. This created a highly
271  corrosive environment for the RC panels.

272  Table 1 Mix proportion of concrete used to cast slabs

Material Quantity (kg/md)
Ordinary Portland Cement | 360
20 mm aggregate 683
10 mm aggregate 455
Fine aggregate 612
Water 198
NaCl 11.9

273
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(b) Schematic of panels with and without anodes (c) Reinforcement cage with anodes and
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274  Figure 3: Panels schematic and photograph for assessing long-term performance of
275 galvanic anodes (X is the surface area of metal in Anode Al)

276
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3.1.2 Electrochemical measurements

The output protection currents from anodes were measured every month for the first
seven months of exposure after casting. Then, the panels were left to natural exposure for
about eight years. During this time, the measurements were not recorded. Then, output
protection current from the anodes and 24-hour depolarized potentials (E24-n) of steel rebars
were measured every six months for about four years. Figure 4 shows the schematic
demonstrating the procedure to measure the output current from each type of anode. For this,
1 Q resistor was connected in series between the anodes of each type and all the rebars. A
5.5 digit multimeter was used to measure the potential difference across the 1 Q resistor.
Measured potential difference across the resistor was used to calculate the current using Ohm’s
law. To measure the depolarized potential, the anodes were disconnected from the rebars for
24 hours. Then, the potential of each rebar was measured using a saturated calomel reference
electrode (SCE) positioned on the surface of the concrete directly above the measured steel

rebar.

In addition, corrosion rates of depolarized steels were measured at the end of 12 years
of exposure using a corrosion rate meter (see Figure 4(b)). For this, a commercially available
corrosion rate meter was used. The working principle of the corrosion rate meter is
scientifically validated and presented by Andrade and others in [41-43]. In the sensor of the
corrosion rate meter, the following electrodes were present: reference electrode (RE) 1, counter
electrode, RE 2, RE 3, and guard ring electrode. During measurements, the sensor was placed
on the saturated concrete surface such that RE 1, 2, and 3 were aligned in the direction of the
steel rebar. Each steel rebar was isolated from other steel rebars and externally connected to
the sensor while corrosion current density was measured. For adequate ionic conductivity, a
wet sponge was placed in between the sensor and the concrete surface. The potential difference

between the RE 2 and 3 were measured. The small potential shift (DE) is applied between steel
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rebar and counter-electrode, which alters the potential difference between two electrodes.
Then, a current (Ice) is applied from the guard ring until the potential between two electrode
returns to the original value. The current is flowing between the counter electrode and working
electrode in the concentrated region (i.e., confined steel surface area). Using the applied
potential, measured current, and Equation 1, resistance to polarization (Rp) is determined by

subtracting the ohmic drop across concrete (Rq) [44].

Rp = ((AE/ICE) - RQ> X Confined steel surface area Q)

It was reported that the measured rate of corrosion in this way is only correct over a range of
half to double the recorded level [41-43]. On the other hand, a few authors reported that the
calculation of corrosion rate from the corrosion rate meter is not accurate because the Stern-
Geary equation is not applicable for the localized corrosion, which normally occurs in RC
systems [45]. Therefore, it may not allow an accurate calculation of the rate of corrosion
[46,47]. However, here, as the geometry of the slab samples is uniform. Therefore, corrosion

rate measurements on individual rebars can be compared.

e L B :
(a) output current (b) Corrosion current density measurement using
corrosion rate meter

Figure 4 Measurement of output current and corrosion current density
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3.2 Phase Il: Physico-chemical characterization of a 12-year-old galvanic anode

A cylindrical concrete core containing one of the embedded anodes of Type Al was extracted
from Panel 1 [see Figure 5(a)]. To understand the mechanism of activation, the anode was
autopsied to quantify the physico-chemical characteristics of the encapsulating mortar.
Samples of the encapsulating mortar were collected from three Reference Regions (RR) 1, 2,
and 3 [see Figure 5(b)]. Microanalytical tests were conducted to evaluate the characteristics of

the encapsulating mortar, which are presented next.

_____

___________

Note: Concrete is not shown for clarity.

