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ABSTRACT 10 

This paper presents a market study indicating that Patch Repair without galvanic anodes (PR 11 

strategy) can lead to continued corrosion (due to the halo effect and residual chloride effect) 12 

and another major repair in about five years. Repeated patch repairs can lead to continued 13 

corrosion and eventual replacement of structures and huge life cycle cost (LCC).  On the other 14 

hand, the strategy of cathodic protection using galvanic anodes (CP strategy) can enhance the 15 

service life and reduce LCC.  The data on long-term depolarized potential of steel, output 16 

current from the anodes and/or visual observations indicated that the galvanic anodes were 17 

successful in controlling the chloride-induced corrosion for up to 14 and 10 years, in a jetty 18 

and industrial building, respectively.  It was also found that the additional cost of galvanic 19 

anodes is only about 4% of the repair cost for the jetty structure – breaking the myth of high 20 

capital cost of CP strategy. Then, a framework to estimate the LCC of PR and CP repair 21 

strategies is developed and it is found that CP and cathodic prevention (CPrev) strategies are 22 

highly economical than the PR strategy.  Also, the LCC of 30 repair projects confirmed that 23 

the use of CP strategy can lead to LCC saving of upto about 90% in about 30 years after the 24 

first repair.  More importantly, the CP and CPrev strategies can enhance the service life to as 25 

long as needed by the replacement of anodes at regular intervals and at minimal cost.  Also, a 26 

way forward to promote CP strategy in concrete repair industry is provided. 27 
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LIST OF SYMBOLS AND ABBREVIATIONS 30 

C : Cost of repair excluding the cost of inspection and anodes 

Canode : Cost of manufacturing, supply, and installation of anodes 

CCP, j : Future value of jth repair with CP 

Cinsp-zero : Cost of inspection at the time of 1st repair 

Cinsp, i : Future value of ith inspection 

CP : Cathodic protection (with galvanic anodes) 

CPrev : Cathodic prevention (with galvanic anodes) 

CPR, j : Future value of jth repair without CP 

CSE : Copper-copper sulfate reference electrode  

Ctotal, CP : Total cost of repair with CP till nth year 

Ctotal, PR  Total cost of repair without CP till nth year 

E24h : Depolarized potential at 24 hours 

Ei-Off : Potential of the polarised steel within 0.1 seconds after disconnecting from the 

anode 

FV : Future value 

HCP : Half-cell potential 

i : Identification of individual inspection (i = 1, 2, 3, …) 

ICCP : Impressed current cathodic protection system 

j : Identification of individual repair (j = 1, 2, 3, …) 

jmax : Maximum allowable number of repairs 

LCC : Life cycle cost 

n : Time elapsed from 1st repair (n = 1, 2, 3, …) 

nmax : Maximum service life extension (analysis period) 

NPC : Net present cost 

PR : Patch repair (without galvanic anodes) 

r : Discount rate 

RC : Reinforced concrete 

tinitiation : Duration of corrosion initiation phase 

tinsp, i : Time interval between (i-1)th and ith inspections 

tpropagation : Duration of corrosion propagation phase 

trepair : Duration of the entire repair phase (Desired extension in service life) 

trep, j : Service life of jth repair 

Tinsp, i : Time elapsed between 1st and ith inspection (i = 1, 2, 3, ...) 

Trep, j : Time elapsed between 1st and jth repairs (j = 1, 2, 3, ...) 

  31 
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1 INTRODUCTION 32 

Corrosion of steel reinforcement is one of the major deterioration mechanisms in reinforced 33 

concrete (RC) systems.  The service life of the reinforced concrete system is defined as the 34 

duration in which the structure can meet the user requirements.  Generally, it is represented as 35 

the summation of the initiation phase (tinitiation) and the propagation phase (tpropagation) [1].  The 36 

former is the duration during which the chloride from the atmosphere travels through the 37 

concrete cover and a specific concentration, known as chloride threshold, reaches the surface 38 

of steel rebars and initiates corrosion, see inset in Figure 1.  During the tpropagation, the rebar 39 

continues to corrode.  The corrosion of steel rebars results in steel cross-sectional loss and the 40 

formation of corrosion products with more than two times the volume of the steel.  This rust 41 

products applies radially outward pressure on cover concrete, and results in cracking of cover 42 

concrete.  tpropagation ends when the damage level is more than the allowable damage level.  Due 43 

to presence of cracks on concrete, tpropagation is expected to be significantly less than tinitiation.  44 

Therefore, as soon the rebar in concrete systems exhibit corrosion, structure should be repaired.  45 

However, repair of RC system is usually carried out when the structure exhibits the maximum 46 

allowable damage, a reactive approach.  The life of repair depends on the adopted repair 47 

strategy and the quality of repair work. 48 

 49 

Figure 1: Schematic showing various phases during the service life of concrete 50 

structures 51 
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NACE Impact Report (2016) reports that about 50% of RC structures experience a 52 

major repair within ten years after construction [2].  To repair such systems, generally, patch 53 

repair is adopted.  However, many reports suggest that patch repair may not arrest the ongoing 54 

corrosion [3–5].  In addition, the corrosion can preferentially start at the interface of the parent 55 

and repaired concrete – also known as the halo effect, see Figure 2(a) [6,7].  This halo effect 56 

can lead to premature deterioration and repeated repair within about five years [4,8].  The repair 57 

of concrete systems needs cement, polymer-modified mortar, microconcrete, epoxy adhesive, 58 

and steel rebars, which have high embodied energy and high carbon footprint [9].  Therefore, 59 

implementing adequate electrochemical techniques such as cathodic protection using galvanic 60 

anodes (see Figure 2(b)) can increase the time interval between repairs.  Therefore, durable 61 

repairs can be achieved [10].  CP systems for concrete can be categorized into two: 62 

(i) impressed current cathodic protection (ICCP) system and (ii) Galvanic anode cathodic 63 

protection system [11,12].  This paper focuses on the latter system; the former will not be 64 

discussed herein. 65 

  

(a) Halo effect – when CP is not used (b) Prevention of halo effect – when CP is used 

Figure 2: Patch repair with and without galvanic anodes 66 

The effectiveness of a repair can be evaluated by estimating the service life of repair, 67 

frequency of inspection or maintenance, the time required to execute the repair, aesthetics after 68 

the repair, and life cycle cost (LCC) of repair.  Cathodic protection (CP) using galvanic anodes 69 

is one of the effective methods to control or prevent corrosion of rebars [13].  However, most 70 

of the repair projects do not consider using CP with patch repair because of the (i) lack of 71 
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sufficient long-term field data to substantiate the claim of protection using galvanic anodes and 72 

(ii) wrong perception on the possibly high initial cost of repair with galvanic anodes and lack 73 

of consideration of LCC.  It is high time that LCC is given due consideration while selecting 74 

repair strategies.  This paper focuses on comparing the long-term performance and LCC of 75 

patch repairs with and without CP. 76 

The remainder of the paper is arranged as follows.  First, the working principle and 77 

assessment methods for CP in the RC systems is presented.  Then, a review of literature is 78 

provided showing the lack of evidence on the long-term performance of CP in RC systems 79 

along with the concerns with the cost of repair with CP.  After that, a market study of the 80 

application of CP in India is presented.  Then, the details on long-term performance of CP 81 

systems on a jetty and industrial building structure are presented.  Then, a model is proposed 82 

to estimate the LCC of repair.  Then, the comparison of cost during the 30 years after first 83 

repair is compared.  Finally, conclusions from this research are presented. 84 

1.1 Cathodic protection systems in concrete 85 

The principle of CP is to polarize steel (metal to be protected) from its free corrosion potential 86 

to the cathodic regime, where the corrosion is less likely to occur [14].  In atmospherically 87 

exposed concrete with steel rebars, a protection current to modify the micro-environment at the 88 

steel-concrete interface to inhibit pitting corrosion is sufficient [15].  The presence of the 89 

additional cathodic reaction increases the rate of formation of hydroxyl (OH-) ions near the 90 

rebar surface – leading to the re-passivation of rebars in concrete.  In addition, the negative 91 

chloride or sulphate ions are repelled from the negatively charged steel rebars [15,16]. 92 