(a) Panel 1 after extracting the cylindrical core (b) Schematic showing feactures of galvanic anode
and extracted core with galvanic anode after 12 years of service and reference locations

Figure 5: Procedure followed to extract the anode from Part Al of Panel 1
3.2.1 Pore structure of encapsulating mortar

The porosity and critical pore sizes of the encapsulating mortar from RR1 and RR3 were
determined using Mercury Intrusion Porosimetry (MIP) technique. The pore structure of
mortar from RR2 was not analyzed due to insufficient sample size, which was used for
determining the chemical composition. In this experimental program, Pascal 140—440® MIP
instrument was used to measure the pore size in the range of 100 um to 3 nm. Three fragments
from the encapsulating mortar were collected from RR 1 and RR 3 with a total weight of about
0.3 g and thickness of each chunk =~ 5 mm. These were used for the tests. Mercury was intruded

inside the pores of the chunk and the total volume of mercury intruded was used to estimate
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the total porosity of the mortar samples. The critical pore entry diameter was the peak of the

differential curve of the total volume of mercury intruded.

3.2.2 Chemical composition and pH of encapsulating mortar

The chemical composition of the encapsulating mortar from a virgin anode and an anode after
12 years of service from location RR 2 were evaluated using Energy Dispersive X-ray (EDX)
Analysis. EDX analysis was selected because of the limitation of encapsulating mortar samples
obtained from the anode. In addition, acid-base titrations were performed on the samples to
calculate the residual lithium content and the approximate pH of encapsulating mortar in RR 1
and RR 3. For this, encapsulating mortar from the respective regions were ground to particle
size less than 100 um. Then, approximately 2 g of ground encapsulating mortar was mixed
with 10 ml of de-ionized water and titrated against 1 mol/L Hydrochloric acid. The nominal
pH of the solution was measured using a pH electrode. A titration curve between the amount
of acid added and the nominal pH of solution was generated as per [19]. The amount of acid
required to neutralize the hydroxyl buffer in the encapsulating mortar was calculated from the
inflection point of the acid-base titration curves. This value was used to calculate the
approximate amount of lithium hydroxide monohydrate (LiOH.H20.) in the mortar sample

(termed as M1) as shown in Equation 4.

__ Volume of acid added X Molecular weight of LiOH.H,0

M1 1000 (4)

Then, the mass of lithium hydroxide as a percentage of the dried sample mass (termed as M2)

was calculated using Equation 5

M2 = uk x 100 (5)

- Dry weight of the sample

The mass of LIOH.H20 in the sample per 1000 ml of water (termed as M3) was calculated
using Equation 6

M3 = Mz x 100 (6)

- Evaporable water content of the sample
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To determine the evaporable water content, the encapsulating mortar from location of interest
was grounded and weighed (w1). Then, this sample was placed in the oven at a temperature
of 105-110°C for 24 hours. Then, it was placed in deciccator until it cools, then weighed again
(w2). The difference in weight (w1-w2) is the evaporable water content of the sample. The
mass of one mole of LiOH.H2O is 42. The approximate pH of the mortar samples was

determined using Equation 7
Approximate pH = log(M3/42) +14 (7)

After that, the encapsulating mortar was scrapped off from anode metal and the remaining piece

was dissected into four quadrants to assess the condition of the zinc and the tie-wires.

4 RESULTS AND DISCUSSIONS

4.1  Phase I: Long-term exposure and electrochemical measurements of panel
specimens

4.1.1 Depolarized corrosion potentials

Figure 6 shows the 24-hour depolarized corrosion potentials (E24-h) of rebars in Panel 1 and the
free corrosion potential of rebars in Panel 2 with reference to saturated calomel electrode
(SCE). Note that all the rebars are interconnected when E24.n or free corrosion potentials are
measured. The depolarized corrosion potentials were measured from 9 years after installation
of anodes until 12 years, a period that consisted of severe environmental conditions. During
this time, the average E24.n Of the rebars in Panel 1 were found to be more positive than —270
mVsce. This indicates that the galvanic anodes have essentially protected the rebars from the
admixed chlorides throughout the exposure period of 12 years. In additon, 48-hour depolarised
potentials were also measured. However, the depolarised potentials were within the range of
typical scatter of half-cell potential measurements. Therefore, further depolarised potentials

were not measured and anodes were connected again to the rebars. The depolarised potentials
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more positive than —270 mVsce is also justified by the output protection current, which is

presented later in this paper.
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Figure 6: Depolarized potential of rebars embedded in concrete panels