Typically, in concrete, CP is implemented by installing an anodic metal inside or on the 93 

surface of the concrete and electrically connecting it to the rebars to achieve a continuous 94 

supply of a small current (1 to 200 mA/m2) with or without using a rectifier unit [17].  Then, 95 

the steel rebar becomes the cathode, and the electrically connected sacrificing metal becomes 96 
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the anode.  If CP is implemented during the time of construction of the structure, the applied 97 

current density for protection can be in the range of 0.2 to 2 mA/m2 and the technique is termed 98 

cathodic prevention and denoted as CPrev, herein [11].  Because of less maintenance, 99 

monitoring, ease of installation, and protection against vandalism, the use of galvanic anodes 100 

for electrochemical repair of the RC systems are gaining acceptance in the last two decades 101 

[4,8,18].  The technique involves applying a permanent current through galvanic anodes in the 102 

range of 0.2 to 20 mA/m2 to the steel rebars [4,19].  Zinc is a widely used galvanic metal 103 

because of its high oxidation potential against steel [20].  The corrosivity of the zinc metal is 104 

ensured by embedding it in a high pH (13 to 14.5) or halide-activated environment [21–23].  In 105 

the case of alkali-activated zinc anodes, zinc anodes can get passivated if the pH of the 106 

embedding mortar is in the range of 12 to 9 [24].  Then, oxides of zinc start accumulating in 107 

the mortar pores and can hinder the ion-transport from the zinc to the steel [25,26].  Therefore, 108 

a frequent inspection needs to be conducted on the installed CP system to ensure the continuous 109 

functioning of these galvanic anodes till the desired service life of anodes (say, 20 to 25 years). 110 

1.2 Assessment of cathodic protection systems 111 

Presently, EN ISO 12696 (2016) and NACE SP0290 (2007)[11,27] are used for assessing the 112 

performance of CP in RC structures.  The test methods suggested in these standards mandate 113 

external electrical connections from the anodes to the steel through a monitoring box with a 114 

resistor and switch assembly.  One of the most widely adopted assessment criteria for CP in 115 

concrete is verifying a 100 mV shift in the potential of steel rebar by the influence of the 116 

galvanic anodes in 24 hours [28,29].  The potential shift is obtained by calculating the 117 

difference between the instantaneous-off potential (Ei-Off) and the 24-hour depolarised potential 118 

of the steel rebars (E24h).  The Ei-Off is the potential of the polarised steel within 0.1 seconds 119 

after disconnecting the anode [11].  The E24h of the steel is the potential measured after 24 120 

hours from the time of disconnecting the steel from the anode.  Engineers arrived at the 121 
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‘100 mV shift criteria’ through experimental studies on the corroding pipes buried in soil [28–122 

31].  However, in RC systems, the polarisation shift depends on the environmental conditions 123 

such as atmospheric temperature, relative humidity inside concrete, corrosion rate of steel, and 124 

level of chloride contamination [32].  Also, after the installation of CP and once the steel is 125 

protected/passivated, the use the 100 mV criteria is not appropriate for in-situ assessment 126 

because the steel being protected at that stage may not necessarily shift its potential by 100 mV 127 

if disconnected from the anode [33,34].  This is because the potential shift demand or current 128 

demand for protection is less at that stage.  In short, no conclusive empirical justification is 129 

reported to adopt ‘100 mV shift criteria’ for continuous assessment of CP in RC systems [35].  130 

An alternative approach to assess CP systems is to disconnect the system for 24 hours and 131 

checking the depolarised potential, which is essentially the half-cell potential (HCP) of the steel 132 

disconnected from the anode.  These HCP values can be compared with that of a 133 

protected/pristine rebars on the same structure and the active/passive states can be defined. 134 

1.3 Long-term performance of the galvanic anode CP system in concrete 135 

Much literature is available to validate the short-term working of galvanic anodes for RC 136 

systems through laboratory studies [25,36–39].  Also, consistent performance (for 4 years) of 137 

submerged anodes in exhibiting a 100 mV potential shift in RC column specimens [37,38].  138 

Another study suggested that the galvanic anodes can supply a current of ≈ 0.4 to 0.6 mA after 139 

about a year when the initial output current densities were 1.5 to 2.0 mA/m2 [6]. The galvanic 140 

anodes made in 1990s and 2000s were designed to function for 10+ years [8]. Later, based on 141 

a 20-year data from a CP system in a bridge in the UK, it was found that the anodes could 142 

protect the structure for about 15 years until the encapsulating mortar was saturated with alkali 143 

[40].  Today, many anodes with encapsulating mortar exhibiting adequate pore structure, long-144 

term and high pH buffer, and better ion-exchange system capabilities are available.  In support 145 

of this, much literature concludes that an adequately designed galvanic anode CP system could 146 
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extend the life of repair for more than 25 years; thereby, a repeated repair can be avoided 147 

[8,41,42]. 148 

1.4 Cost of repair using galvanic anodes 149 

There is a myth that the cost of anodes can significantly increase the cost of repair.  However, 150 

such myth arises because of the lack of consideration of life-cycle cost (LCC).  Ideally, such 151 

cost comparisons should be made between the LCC of repair instead of the capital cost of 152 

repair.  The LCC of a repair depends on the frequency of repeated repairs and the maximum 153 

number of possible repeated repairs during the desired service life [19].  The use of galvanic 154 

anodes can prevent the halo effect and help in decreasing the frequency of repeated repairs. 155 

Life-cycle costing can be used as a reliable tool to decide on a repair strategy [43,44] 156 

and to assess the performance of various repair strategies during the service-life, in terms of 157 

costs incurred for its acquisition, operation, maintenance, and disposal [45].  Typically, the 158 

LCC of infrastructure is calculated by the discounted cash flow method that involves the 159 

calculation of the net present cost (NPC) to account for the time value of money [46].  However, 160 

this requires the knowledge of the cash flow of every operations at each instances in the future, 161 

which is not available [47,48].  A comparative LCC can be conducted by obtaining the future 162 

value (FV) of all operations using the Eq. 1 and some assumptions on future cost parameters. 163 

FV = ∑  (1+r)n × C1
N
n=0  (1) 

where, C1 is the total cost at 1st year (can be a constant), N is the analysis period (say, desired 164 

life extension), and ‘r’ is the discount rate.  The number of repairs within the N years of life 165 

extension could be different for different repair strategies.  For example, N of 30 years can be 166 

achieved either by adopting a repair system with a life of five years for six times or another 167 

repair system with a life of 15 years for two times.  LCC in these two cases would be different 168 

and must be considered before making the choices.  The discount rate, r, accounts for both the 169 
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nominal interest and inflation rates [49].  The LCC of infrastructure can then be calculated 170 

using Eq. 2 [47]. 171 

LCC = CD + CC + CR + CDD (2) 

where, CD is the cost of the design of the structure, CC is the cost of construction (acquisition 172 

and operation), CR is the maintenance and repair cost, and CDD is the cost for demolition and 173 

decommissioning of infrastructure. 174 

A few deterministic and probabilistic models are available to evaluate the LCC of RC 175 

structures exposed to various environments in a holistic manner [48,50,51].  Peng and Stewart 176 

used deterministic LCC by considering the number of maintenance instances and the efficiency 177 

of the material to compare the economic viability of various repair materials for surface repairs 178 

on RC structures deteriorated due to corrosion [52].  In another study, Younis et al. compared 179 

probabilistic and deterministic cost models for carbonation corrosion and showed that after 180 

100 years, the repair cost is reduced by 50 % compared to a deterministic LCC model [47].  181 

Polder et al. (2014) proposed a probabilistic cost model for estimating the LCC of ICCP 182 

systems in concrete by using failure data from 105 case studies.  The frequency of the global 183 

failure of the ICCP system was excluded from the model as it was scarcely reported within the 184 

analysis period [44].  The model used the average time for replacement of ICCP systems as 185 

≈ 15 years.  This replacement can be considered as a minor repair because it does not involve 186 

the major structural repairs, which is the advantage of any cathodic protection system 187 

(including the galvanic anodes, which is the focus of the current paper).  Note that a statistically 188 

significant database on the failure period of the repair strategies is required to evaluate the 189 

probabilistic maintenance time and its cost.  This is not available in the case of repair using 190 

galvanic anodes.  Therefore, deterministic approaches are a way forward to determine the LCC 191 

of repair of RC systems using the galvanic anodes and is adopted in this study.  This paper 192 
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proposes a model for analyzing the life-cycle cost and benefits of patch repair with and without 193 

CP for concrete structures. 194 

2 SIGNIFICANCE OF THE RESEARCH 195 

In 2016, the overall cost of corrosion (CoC) for various countries were estimated to be about 4 196 

to even more than 10% of GDP, of which about 50% is due to corrosion in concrete structures.  197 

The conventional patch repairs adopted in many structures are failing in about 5 years and lead 198 

to repeated repairs and significant increase in CoC and life-cycle cost (LCC) of concrete 199 

structures.  Patch repair with cathodic protection (CP) can enhance the life of repairs to about 200 

20+ years.  But cathodic protection using galvanic anodes is not being considered by many 201 

practitioners because of the myth of excessive cost implications.  This is probably the first of 202 

its kind of paper with long-term field data on the performance of galvanic anodes and LCC 203 

analysis of patch repairs of RC systems with and without galvanic anodes.  The long-term data 204 

and possible huge LCC savings (of about 90%) due to cathodic protection presented in this 205 

paper could be an eye-opener and can build confidence in engineers to use galvanic anodes to 206 

achieve durable repairs and extend service life of concrete structures. 207 

3 REPAIR OF CONCRETE STRUCTURES 208 

3.1 Collection of data from the field 209 

The authors interviewed a few Indian distributors of galvanic anodes for concrete structures.  210 

Following questions were asked during the interview: (i) What is the interval between the 211 

repeated repairs in structures without CP systems? (ii) How many projects they know where 212 

repair has been done using CP systems? (iii) What is the approximate number of anodes used 213 

in each project? (iv) What was the age of the structure at the time of the first repair? (v) Which 214 

infrastructure sector (jetty, buildings, etc.) the concrete structures under repair belong to? 215 

(vi) Whether the installed electrochemical repair is a CP or CPrev? (vii) Whether monitoring 216 
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results from CP are available? and (viii) If monitoring results are available, can results be 217 

shared with authors for analysis and publication?  The collected data was analyzed to 218 

understand (i) the number and frequency of patch repairs without CP systems, (ii) the number 219 

of projects undertaken as CP and CPrev, and (iii) the number of anodes supplied to various 220 

infrastructure sectors. 221 

3.2 State of the concrete repair industry 222 

As reported in literature, the patch repair without CP does not arrest corrosion or address the 223 

root cause [4,7,8].  Figure 3 shows data from 20 structures without CP and indicate that more 224 

than 70% of the structures were re-repaired within five years after the first repair.  About 30% 225 

of them were re-repaired at about 4 years after the first repair - causing huge economic burden.  226 

Maybe because of this, the number of usages of galvanic anodes has risen significantly in the 227 

recent times.  Another reason for this rise is the increase in the communication about CP and 228 

its benefits among the CP manufacturers, practitioners, researchers, and consultants.  However, 229 

this practice of patch repair (without CP) continues in many parts of the world and one way to 230 

change this is by obtaining field data through pilot studies. 231 

 232 
Figure 3: Frequency of repeated repairs (data from 20 structures) 233 
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3.2.1 Indian experience with CP 234 

Figure 4 shows the sector-wise growth in the usage of galvanic anodes in India from 2003 to 235 

2020 – with a total usage of ≈ 60,000 anodes in reinforced concrete structures in India.  About 236 

60% of these anodes (33,000 anodes) were used in 2020 - an exponential growth in the usage 237 

of galvanic anodes.  The usage of CP systems varies from sector to sector.  For example, from 238 

2003 to 2020, the industrial buildings, jetties and ports used ≈ 20,000 anodes each.  The 239 

highway and bridge sector consumed least number of anodes (about 400 anodes were used in 240 

two projects in the year 2016).  This indicates that significant efforts are needed to promote the 241 

use of CP systems in highways and bridges.  This is of utmost importance because the Indian 242 

Bridge Management Systems (IBMS) has recently identified about 6000 bridges for immediate 243 

repair [53].  The LCC of those bridges can be significantly reduced if CP systems are used 244 

while repairing the bridges with corrosion as a root cause of distress.   245 

 246 
Figure 4: Acceptance of galvanic anodes to repair RC systems from 2003 to 2020. 247 

Overall, only about 70 projects in India have used galvanic anodes in the repair work, 248 

which is miniscule while considering the huge number of ongoing repair projects across the 249 

country.  Similar could be the case in many parts of the world – highlighting a dire need to 250 
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promote CP technology across the world and save structures from deterioration.  The authors 251 

believe that the use of galvanic anodes in RC systems was/is limited because of the following: 252 

(i) lack of experienced CP professionals in construction sector, (ii) wrong belief that the 253 

introduction of CP in repair industry could reduce the market share of repair chemicals, and 254 

(iii) lack of knowledge of the life-cycle benefits of CP. 255 

Even today, only a few firms in India practice the use of good galvanic anodes for 256 

concrete repair.  About more than a decade ago, a few practitioners in India started pilot studies 257 

with CP in concrete repair projects.  In these, minimum number of galvanic anodes was 258 

determined using an approximate calculation and without considering the actual surface area 259 

of the steel, concrete resistivity, exposure condition, etc.  For example, a standard practice of 260 

one anode per m2 of concrete surface area was considered, which may not be sufficient to 261 

passivate the steel rebars, but adequate to suppress ongoing corrosion.  Also, in India, one 262 

recently constructed port facility has used cathodic prevention systems, which is a very positive 263 

signal indicating that engineers are now realizing the importance of CP and CPrev technologies 264 

for concrete structures. 265 

3.2.2 Worldwide experience with CP 266 

Figure 5 shows the sector-wise distribution of CP usage worldwide from 2003 to 2018.  Figure 267 

5(a) shows that 62% of cathodically protected structures belong to industrial facilities with 268 

aggressive environments (e.g., chemical manufacturing plants and industrial effluent treatment 269 

plants).  Other buildings (e.g., government, heritage, and institutional buildings, public parks, 270 

and shopping complexes) and jetties and ports used about 15% of the total anodes used.  Figure 271 

5(b) shows the sector-wise distribution of various repair projects with cathodic prevention 272 

(CPrev).  It is observed that 28%, 25%, and 18% of structures with CPrev are residential, 273 

industrial, and commercial buildings, respectively.  However, cathodic prevention and 274 
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protection are least employed in power plants, highways and bridges ranges from about 275 

4 to 10%. 276 

In general, the long-term performance data of CP systems from many of these structures 277 

are not available because the clients hesitate to facilitate field measurements.  Based on the 278 

available documentation, data collected, site visits, and possible access to the structure, the 279 

authors have selected two of the infrastructure (a finger jetty and an industrial building) to 280 

present the long-term performance of CP systems. 281 

 282 

  

 

(a) Cathodic protection (b) Cathodic prevention 

Figure 5: Distribution of usage of the galvanic anodes in various repair works 283 

worldwide from 2003 to 2018 (Courtesy: Vector Corrosion Technologies, Canada). 284 

 285 

 286 

4 LONG-TERM PERFORMANCE OF CATHODIC PROTECTION IN 287 

CONCRETE STRUCTURES 288 

This section presents two case studies on the performance of CP systems on  (i) a finger jetty 289 

and (ii) an industrial building exposed to the marine environments.  The details about the field 290 

investigation, methodology of repair, and the results on the long-term performance are 291 

discussed next. 292 
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4.1 Case study 1 - Finger jetty in Chennai, India  293 