On the other hand, at the end of 8 years, the free corrosion potentials of the rebars in
Panel 2 were found to be more negative than —600 mVsce. Also, Panel 2 suffered from hairline
cracks parallel to the rebars. This indicates that the rebars were corroding. Later, the crack
width kept increasing due to radial pressure exerted by more corrosion products filling in the
steel-concrete interface. At the end of 10 years, the crack width on the concrete surface was
measured to be about 2 mm, which is significantly high. Also, measured corrosion potentials
were more negative than -500 mVsce — indicating active corrosion.
4.1.2 Corrosion current density of steel rebar with and without galvanic anodes
Figure 7 shows the average corrosion current density at the end of 10 years, which indicates
the rate of corrosion. For the top rebars in depolarized conditions of Panel 1 the corrosion
current density was found to be relatively insignificant (= 0.25 pA/cm?) and for the free
corroding conditions of Panel 2 the corrosion current density was on average around
80 uA/cm?. The insignificant corrosion rate of the rebars of Panel 1 clearly show that they
were protected by the galvanic anodes. To the contrary, the rate of corrosion of the rebars of
Panel 2 indicates that the rebars were experiencing severe corrosion in the same exposure

environment as Panel 1. Therefore, the results on the rate of corrosion indicate that if the

Page 21 of 42



403

404

405

406

407

408

409
410

411

412

413

414

415

416

417

418

419

420

421

422

423

number and location of anodes are adequately designed, the rebars can be protected for the
long term (say, more than 10 years). Number and location of anodes are designed based on the
corrosion conditions of individual locations considering the rate of corrosion of rebars, chloride
concentration in the concrete, electrical resistivity of the concrete in the location of interest,
steel density, etc. Note that the rate of corrosion of the bottom rebars could not be measured

due to the inaccessibility of the rebars.
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Figure 7 Corrosion current density of the rebars at the end of 10 years after installation
of anodes

The average corrosion current density of the rebars in Part A1, A2, and A3 of Panel 1
were found to be 0.75, 0.05, and 0.015 pA/cm?. This indicates that the level of passivation of
rebars were proportional to the surface area of the anode metal pieces i.e., A3 > A2 >Al. The
influenced region of the panel from each anode was not estimated as it is out of the scope of
this paper but a spacing of 400 mm was seen to have allowed adequate protection of all the
steels. The corrosion current density of rebars in parts with A2 and A3 anodes were found to
be less than 0.1 pA/cm?, which shows that the rebars in parts with A2 and A3 were passivated
as per NACE SP0290. However, the corrosion current density of one of the rebars in Part Al
was > 0.1 pA/cm?, which indicates that the anode connected in Part Al to the rebar may not
have sufficient surface area to supply the required protection current to passivate the whole
length of the steel rebars. Therefore, the efficiency of anodes was evaluated by measuring the

output current from anodes, which is discussed next.
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4.1.3 Effect of surface area of anode metal on performance of galvanic anode

The rectangular, circular, and triangular markers in Figure 8 show the average output current
obtained from Anode sets Al, A2, and A3, respectively. The initial average output current
from anodes of Type Al, A2, and A3 was about 900, 2,000, and 3,700 PA, respectively. As
expected, the output current density from the anodes was proportionally higher as the surface
area increased. Note that the output currents were in the same ratio as the surface area of metal
in the galvanic anodes (A1:A2:A3 = 1:2:4). As a consequence, anodes with the higher surface
area were able to supply a higher current to the steel rebars. Therefore, the higher current
output anodes will be expected to control the rate of corrosion of the steel sooner and easier
than the anodes with the lower surface area. During initial exposure period (between 0 to 3
months), the output currents were found to be significantly decreasing. This can be attributed
to following two factors: (i) the hydration of concrete — leading to maturity of concrete and
increase in the resistivity of concrete and (ii) the surface of steel would have been active.
Therefore, due to high demand and low electrolyte resistance the output currents were high. In
about 2 to 3 months, the output current decreases exponentially for these types of anodes, then
stabilised [23]. The significant decrease and stabilization of output current may also have been
due to the build-up of the passivating oxide film on the surface of the steel rebars during their
early protection and from the continued hydration of the concrete, which would have resulted
in higher resistivity. The rate of decrease of output current was gradual from Year 1 to Year
12 (from about 200 days to 3700 days) after the installation of the anodes. Beyond the early
rapid reduction, the current density is expected to be halved over constant time periods, which,
for Anode Al, the aging factor (or half-life) appears to be 8.5 years. For Anodes A2 and A3,
the aging factor appears to at least 13 years.The average surface electrical resistivity of concrete
at 10- and 12-year age was found to be =17 kQ-cm with coefficient of variation of 0.21. This

timescale of halving of the current output was termed the ‘Aging Factor’ elsewhere [19,48].
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Figure 8: Output current density from anodes showing that the anodes are in working
condition even after 12 years or more