4.1.1 Field investigation 294 

Figure 6 shows the photograph, schematic, and layout of finger jetty constructed in 1992 and 295 

located at Chennai city in the East Coast of India.  As shown in Figure 6(b), the typical tidal 296 

variation is 0.7 m and the mean sea level (MSL) is below the pier cap indicating that the top 297 

portion of the pier and pier cap experiences severe wet-dry exposure to seawater.  After about 298 

14 years of service, although M35 concrete was used, significant corrosion of rebars was 299 

observed in the piers at the splash zone (see Figure 7(a)).  In 2005, the jetty structure was 300 

visually investigated, and chloride tests were conducted (as per ASTM C1152) on the 301 

cylindrical concrete core samples extracted from the structure.  An average chloride 302 

concentration in concrete at the rebar level was found to be greater than 0.6% by weight of the 303 

binder, which is significantly higher than the chloride threshold of the uncoated steel rebar in 304 

concrete [54].  Based on the visual inspection and chloride concentrations determined, it was 305 

decided to repair and strengthen the piers and pier caps immediately. 306 
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(a) Repaired piers of finger jetty (Photograph taken in 2019) (b) Elevation of the piers and jacket 

repair 

 

(c) Layout of the finger jetty (Monitoring boxes were installed on the shaded piers only) 

Figure 6: Repaired finger jetty in Chennai, India 307 

 308 

4.1.2 Methodology of the repair using galvanic anodes and subsequent inspections 309 

Figure 7(b) shows the photograph (taken in 2005) of a pier under repair.  The sacrificial steel 310 

liners were removed for upto ≈ 0.2 m deep from the bottom of the pier cap.  The rebars were 311 

coated with anticorrosive zinc coating.  Also, one anode was installed for every 1 m2 of 312 

concrete surface.  About 10 m3
 of prepackaged repair concrete (denoted as ‘microconcrete’, 313 

herein) was used for repair.  Also, about 10 tons of additional reinforcing steel was used.  An 314 

epoxy-based polymer adhesive was applied to the existing concrete surface – to enhance the 315 

bond between the microconcrete and substrate concrete.  Considering the high chloride 316 

contamination at the rebar level and significant loss of steel cross-section, the repair using 317 

galvanic anodes was recommended.  For this, the continuity of all the rebars in the piers was 318 

checked using a high impedance multimeter to ensure the functioning of CP systems.  A total 319 

of about 1400 galvanic anodes were installed in various structural elements (pier, pier cap, 320 
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longitudinal beams, and slabs).  Figure 7(b) shows the additional reinforcement and galvanic 321 

anodes installed in one of the piers.  Figure 7(c) shows the piers after repair using the CP.  To 322 

monitor the performance of galvanic anodes, monitoring boxes were installed in eight piers 323 

[see the shaded piers in Figure 6(c)]. 324 

From 2005 onwards, depolarized potential of steel and output current from the anodes 325 

(Ioutput) were obtained from the piers.  During depolarization tests, the anode-steel circuits are 326 

disconnected and allowed to depolarize for 24 hours, then HCP of the steel rebars are measured 327 

(as per ASTM C876 procedures) and defined as the depolarized corrosion potential (E24h).  328 

After obtaining the E24h, the steel-anode circuits are reconnected for the CP system to resume 329 

its function.  The E24h of steels were monitored at about every six months until 4 years after the 330 

installation of anodes.  After that, frequent visual inspections were carried out.  In 2019, after 331 

14 years from the 1st repair with CP, the monitoring boxes were found to be degraded and even 332 

missing in some cases; and hence, E24h could not be measured and only Ioutput was measured. 333 

 334 

   

(a) Piers with corroded rebars 

(with circular cross-section) 

(b) Setup for concrete jacketing 

with additional rebars and 

galvanic anodes 

(d) Piers after repair 

(with rectangular cross-section) 

Figure 7: Repair of finger jetty using galvanic anodes  335 

4.1.3 14-year long performance of galvanic anodes 336 

Figure 8(a) shows the E24h of steel rebars in the piers before and after the repair.  Note that the 337 

starting data point (inside the ellipse) of each curve is the HCP of the steel rebars before the 338 

installation of anodes and are more negative than −350 mVCSE, which indicate high probability 339 
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of corrosion.  After six months of repair, E24h were more positive than −100 mVCSE, which 340 

indicate re-passivation of rebars within about six months of installation of galvanic anodes.  341 

E24h were monitored for about four years and were found to be more positive than –270 mVCSE.  342 

This indicates that the probability of corrosion was less than 10% (as per ASTM C876 2015(as 343 

per ASTM C876 2015)). Due to contractual agreements and other constraints, regular 344 

monitoring was possible only until 4 years after the installation of anodes.  Later, after 14 years 345 

of first repair, a visual inspection was conducted, and no significant corrosion-induced cracks 346 

were observed on the concrete surfaces.  Figure 8(b) shows a photograph of one of the pier 347 

caps with cracks 14 years after the repair - indicating good protection of embedded steel for 348 

more than 14 years. 349 

 
 

(a) Depolarized corrosion potentials obtained 

from piers of finger jetty 

(b) CP protected pier after 14 years 

Figure 8: 14-year long performance of repair using galvanic anodes in Finger Jetty. 350 

During the 2019 visit, it was found that all the monitoring boxes and lead wires were 351 

naturally damaged/degraded (see Figure 9(a) for a typical scenario). Also, many of the 352 

monitoring boxes and lead wires were missing (say, degraded/damaged and fallen into the 353 

seawater below).  Hence, E24h could not be measured and only the Ioutput was obtained from 354 

Piers 1 to 8 (see Figure 9(b)).  The Ioutput from a galvanic anode in Piers 1 and 5 were 0.25 and 355 

0.42 µA, respectively, which are significantly higher than the Ioutput from galvanic anodes in 356 
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other piers.  Piers 1 and 5 are located in the outer wing of the finger jetty and experience the 357 

incoming tides to higher level than the internal piers.  Also, the outer piers have been 358 

experiencing higher temperature (during summer) and more severe splashing, whereas the 359 

inner piers always experienced lower temperature (under shade) and less severe splashing.  360 

Therefore, the Ioutput required for the outer piers could be higher than that for the inner piers.  361 

Figure 8(a) shows that the rebars are passivated within the first six months after the installation 362 

of anodes; also, the Ioutput would be less for the anodes connected to the passivated steel, which 363 

is the case for Piers other than P1 and P5.  In case of P1 and P5, the Ioutput required to protect 364 

the steel is high, the same is provided by the anodes, and no corrosion-induced cracks were 365 

visible – hence, it can be concluded that the steel is protected from corrosion.  Due to the high 366 

Ioutput, the anodes in P1 and P5 have shorter residual life than in other piers and may have to be 367 

replaced soon.  Frequent monitoring (say, once in every 2 years) of Ioutput from the Piers 1 to 8 368 

can help in developing a preventive maintenance strategy and protecting the steel inside the 369 

piers for as long as desired – with minimal life cycle cost implications. 370 

  

(a) Missing, naturally degraded/damaged monitoring 

boxes 

(b) Output current data collected in 2019 

Figure 9: Condition of monitoring boxes and the output current of anodes, at the end of 371 

14 years after repair. 372 

 373 



Page 20 of 39 

 

4.2 Case study 2 - Industrial building 374 

4.2.1 Methodology of repair using galvanic anodes and subsequent inspections 375 

Figure 10 shows the photograph of a four-storey industrial building (salt processing unit) built 376 

in the early 1990s near a seashore in Tamil Nadu, India.  Due to the high chloride and humidity 377 

levels, significant corrosion and concrete spalling were observed in about 15 years of service 378 

(see Figure 10(a)).  Because of this severe and visible corrosion conditions, the various 379 

columns, slabs, and beams were cathodically protected using a total of about 2,800 anodes. 380 