4.1.4 Visual inspection of panels after 12 years of natural exposure

Visual inspection, depicted in Figure 9(a) shows that Panel 1 did not crack after 12 years of
exposure to warm and humid environment even though it contained high chloride levels. The
black lines in the photograph of Panel 1 are the wires used for electrical connection between
the various anode and the rebars. The absence of cracks indicates that the anodes had
successfully protected the steel from rebar corrosion even though the current density decreased
with time. To identify why the current output had reduced with time, some microanalytical
studies were conducted, which are discussed later. As shown in Figure 9(b), Panel 2 suffered
from significant cracking (see black lines drawn parallel to the crack on concrete). Figure 9(b)
shows the closeup of the top view of the crack on Panel 2 of the concrete surface — indicating
that unprotected reinforced concrete structures with chloride contamination can undergo

significant corrosion, cracking, spalling, and damage.
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Figure 9: Photograph showing the condition of the panels after 12 years of exposure.
Panel 2 shows severe corrosion

4.2  Phase Il: Physico-chemical characteristics

4.2.1 Visual observation of the autopsied galvanic anode

Figure 10(a) shows the curved surface area of the cylindrical concrete core extracted from
Part Al of Panel 1. A part of the anode was cut during coring as the precise location of the
anode was not known. As expected, the unreacted zinc metal was found to be surrounded by
a layer of white zinc corrosion products (zinc oxides/hydroxides). Also, it was observed that
the zinc corrosion products had penetrated radially outwards into the encapsulating mortar until
about half of the width surrounding the zinc metal piece. The porous encapsulating mortar
could provide a path and facilitate the movement of corrosion products away from zinc metal
— exposing the unreacted zinc surface and providing the contact of zinc metal to the
encapsulating mortar with high pH, which is discussed later. Figure 10(b) shows a cross-
section of the unreacted zinc metal piece surrounded with yellow, dense, insoluble zinc
corrosion products. In the absence of adequate moisture or relative humidity, zinc corrosion
products can be highly resistive and interrupt the ionic conduction, which may result in
premature failure of galvanic anodes. Approximately 1/4™ of the thickness of zinc metal was
found to be consumed in about 12 years of service — indicating that if the electrical connections

and corrosive environment for the galvanic anode is adequate, the anode could protect the steel
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in Panel 1 for several more years, which will depend on the characteristics of encapsulating
mortar and electrical connection between tie wires & zinc metal. Similarly, Dugarte and
Saguies [49] reported that the anodes stop functioning due to encapsulating mortar surrounding
to galvanic metals failing to provide the adequate environment for continuous corrosion after
about 1/4™ of the galvanic metal is consumed. Note that the anode used for this investigation
was extracted from the corner of the specimen, where it supplied current to less surface area of
steel than other anodes (say, those more in the middle). Therefore, the investigated anode may
be less consumed than other anodes. However, the rate of corrosion of depolarised steels and
output current density from anodes showed that the anodes are still functioning. The
anticipated performance of anodes in present study is discussed later based on the
characteristics encapsulating mortar, tie wires, and electrical connection between tie wires and

zinc metal.

Tie wires Zinc corrosion
Unreacted zinc products

Encapsulating mortar with

: S Remaining zinc
less zinc corrosion product

Precipitated
zinc corrosion products

Encapsulating mortar with
zinc corrosion product

lcm
Concrete
(a) Cross section of the anode extracted from the Panel 1 (b) Cross section of the remaining

zinc metal of one of the Type Al
sacrificial anode

Figure 10: Condition of the galvanic anode after 12 years (the encapsulating mortar is
scraped off exposing the bare metal)

4.2.2 Critical pore size and porosity
Figure 11 shows that the dcritical for the encapsulating mortars from RR 1 and RR 3 was found
to be 0.1 and 1 pm, respectively. dcritical 1S the maximum pore diameter that can connect the