Figure 11(a) shows the layout of the structural frame of the building. Monitoring boxes were 381 

installed at the following members in various floors: (i) Ground floor: Beams B5-C5, and A3-382 

B3, (ii) 1st floor: Column C4, (iii) 2nd floor: Column C1, Beam B2-B3, and (iv) 3rd floor: 383 

Beam C2-C3.  At these locations, E24h was measured at every six months until four years after 384 

the installation of anodes. 385 

 
 

(a) Before repair (b) After repair  

Figure 10: Industrial building (salt processing unit) before and after the repair in 2008 386 

 387 

4.2.2 4-year long performance of galvanic anodes 388 

Figure 11(b) shows the variation of the E24h of steel rebars after the installation of anodes. At 389 

the end of six months, E24h was about –50 mVCSE, which indicates that the galvanic anodes 390 

have passivated the steel rebars.  At the end of 4 years, the E24h reached from about –50 mVCSE 391 
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to about –200 mVCSE, which indicate that the steel rebars were still in passive state.  Due to 392 

contractual agreements and other constraints, regular monitoring was possible only for 4 years 393 

after installing anodes. However, to check the long-term performance of galvanic anodes, a 394 

visual inspection of the industrial building was conducted at the end of 10 years after repair. It 395 

was observed that the structural elements did not exhibit any corrosion-induced cracking.  396 

However, in 2018, the salt processing procedure was changed, and the building was 397 

demolished. But this is a very good case study showing that galvanic anodes can protect the 398 

steel rebars from corrosion for more than 10 years, even in chloride-rich environments.  399 

However, clients are hesitant to adopt repairs using galvanic anodes due to the myth of the high 400 

cost of anodes instead of considering the effect of galvanic anodes on the LCC of the structure. 401 

  

(a) Layout of the structural members  (b) Variation of depolarized potential  

Figure 11: Depolarized potential (E24h) obtained from the industrial building elements. 402 

 403 

5 EFFECT OF REPAIRS WITH AND WITHOUT GALVANIC ANODES 404 

Figure 12 shows the difference between the patch repairs with and without galvanic anodes.  405 

In case of repair without CP, the steel rebars can corrode due to two mechanisms: (i) new 406 

corrosion due to the halo effect and (ii) continued corrosion due to the possible residual 407 

chlorides in the residual corrosion products (say, residual chloride effect; if rebars are not 408 

undercut and cleaned well, which is usually the case in many repair projects). The former 409 

1 2 3 4 5
−300

−250

−200

−150

−100

−50

0

D
ep

o
la

ri
se

d
 p

o
te

n
ti

al
 (

m
V

C
S

E
)

Age of repair (years)

 B5-C5

 A3-B3

 C4

 A3-B3

 C1

 B2-B3

 C2-C3



Page 22 of 39 

 

results in an increase in the length of corroding region on the rebars and the area of repair 410 

region.  The latter results in a reduction in the cross-sectional area of rebars in the already 411 

corroded portions.  Use of CP can arrest corrosion due to both these mechanisms, which is 412 

depicted in the schematics in Figure 12. 413 

Figure 12(a) shows that when patch repaired without anodes, the length of the corroded 414 

regions of rebars and the area of repair region continues to increase.  The structural capacity of 415 

the RC systems continues to decrease during the life of patch repair without CP; necessitating 416 

more frequent repairs with increasing areas of repair region.  Also, as shown in the last 417 

schematic in Figure 12(a), this can lead to severe ongoing corrosion in short period of time 418 

(say, n1 years after first repair) requiring the addition of even splice rebars.  These will have 419 

significant impact on the LCC after 1st repair.  On the other hand, Figure 12(b) shows that when 420 

an RC system is repaired with galvanic anodes, the corrosion due to both the halo effect and 421 

residual chloride effect is arrested or controlled.  The schematics corresponding to “in-422 

between” indicate that the repair region do not increase (anodes prevent halo effect), cross-423 

sectional area of rebars do not decrease (anodes stop corrosion due to the residual chloride 424 

effect).  When the anode is found to be consumed completely (say, after n2 years after the 1st 425 

repair; n1 < n2), they can be replaced with new anodes at a lower cost than the repair cost in the 426 

case of patch repair without CP.  However, it should be noted that the locations of all anodes 427 

must be identified to enable easy replacement. 428 
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 429 
Figure 12: Differences in the areas of repair region and steel corrosion in case of patch 430 

repairs with and without CP [Not drawn to scale] 431 

6 LIFE-CYCLE-COST (LCC) ANALYSIS OF REPAIRS 432 

To compare the life-cycle-cost (LCC) of conventional patch repair with and without galvanic 433 

anodes, the individual costs associated with the various repair materials/systems/activities are 434 

required.  Herein, the patch repair without and with cathodic protection are denoted as “PR” 435 

and “CP”, respectively. 436 

6.1 Framework for estimating the LCC of repairs 437 

The LCC of the repair is calculated considering the costs associated with all the possible future 438 

repeated repairs and inspections during the repair life; the costs of construction and demolition 439 

are not included.  Figure 13 shows a flowchart showing the framework for estimating the LCC 440 

of repairs in the following four major steps: (S1) Capital cost of repair, (S2) Future value (FV) 441 
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of subsequent inspections, (S3) FV of subsequent repairs, and (S4) Cumulative FV of repairs 442 

and inspections, which is LCC of repairs.  Following is a discussion on these major steps. 443 

S1: Capital cost of repair is the sum of the cost of the first repair work and the cost of 444 

inspection prior to that (Cinsp-zero).  For example, the cost of 1st repair for PR and CP strategies 445 

are calculated using Eq. 3 and Eq. 4, respectively (see S1 in Figure 13). 446 

Capital cost of PR, Ctotal, PR = C + Cinsp-zero  (3) 

Capital cost of CP, Ctotal, CP = C + Canodes + Cinsp-zero  (4) 

where, C is the sum of the cost of all the repair heads, such as (i) cleaning and preparation of 447 

the surface of steel and concrete at the repair region, (ii) additional steel, (iii) formwork, 448 

(iv) bonding agent for concrete surface, (v) repair concrete, (vi) other costs (if any), and Canodes 449 

is the cost of anodes (including shipment, installation, and monitoring). 450 

S2: FV of subsquent inspections until the End of Life (EoL) or the ‘LCC analysis 451 

period’ are calculated using Eq. 5 (see B2 in Figure 13). 452 

Cinsp, i  =  (1+ r)Tinsp, i × Cinsp-zero; i = 1, 2, 3, …     (5) 

where, r is the discount rate, Tinsp, i is the time elapsed from the 1st to ith inspection.  Frequency 453 

of inspections of infrastructure varies based on the suggested duration prescribed by the 454 

governing code of practice or client. 455 

S3: FV of subsquent repairs are calculated using Eq. 6 and Eq. 7, respectively (see 456 

S3a and S3b in Figure 13). 457 

CPR, j = (1 + r)
Trep, j × CPR, 1;   j = 2, 3, 4, …   (6) 

CCP, j = (1 + r)
Trep, j × (Canodes +  Cinsp-zero);  j = 2, 3, 4, …  (7) 

where, CPR, j is the sum of the various head-wise costs of jth patch repair and the inspection 458 

costs; whereas CCP, j is the sum of the cost of anodes, and the inspection prior to the jth repair.  459 

Note that in case of CP strategy, the patch repair is needed only once and hence, the repair costs 460 
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(for j > 1) include only the cost of anode replacement and not cost of patch repair; this 461 

significantly reduce the LCC of CP strategy. CPR, 1 and CCP, 1 are calculated in S1. 462 

S4: Cumulative FV of repair is obtained by adding all the CPR, j costs until the time 463 

when the number of repairs is equal to the maximum allowable number of repairs (say, j = jmax) 464 

OR until the end of ‘LCC analysis period’, whichever is shorter.  This cumulatiuve CPR is 465 

defined as Ctotal, PR and is the LCC of the PR strategy.  The Ctotal, CP for the CP strategy can also 466 

be calculated in a similar manner (see S4 in Figure 13).  Using this framework, the LCC of the 467 

various repair strategies can be compared for selecting a suitable repair strategy.  Next section 468 

demonstrates this through the case study of the CP repair of a jetty structure in Chennai, India. 469 
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Symbols: C : Cost of repair excluding the cost of inspection and anodes; Canodes : Cost of manufacturing, 

supply, and installation of anodes;  Cinsp-zero : Cost of inspection at the time of 1st repair;  Cinsp, i : FV of 

ith inspection;  CPR, j : FV of jth repair without CP;  CCP, j : FV of jth repair with CP;  Ctotal, PR : Total cost of patch 

repair till nth year;  Ctotal, CP : Total cost of patch repair with CP till nth year;  i : Identification of individual 

inspection;  j : Identification of individual repair;  jmax : Maximum allowable number of repairs;  n : Time 

elapsed from 1st repair;  nmax : Maximum possible service life extension; r : Discount rate; tinsp, i : Time interval 

between (i-1)th and ith inspections;  trep, j : Service life of jth repair; Tinsp, i : Time elapsed between 1st and 

ith inspection; Trep, j : Time elapsed between 1st and jth repairs  

 

Figure 13: Generalized framework to calculate LCC for repair with and without CP 470 
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6.2 Case studies - Comparison of LCC of PR, CP and CPrev strategies 471 

6.2.1 Input data for LCC of CP repair of finger jetty 472 

As discussed earlier, in 2004, the finger jetty in Chennai was repaired using CP strategy (i.e., 473 

patch-repaired with anodes) and was one of the early CP pilot projects in India.  Figure 14 474 

shows the distribution of various costs associated with this CP repair work. Repair concrete 475 

(microconcrte) used for patch repair constitutes a significant majority (about 66%) of the repair 476 

cost.  On the other hand, the total cost of the CP system (galvanic anodes and monitoring boxes) 477 

was only about 3% of the total cost of repair and is negligible considering the cost of 478 

microconcrete. This disproves the myth that the use of CP would add significantly to the cost 479 

of repair and also emphasizes that the LCC (instead of capital cost) should be considered for 480 

selecting a repair strategy.  481 

 482 

 483 
Figure 14: Head-wise cost of repair with CP at finger jetty, Chennai, India 484 

 485 

6.2.2 LCC of repairs of finger jetty 486 

The LCCs of the following three repair strategies for the jetty in Chennai, India were compared: 487 

 PR strategy - Patch repair without CP and repeated every 5th year (see Figure 3) 488 
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 CP strategy - Patch repair with galvanic anodes and repeated replacement of galvanic 489 

anodes at every 15th year (see Case Study 1), and 490 

 CPrev strategy – Installation of galvanic anodes at the time of construction and 491 

repeated replacement of anodes at the end of the design life of the galvanic anodes, i.e., 492 

30 year. 493 

Note that the CP strategy was actually adopted for the structure and the PR and CPrev strategies 494 

are hypothetical in this discussion.  In these three strategies, the LCC was stopped if one of the 495 

following two conditions were satisfied: (i) maximum number of repairs are five (jmax = 5) and 496 

(ii) LCC analysis period is 75 years.  For LCC calculation, the discount rate, r, is assumed to 497 

be 7% [56].  Figure 15 shows three cash flow diagrams (step function) showing the variation 498 

of the cumulative FV for PR, CP, and CPrev strategies (i.e., Ctotal, PR, Ctotal, CP, and Ctotal, CPrev).  499 

For the ease of comparison, the LCC at each year is normalized to the maximum cumulative 500 

cost spent for CP repair (Ctotal, CP at 90th year (i.e. 75 years after 1st repair).  Note that the first 501 

repair in both the PR and CP strategies were done at 15 years after construction.  Each unfilled 502 

square marker along the step function graph represents the repeated patch repair.  Each unfilled 503 

circular and triangular markers along the step function graph represents the repeated 504 

replacements of galvanic anodes in CP and CPrev strategies, respectively.   505 

This paragraph compares the capital cost of PR, CP, and CPrev strategies (see S1 in 506 

Figure 13).  Note that the hypothetical CPrev is assumed to be implemented at the time of 507 

construction and the cost was about 0.2% more than the cost of PR or CP repair (see Close-up 508 

A in Figure 15).  At the time of 1st repair (in 15 years after construction), the cumulative cost 509 

of PR and CP repairs were about 25 times more than the FV of CPrev – indicating significant 510 

advantage of choosing CPrev option in the long-term.  However, most often engineers tend to 511 

cite the constraints associated with construction budgets and do not opt for CPrev strategy, 512 

leading to significant repair costs later.  For the jetty structure in study, the cost of 1st CP repair 513 
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was obtained and is about 4% more than the cost of the hypothetical PR repair (see Close-up 514 

B in Figure 15).  Therefore, capital cost of CPrev < PR < CP and is not a correct comparison 515 

to base the selection of repair strategy.  The comparison of costs of repair should be made based 516 

on LCC during the analysis period or the desired extension of service life. 517 

In this paragraph, the LCCs at 45 and 90 years of service are discussed.  Until 45 years 518 

of service (i.e., 30 years after the first repair), the PR strategy would require six repeated patch 519 

repairs.  During this time, the structure may experience significant deterioration because of the 520 

continued steel corrosion (due to halo effect and residual chloride effects) until End of Life 521 

(EoL).  At 45 years of service, if CP strategy is adopted for repair, then the anodes need to be 522 

replaced twice; if CPrev strategy is adopted, then anodes need only one replacement. Also, in 523 

comparison with the FV of PR strategy, the adoption of CP and CPrev strategies can reduce 524 

the cumulative FV (at 45 years of service) by 90 and 98%, respectively.  In addition, it is 525 

estimated that the cumulative FV (at 90 years of service) of CP strategy is about twice that of 526 

CPrev strategy.  This indicate that the longer the LCC analysis period, the more will be the 527 

LCC of CP strategy when compared to CPrev strategy.  Also, note that the PR strategy is not 528 

able to provide a total service life of more than about 45 years; whereas both CP and CPrev 529 

stratgies are able to provide a total service life of more than 90 years. 530 

In other words, the adopted CP strategy in the jetty structure is expected to provide 45+ 531 

years of additional service with about half the LCC of PR strategy; and further life extension 532 

is possible with repeated replacement anodes for as long as needed.  Ideally, if the galvanic 533 

anodes are replaced as required and repeatedly, the CP and CPrev strategies can arrest steel 534 

corrosion for as long as needed.  However, it should be noted that the CPrev strategy is possible 535 

only for structures that are yet to experience corrosion.  For corroding structures, CP is the only 536 

appropriate option - among the PR, CP, and CPrev strategies under study.  This detailed study 537 
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on LCC shows that the adoption of either CP or CPrev can lead to huge savings in term sof 538 

LCC, see Figure 15.  Further examples of such huge savings in LCC are shown next. 539 

 540 
Figure 15: Life-cycle cost of PR, CP, and CPrev strategies for the repair of Jetty in 541 

Chennai, India. 542 

6.3 30 case studies on saving in LCC 543 

Table 1 shows the cost data for the 30 repairs with CP strategy in various sectors, such as jetty 544 

and ports, highway and bridges, industrial building.  Using these data, LCCs of the 30 structures 545 

were calculated as per the framework proposed in Figure 13.  Figure 16 shows the time-variant 546 

saving in LCC with the adoption of CP strategy over PR strategy for the 30 case studies.  It 547 

shows that at the end of first repair, employing a CP strategy instead of PR strategy would lead 548 

to ≈7% more capital cost (mainly due to the additional cost of the anodes).  Most often, 549 

engineers tend to decide against the CP strategy because of this small increase in capital cost. 550 