largest interconnected pores. It was found that deriticar at RR 1 was about 10 times less than
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deriticar OF the mortar from RR 3 — indicating that a large volume of pores in RR 1 may have
been filled with in-soluble zinc corrosion products. Porosity is defined as the ratio of the
volume of pores in the encapsulating mortar sample to the total volume of the sample. The
design porosity of the encapsulating mortar is = 20 %. The remaining porosity in RR1 and
RR3 were ~2% and 8%, which is 90% and 60% less than the designed porosity. The porosity
of RR1 was =4 times lesser than the porosity of the encapsulating mortar in RR 3. The
difference in the reduction of porosity can be due to the accumulation of the insoluble zinc
corrosion products precipitating in the pore spaces. The zinc corrosion products get
precipitated hence they build up more strongly close to the zinc metal. Therefore, if an
adequate porosity is not provided in the encapsulating mortars, it can lead to clogging of the
pore and can result in the deactivation of zinc metals due to reduced alkalinity in the vicinity
of the zinc metal. In alkali activated galvanic anodes such as these ones, soluble zincate
corrosion products are produced according to Equations 8 and 9. Their solubility allows them
to move into the pores of the encapsulating mortar where they precipitate out as zinc oxide
once supersaturation occurs. It is important, therefore, that enough porosity is present in the
encapsulating mortar to allow percolation of the soluble corrosion products and avoid excessive

blockage just at the zinc/mortar interface.
Zn + 20H — Zn(OH); + 2¢ 8)

Zn(OH) + 20H — Zn(OH)4* (9)
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Figure 11: Pore structure of the activating mortar at RR 1 and 3 determined using
Mercury Intrusion Porosimetry (each curve is the average of three samples)

4.2.3 Chemical composition of the activating mortar and residual pH

Table 2 shows the chemical composition of the encapsulating mortar collected from the virgin
anode and from RR 2 of the anode extracted from the Panel after 12 years of service. Elements
like Mg, Al, Si, and Ca were found during the investigation. — Compounds of these elements
might have been added to facilitate the encapsulating mortar with following (i) high ion
exchange and (ii) long-term corrosive environment to prevent the passivation of the zinc. For
example, calcium chloride, potassium acetate, potassium hydroxide, bentonite, and gypsum
are used as humectants to maintain the humidity level in the galvanic anode [30,50,51].
Lithium hydroxide was used as activator [52]. Here, the total concentration of elements (Mg,
Al, Si, Ca, Zn, O, K, and Fe) in encapsulating mortar from virgin anode was found to be about
75%. The remaining would have been Li concentration, which could not be detected because
the atomic weight of Li is 6.9 g/mol, which is less than C (12.0 g/mol), which is the lightest
element that can be determined by the instrument. On the other hand, the concentration of
these elements in encapsulating mortar from anode after 12 years of service was found to be
100% - indicating that Lithium hydroxide get consumed and lithium migrates out of

encapsulating mortar during the process to provide alkaline environment to the zinc metal.
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Simultaneously, the concentration of chlorides was found to increase from 0 to 3.78% due to
migration from concrete to encapsulating mortar. The concentration of a few of the elements
such as Mg, Al, and Si were found to be increasing (from-to) 0.26-4.52, 6.31-16.33, and 2.37-
18.86, respectively. The concentration seemed to increase, which is misleading as the lithium
has migrated out and the powder used does not contain Li. The concentration of LiOH was

determined using the titration method, which is presented later.

Table 2: Chemical composition of encapsulating mortar at RR 2

Element Weight (%0)
Virgin galvanic anode Galvanic anode
post 12 year of service

Mg 0.26 4,52

Al 6.31 16.33

Si 2.37 18.86

Cl 0.0 3.78

Ca 12.59 11.91

Zn 1.75 0.69

(0] 50.69 43.91

K 0.34 0

Fe 0.3 0

Li Could not be detected using EDX.

After 12 years of service, traces of chlorides were found in the encapsulating mortar.
The presence of chlorides might be due to the diffusion or electromigration of the chloride ions
from the contaminated concrete through the encapsulating mortar towards the
electrochemically positive anode metal. The concentration of zinc was also found less than
that of the virgin anodes. This can be attributed to dissolution of zinc corrosion products and
their migration away from the zinc metal in the encapsulating mortar. In other words,
availability of zinc in virgin encapsulating mortar was present in the encapsulating mortar (in
region RR2) due to contamination during the manufacturing process. During the cathodic
protection process, the anions produced at the cathodic sites (say, OH~) may migrate towards
the zinc metal. During this migration, they might react with the zinc to from soluble zincate.

Then, these zincate ions may have got diffused outwards away from RR2. This process
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continues till the supersaturation state is achieved. This exchange of ions can alter the
functionality of galvanic anodes. For example, if zinc corrosion products get filled in the pores
of the encapsulating mortar at the zinc-encapsulating mortar interface, then the fresh zinc metal
will not be adequately exposed to the activating materials in the encapsulating mortar. Also,
due to filling of pores, the availability of humectants at the zinc metal surface can get reduced
— leading to difficulty in maintaining a high humid micro-climate at zinc-encapsulating mortar
interface, which can reduce the rate of corrosion of zinc. Also, the concentration of lithium
was found to be decreasing from the location close of anode metal, which is presented next.
Such alteration in characteristics of the anode can reduce the efficiency of galvanic anodes.

The acid-base titration curve was used to determine the approximate pH buffer of the
encapsulating mortar in one of the samples. The approximate amount of LiOH and the pH
buffer was calculated by using Equations 2 to 5. The solubility of LIOH.H20 in water at 20°
C is approximately 22.0 g/100 cc of water [53]. The value of LiOH.H2O determined at the
RR 2 and RR 3 was found to be 17 and 22 g per 100 ml of water, which is more than the
solubility of LiIOH.H20 (220 g/l of water). This indicates that there is an excess LiOH in the
samples, which will buffer the solution at a calculated pH of about 14.4. The value of
LiOH.H20 determined at the RR 1 was found to be ~ 1 g per 100 ml of water — indicating the
reduction in the concentration of LiOH due to the reduced alkalinity of the mortar around the
anode metal. The approximately calculated pH at this region was determined using Equation
5.

Figure 12 shows that the calculated pH of encapsulating mortar in RR 1, 2, and 3 were
found to be 14.1, 14.4, and 14.4, respectively. At Region 2 and 3, the concentration of LiOH
was found to be greater than 220 g/l of water, indicating that there is excess LIOH in the sample
which will buffer the solution at around pH 14.4. Therefore, the decrease in the pH buffer at
RR1 can be due to the consumption of OH" locally and electromigration of Li* away from the

zinc, eventually reducing the level of LiOH to below saturation. However, the decrease in pH
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from 14.4 to 14 after 12 years of service may not be large enough to significantly alter the
functionality of the galvanic anode. This continued good performance of the anodes can be
attributed to the high pH and adequate porosity of the encapsulating mortar, which can maintain
activity of the zinc metal and provide the path for the diffusion of soluble corrosion products

away from the interface.

25 : . , . ,

20

15+

10+

Wiion (% of dried sample mass)

0 .. L 1 L 1
RR 1 RR 2 RR 3

CalculatedpH =14.1 14.4 14.4

Figure 12: Residual pH and lithium hydroxide content of the encapsulating mortar in
Reference Regions 1, 2, and 3

4.2.4 Electrical connection between zinc metal, tie wire, and rebars

Figure 13 shows the photograph of the interface of the autopsied galvanic anode and tie wires.
Figure 13(a) shows that a layer of adherent insoluble zinc corrosion product was formed
surrounding to the zinc metal surface. The corrosion products of zinc occupy the space vacated
by the zinc metal and a part of it diffuses or migrates into the encapsulating mortar. In absence
of moisture, the adherent semi-conductive zinc oxide layer can act as an increased barrier to
the ionic conduction process [27,54], thereby decreasing the efficiency of the galvanic anodes
in supplying electrons. Also, Figure 13(a) shows the fractured surface of the anode metal piece.
The tie wires had zinc corrosion products surrounding them, with a very small region left with
an electrical connection to the zinc metal. Figure 13(b) shows the fractured cross-section of
zinc metal without the tie wires, where zinc corrosion product (white in color) are visible.

Figure 13(c) shows that the two tie wires were die cast at the time of manufacturing. The use
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of two tie wires close together may allow a space between them where molten zinc cannot
penetrate. During the service life of anodes, moisture may enter into this space. Therefore, a
galvanic cell can form between the zinc and tie wires. In this case and generally, tie wires are
made of more electropositive metal than galvanic metal. Therefore, the zinc can corrode and
form a layer of corrosion product surrounding the tie wire. In the rare event, this zinc oxide
layer can completely cover the tie wires embedded in anode metal (zinc). Then, electric
connection between the zinc core and the tie wires may be lost. Zinc oxide, being a semi-
conductor, will become more conductive in the presence of moisture and allow the flow of
current [54,55]. Therefore, without moisture at the interface, the galvanic anode may not
adequately protect the structure if the electrical connection between the zinc metal and tie wires
is lost. With this learning, diecasting the zinc metal or zinc alloy on a single tie wire or well

separated tie wires are recommended.