Considering only capital cost is not a suitable approach; and the decision on repair strategies 551 

must be made based on LCCs.  As shown in Figure 16, at the end of 5, 10, 15, and 30 years 552 
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from 1st repair, the LCC saving with adoption of CP strategy is about 55, 75, 80, and 90%, 553 

respectively.  After 20 years of repair, the rate of increase in LCC saving decreases and LCC 554 

saving becomes asymptotic to the time axis.  Note that the LCC beyond 30 years after first 555 

repair is not calculated because the structures with PR strategy experience multiple patch 556 

repairs without arresting corrosion and reach their End of Life typically at about 30 years after 557 

first patch repair. Thereafter, they get either demolished or replaced.  Therefore, for corroding 558 

infrastructure, the CP repair strategy is clearly more economical than the PR strategy.  Also, 559 

this paper discusses only the direct costs; if the indirect costs are considered, then the 560 

advantages of adopting CP or CPrev strategies over PR strategy would be further enhanced.  561 

However, data to estimate indirect costs were not available, hence kept out of scope of this 562 

paper. 563 
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Table 1: Various cases studies on concrete structures with repair using CP in India 564 

Type of structure 
Location (State/Union 

Territory) 

Year of anode 

installation 

Number of 

anodes 

Total cost of anodes 

at the time of repair 

(INR)  

Jetty 1 Lakshadweep islands 2005 440 264,000  

Jetty 1 
Tamil Nadu 

2008 1390 959,100  

Jetty 2 2008 790 545,100  

Jetty and approach bridge Maharashtra 2009 1200 1,050,000  

Jetty 3 
Lakshadweep islands 

2009 500 345,000  

Jetty 4 2009 460 317,400  

Jetty and fender columns Gujarat 2010 225 249,975  

Jetty deck slab beams 1 Goa 2011 400 376,800  

Water treatment plant Maharashtra 2014 1500 1,350,000  

Industrial building 1 
Gujarat 

2015 40 52,000  

Industrial building 2 2016 210 220,080  

Staircase in a building Puducherry 2016 86 193,500  

Bridge 1 

Gujarat 

2017 240 289,920  

Residential building 2017 453 449,829  

Bridge 2 2017 61 61,000  

Industrial building 3 2017 250 300,000  

Public building 2018 180 199,980  

Office building 1 Maharashtra 2018 910 1,274,000  

Pipe rack 1 

Gujarat 

2018 600 720,000  

Industrial building 4 2018 220 225,060  

Industrial building 5 2018 200 220,000  

Wastewater treatment tank 2019 131 236,455  

Office building 2 Tamil Nadu 2019 50 50,000  

Pipe rack 2 

Gujarat 

2019 500 600,000  

Industrial building 6 2019 1316 2,500,400  

Industrial building 7 2019 200 220,000  

Water-treatment plant 2019 2837 6,388,924  

Cooling tower 2020 9000 15,138,000  

Jetty deck slab beams 2 2020 10000 12,000,000  

Office building 3 2020 60 181,740  

 565 



Page 33 of 39 

 

 566 
Figure 16: LCC saving due to CP strategy 567 

7 WAY FORWARD 568 

Conventional PR strategy alone may not arrest the corrosion due to halo effect and residual 569 

chloride effects – resulting in continued corrosion of structures leading to multiple and less 570 

durable repairs and eventual replacement of structures in a few decades.  Adoption of CP 571 

strategy (patch repair with galvanic anodes) is a viable and cost-effective option to extend the 572 

service life for multiple decades.  Based on the experience in India, the authors suggest the 573 

following as the way forward for promoting CP strategy in the concrete repair industry: (i) to 574 

perceive galvanic anodes as a product that augments the performance of other concrete repair 575 

products rather than as a competitor, (ii) emphasize on the electrochemical advantages of CP 576 

strategy in stopping further corrosion/damage and the possibility of enhancing service life to 577 

as long as needed by less expensive replacement of anodes (iii) give more emphasize on the 578 

LCC benefits of CP strategy over the capital cost benefits alone of PR strategy, (iv) allow pilot 579 

studies on CP strategy in concrete repair works with provision for long-term monitoring of 580 

performance, (v) incorporation of good performance based specifications for CP strategy in the 581 

documents governing repair activities, especially in the public sector, and (vi) enable industry-582 

supported academic research on CP strategies and use the performance data of anodes to 583 

enhance the codal specifications, in addition to the scholarly publications. 584 
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8 SUMMARY AND CONCLUSIONS 585 

A market study was conducted on the performance and life cycle cost (LCC) of cathodic 586 

protection using galvanic anodes (CP strategy) in reinforced concrete (RC) structures in India 587 

and worldwide.  It was found that CP is commonly used in coastal structures such as jetties and 588 

ports and ignored in many other structures, such as highways, railways, buildings.  Therefore, 589 

significant efforts are required to promote the use of CP systems in highways, bridges, and 590 

buildings for durable and economical repairs.  For this, long-term performance and cost data 591 

from a jetty and an industrial building structure were inivestigated.  The long-term 592 

electrochemical data and visual observations concluded that galvanic anodes can arrest steel 593 

corrosion for at least 14 years in chloride-rich environment.  Also, a framework to estimate the 594 

life cycle cost (LCC) was developed and the differences in LCCs between patch repair (PR), 595 

CP and cathodic prevention (CPrev) strategies for the jetty structure were evaluated.  The 596 

comparison of the capital cost of repair without and with CP for 30 case studies shows that 597 

employing CP strategy instead of PR strategy would lead to ≈7% more capital cost.  However, 598 

comparison of LCC of repair for 10 and 30 years of service life extension shows that CP repairs 599 

can save about 55% and 90%, respectively, as compared to the LCC of PR.  In addition, PR 600 

strategy allows continued corrosion (due to halo effect and residual chloride effect) and could 601 

not extend service life beyond 30 years after first repair; whereas, CP and CPrev strategies can 602 

enhance the service life to as long as needed by the replacement of anodes at regular intervals 603 

and at a minimal cost of about 5% of the cost of first repair.  Also, the LCC of CP strategy (at 604 

90 years) is just about half that of PR strategy (at 45 years).  This paper provides technical and 605 

economic advantages of adopting CP strategy in all the repairs, where corrosion due to halo 606 

effect and residual chloride effect are possible and multiple decades of life extension is desired. 607 
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corrosion and eventual replacement of structures and huge life cycle cost (LCC).  On the other 14 

hand, the strategy of cathodic protection using galvanic anodes (CP strategy) can enhance the 15 

service life and reduce LCC.  The data on long-term depolarized potential of steel, output 16 

current from the anodes and/or visual observations indicated that the galvanic anodes were 17 

successful in controlling the chloride-induced corrosion for up to 14 and 10 years, in a jetty 18 

and industrial building, respectively.  It was also found that the additional cost of galvanic 19 
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capital cost of CP strategy. Then, a framework to estimate the LCC of PR and CP repair 21 

strategies is developed and it is found that CP and cathodic prevention (CPrev) strategies are 22 

highly economical than the PR strategy.  Also, the LCC of 30 repair projects confirmed that 23 

the use of CP strategy can lead to LCC saving of upto about 90% in about 30 years after the 24 

first repair.  More importantly, the CP and CPrev strategies can enhance the service life to as 25 

long as needed by the replacement of anodes at regular intervals and at minimal cost.  Also, a 26 

way forward to promote CP strategy in concrete repair industry is provided. 27 
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LIST OF SYMBOLS AND ABBREVIATIONS 30 

C : Cost of repair excluding the cost of inspection and anodes 

Canode : Cost of manufacturing, supply, and installation of anodes 

CCP, j : Future value of jth repair with CP 

Cinsp-zero : Cost of inspection at the time of 1st repair 

Cinsp, i : Future value of ith inspection 

CP : Cathodic protection (with galvanic anodes) 

CPrev : Cathodic prevention (with galvanic anodes) 

CPR, j : Future value of jth repair without CP 

CSE : Copper-copper sulfate reference electrode  

Ctotal, CP : Total cost of repair with CP till nth year 

Ctotal, PR  Total cost of repair without CP till nth year 

E24h : Depolarized potential at 24 hours 

Ei-Off : Potential of the polarised steel within 0.1 seconds after disconnecting from the 

anode 

FV : Future value 

HCP : Half-cell potential 

i : Identification of individual inspection (i = 1, 2, 3, …) 

ICCP : Impressed current cathodic protection system 

j : Identification of individual repair (j = 1, 2, 3, …) 
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LCC : Life cycle cost 

n : Time elapsed from 1st repair (n = 1, 2, 3, …) 

nmax : Maximum service life extension (analysis period) 
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r : Discount rate 
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tinitiation : Duration of corrosion initiation phase 

tinsp, i : Time interval between (i-1)th and ith inspections 

tpropagation : Duration of corrosion propagation phase 

trepair : Duration of the entire repair phase (Desired extension in service life) 

trep, j : Service life of jth repair 

Tinsp, i : Time elapsed between 1st and ith inspection (i = 1, 2, 3, ...) 