Two tie wires

V'S Interfacial Zinc

corrosion products

Adhered oxide layer

Remaining Zinc

(a) Anode metal with tie wires -hidden (b) Anode metal without tie wires (c) Tie-wires
interfacial zinc corrosion - interfacial zinc corrosion

Figure 13 Condition of anode metal (zinc) at the end of 12 years

In addition, the material of tie wire can also affect the long-term performance of
galvanic anodes. For example, mild steel tie wires can undergo surface corrosion during
transportation and storage of galvanic anodes. Also, at repair sites, mild steel tie wires are tied
to the steel rebars and left tied to steel rebars until the repair concrete is placed. During this

time, the tie wires undergo surface corrosion [56]. At the time of installation, the electrical

Page 32 of 42



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

contact between the steel reinforcement and the tie wires (through the surfaces) should be
ensured. At the time of installation, the rust from the tie wires will get exfoliated due to the
abrasion, tying, and twisting processes. Therefore, it would get sufficient contact for electronic
conduction. After that, both tie wires and steel rebars gets cathodically protected. If galvanic
anodes are not installed with abrasion, tying, and twisting processes, the rust layer on tie wires
of the galvanic anodes may hinder the supply of electrons to the steel rebars as expected.
Considering this, galvanic anodes with corrosion-resistant metal tie wires (e.g., stainless steel)
can be a good replacement for mild steel tie wires. Towards this, either the electrical
connections should be checked just before placing the concrete or tie wires made of corrosion-
resistant materials (say, stainless steel tie wires) should be used [57]. In short, anodes with
corrosion-resistant, well-separated tie wires or anodes with corrosion-resistant single tie wire
should be selected for cathodic protection.

4.2.5 Proposed mechanism of degradation of galvanic anode systems

Figure 14 shows a possible degradation mechanism of galvanic anodes. Figure 14(a) shows a
virgin galvanic anode consisting of uncorroded zinc metal, two closely placed tie wires, and
encapsulating mortar with interconnected pores. After several years of service and corrosion
of the zinc metal, Figure 14(b) shows that some of the zinc corrosion products can diffuse or
migrate into the interconnected pore structure of the encapsulating mortar, and some corrosion
products will simply fill the space vacated by the corroding zinc metal [see the zoomed image
in Figure 14(b)]. The movement of the zinc corrosion product exposes the fresh zinc metal
surface to the high pH of encapsulating mortar — helping to ensure the continued corrosion of
zinc metal. If the porosity and interconnectivity of pores is not sufficient to expose the zinc
metal, the effectiveness of the anode may decrease due to reduced ionic conductivity between
zinc metal and the corroding rebars. In addition, the gap between two tie wires and between
tie wire and the zinc metal may allow moisture to enter and result in interfacial corrosion of

zinc metal [see the zoomed image in Figure 14(b)]. Once the corrosion products cover the tie
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651  wires and no moisture is available to provide electrical connection between them, the galvanic

652  anode activity may decrease [54,55].

Gap in-between two tie-wires

Soluble zine corrosion products \

Adherent interfacial zinc
corrosion products

Activating

Tie-wires
mortar

H,0

Soluble zinc
corrosion products

Adherent zinc
\ corrosion products

(a) Virgin galvanic anode (b) galvanic anode after long-term service

653  Figure 14: Schematic showing the physico-chemical interactions in the encapsulating
654 mortar

655 5 RECOMMENDATIONS FOR DESIGN OF GALVANIC ANODES
656  Based on the 12-year long performance assessment of the galvanic anodes and microanalytical
657  studies on the galvanic anode, following are the recommendations to design durable for design

658  of galvanic anodes in RC systems:

659 e Mass of the galvanic anode metals alone does not define their efficiency. The mass of
660 galvanic anode metals can define how long the galvanic anodes can deliver current to
661 the steel rebars, but the level of current will be governed by the design surface area of
662 galvanic anode metals. Therefore, specifications should include considering both
663 surface area of galvanic anode metals and the mass of the galvanic anode metals. The
664 most important consideration is that sufficient current is provided over the design
665 service life of the anode. Therefore, specifications considering the ratio of mass of
666 galvanic anode metal (g) to the surface area of galvanic anode metal (cm?) with
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minimum mass of anode metal can be introduced as one of the specifications. However,
more research is required to propose an adequate ratio of mass and surface area of
anode. However, the long-term level of current can be determined by knowledge of the
‘Aging Factor’ of the anode which defines the number of years required for the current
output of the individual anode to be halved.

An elevated pH of the encapsulating mortar keeps the galvanic metal active. In another
publication [19], the output current from the galvanic anode was found to reduce when
the pH of encapsulating mortar was less than 13.8. In this research, the pH at zinc-
encapsulating interface was found to be 14.1, which can still help the zinc to corrode.
Considering results from [19], the concentration of the activator should be chosen such
that the pH of encapsulating mortar is >13.8 and preferably >14 throughout the service
life of galvanic anode.

The pore structure in combination with the high pH environment which allows the
zincate corrosion products to remain soluble, helps to accommodate the corrosion
products of the galvanic metal. Therefore, minimum porosity of the encapsulating
mortar should be designed and, according to recent estimates, should be > 20% of
volume of encapsulating mortar (= 200 mm®/g). In this research, it was found that the
adequate diffusion or migration of corrosion products was possible when the
encapsulating mortar have the critical pore size (dcriticar) In the range of 5 to 15 um. A
higher dcritical may be an advantage as the current output was seen to diminish with time,
but more work is required to establish dcriticar and total pore volume of the encapsulating
mortar.

To avoid formation of a rust layer on the tie wires during transportation, storage, and
placement, corrosion-resistant materials such as stainless steel should be used for tie
wires.

To avoid corrosion at the interface of adjacent embedded lengths of the tie wires and
the galvanic anode metal, the anode metal should be diecast around well-separated (say,
at least 0.5 mm apart) corrosion-resistant tie-wires or a single tie wire. Furthermore,

the tie-wires should not be attached to the anode metal either by welding or other means.
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e The resistance between tie wire and the rebar onto which the anode is attached should

not be more than 1 Q. This should be established during the installation of the anode.

Table 3 summarizes the recommendations for the selection of galvanic anodes.

Table 3 Proposed specifications of galvanic anodes

Characteristic/parameter Recommended specification
Maximum ratio of mass of galvanic anode | To be decided based on aging factor, which can ensure to
metal (g) to the surface area of galvanic provide sufficient current is provided over the targeted service
anode metal (cm?) life of the anode.
Minimum calculated pH throughout the 13.8

service life of galvanic anode
Minimum porosity of encapsulating mortar | 20 % of the total volume of encapsulating mortar

Critical pore size Minimum 5 um. To decide the upper limit, more research is
required.

Material of tie wire Stainless steel or similarly corrosion-resistant steel

Minimum distance between tie wires (if 0.5 mm

more than 1 tie wire is used)

The connection between anode metal and e Any method which can aggravate the corrosion is

tie wire(s) prohibited. For example, welding of tie wire and galvanic
anode metal is not allowed

o Electrical connections between the anode metal and the
steel reinforcement should be ensured until the full
consumption of the galvanic anode metal.

6 SUMMARY AND CONCLUSIONS

The 12 year-long performance of galvanic anodes was assessed using two reinforced concrete
panel specimens with and without anodes with 2% chloride ion by mass of binder added. For
this, electrochemical measurements, such as depolarized corrosion potential, output current,
and corrosion current density, were performed. The results indicate that the galvanic anodes
were able to passivate the steel reinforcement even in highly aggressive warm and humid
environments for about 12 years. With adequate design and intact electrical connections, the
cathodic protection approach is expected to mitigate reinforcement corrosion in similar
environments (concrete with chlorides) for about 10 to 15 years. This duration can be longer
when adequately designed durable galvanic anodes are installed to rebars without corrosion or

not sufficient chlorides in the vicinity of steel rebars. The output protection current has roughly
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halved between say Month 6 and Year 12, which indicates that an ‘Aging factor’ may be

determined, which can aid in the long-term design of the required current output.

After 12 years of service, microanalytical studies such as pore size distribution,
localized pH determinations, and chemical composition analysis of the encapsulating mortar at
various locations were conducted to understand the degradation mechanisms of the anodes.
Note that the anode used in this investigation was extracted from the corner of the specimen —
indicating that the investigated anode may be less consumed than other anodes. The critical
pore size (deriticat) in encapsulating mortar near (RR1) and away (RR3) from the anode metal
was found to be 1 and 10 pum. Similarly, the remaining porosity in RR1 and RR3 were ~90%
and 60% less than the designed porosity, respectively. The reduction in deriticat and porosity of
encapsulating mortar indicate that the zinc corrosion products diffuse/migrate away from the
anode metal. Therefore, adequate dcriticar Can facilitate the long-term performance of galvanic
anodes. Further research is required to understand how the reduction in pore size will affect
the conductivity of encapsulating mortar. In addition, the interface corrosion of tie wire and
zinc metal highlights the importance of diecasting with gap between tie wires and between tie
wire and galvanic anode filled with galvanic anode metal. Based on these, specifications are
proposed to design the galvanic anodes to achieve the durable service life.
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