Trep, j : Time elapsed between 1st and jth repairs (j = 1, 2, 3, ...) 
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1 INTRODUCTION 32 

Corrosion of steel reinforcement is one of the major deterioration mechanisms in reinforced 33 

concrete (RC) systems.  The service life of the reinforced concrete system is defined as the 34 

duration in which the structure can meet the user requirements.  Generally, it is represented as 35 

the summation of the initiation phase (tinitiation) and the propagation phase (tpropagation) [1].  The 36 

former is the duration during which the chloride from the atmosphere travels through the 37 

concrete cover and a specific concentration, known as chloride threshold, reaches the surface 38 

of steel rebars and initiates corrosion, see inset in Figure 1.  During the tpropagation, the rebar 39 

continues to corrode.  The corrosion of steel rebars results in steel cross-sectional loss and the 40 

formation of corrosion products with more than two times the volume of the steel.  This rust 41 

products applies radially outward pressure on cover concrete, and results in cracking of cover 42 

concrete.  tpropagation ends when the damage level is more than the allowable damage level.  Due 43 

to presence of cracks on concrete, tpropagation is expected to be significantly less than tinitiation.  44 

Therefore, as soon the rebar in concrete systems exhibit corrosion, structure should be repaired.  45 

However, repair of RC system is usually carried out when the structure exhibits the maximum 46 

allowable damage, a reactive approach.  The life of repair depends on the adopted repair 47 

strategy and the quality of repair work. 48 

 49 

Figure 1: Schematic showing various phases during the service life of concrete 50 

structures 51 
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NACE Impact Report (2016) reports that about 50% of RC structures experience a 52 

major repair within ten years after construction [2].  To repair such systems, generally, patch 53 

repair is adopted.  However, many reports suggest that patch repair may not arrest the ongoing 54 

corrosion [3–5].  In addition, the corrosion can preferentially start at the interface of the parent 55 

and repaired concrete – also known as the halo effect, see Figure 2(a) [6,7].  This halo effect 56 

can lead to premature deterioration and repeated repair within about five years [4,8].  The repair 57 

of concrete systems needs cement, polymer-modified mortar, microconcrete, epoxy adhesive, 58 

and steel rebars, which have high embodied energy and high carbon footprint [9].  Therefore, 59 

implementing adequate electrochemical techniques such as cathodic protection using galvanic 60 

anodes (see Figure 2(b)) can increase the time interval between repairs.  Therefore, durable 61 

repairs can be achieved [10].  CP systems for concrete can be categorized into two: 62 

(i) impressed current cathodic protection (ICCP) system and (ii) Galvanic anode cathodic 63 

protection system [11,12].  This paper focuses on the latter system; the former will not be 64 

discussed herein. 65 

  

(a) Halo effect – when CP is not used (b) Prevention of halo effect – when CP is used 

Figure 2: Patch repair with and without galvanic anodes 66 

The effectiveness of a repair can be evaluated by estimating the service life of repair, 67 

frequency of inspection or maintenance, the time required to execute the repair, aesthetics after 68 

the repair, and life cycle cost (LCC) of repair.  Cathodic protection (CP) using galvanic anodes 69 

is one of the effective methods to control or prevent corrosion of rebars [13].  However, most 70 

of the repair projects do not consider using CP with patch repair because of the (i) lack of 71 
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sufficient long-term field data to substantiate the claim of protection using galvanic anodes and 72 

(ii) wrong perception on the possibly high initial cost of repair with galvanic anodes and lack 73 

of consideration of LCC.  It is high time that LCC is given due consideration while selecting 74 

repair strategies.  This paper focuses on comparing the long-term performance and LCC of 75 

patch repairs with and without CP. 76 

The remainder of the paper is arranged as follows.  First, the working principle and 77 

assessment methods for CP in the RC systems is presented.  Then, a review of literature is 78 

provided showing the lack of evidence on the long-term performance of CP in RC systems 79 

along with the concerns with the cost of repair with CP.  After that, a market study of the 80 

application of CP in India is presented.  Then, the details on long-term performance of CP 81 

systems on a jetty and industrial building structure are presented.  Then, a model is proposed 82 

to estimate the LCC of repair.  Then, the comparison of cost during the 30 years after first 83 

repair is compared.  Finally, conclusions from this research are presented. 84 

1.1 Cathodic protection systems in concrete 85 

The principle of CP is to polarize steel (metal to be protected) from its free corrosion potential 86 

to the cathodic regime, where the corrosion is less likely to occur [14].  In atmospherically 87 

exposed concrete with steel rebars, a protection current to modify the micro-environment at the 88 

steel-concrete interface to inhibit pitting corrosion is sufficient [15].  The presence of the 89 

additional cathodic reaction increases the rate of formation of hydroxyl (OH-) ions near the 90 

rebar surface – leading to the re-passivation of rebars in concrete.  In addition, the negative 91 

chloride or sulphate ions are repelled from the negatively charged steel rebars [15,16]. 92 

Typically, in concrete, CP is implemented by installing an anodic metal inside or on the 93 

surface of the concrete and electrically connecting it to the rebars to achieve a continuous 94 

supply of a small current (1 to 200 mA/m2) with or without using a rectifier unit [17].  Then, 95 

the steel rebar becomes the cathode, and the electrically connected sacrificing metal becomes 96 
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the anode.  If CP is implemented during the time of construction of the structure, the applied 97 

current density for protection can be in the range of 0.2 to 2 mA/m2 and the technique is termed 98 

cathodic prevention and denoted as CPrev, herein [11].  Because of less maintenance, 99 

monitoring, ease of installation, and protection against vandalism, the use of galvanic anodes 100 

for electrochemical repair of the RC systems are gaining acceptance in the last two decades 101 

[4,8,18].  The technique involves applying a permanent current through galvanic anodes in the 102 

range of 0.2 to 20 mA/m2 to the steel rebars [4,19].  Zinc is a widely used galvanic metal 103 

because of its high oxidation potential against steel [20].  The corrosivity of the zinc metal is 104 

ensured by embedding it in a high pH (13 to 14.5) or halide-activated environment [21–23].  In 105 

the case of alkali-activated zinc anodes, zinc anodes can get passivated if the pH of the 106 

embedding mortar is in the range of 12 to 9 [24].  Then, oxides of zinc start accumulating in 107 

the mortar pores and can hinder the ion-transport from the zinc to the steel [25,26].  Therefore, 108 

a frequent inspection needs to be conducted on the installed CP system to ensure the continuous 109 

functioning of these galvanic anodes till the desired service life of anodes (say, 20 to 25 years). 110 

1.2 Assessment of cathodic protection systems 111 

Presently, EN ISO 12696 (2016) and NACE SP0290 (2007)[11,27] are used for assessing the 112 

performance of CP in RC structures.  The test methods suggested in these standards mandate 113 

external electrical connections from the anodes to the steel through a monitoring box with a 114 

resistor and switch assembly.  One of the most widely adopted assessment criteria for CP in 115 

concrete is verifying a 100 mV shift in the potential of steel rebar by the influence of the 116 

galvanic anodes in 24 hours [28,29].  The potential shift is obtained by calculating the 117 

difference between the instantaneous-off potential (Ei-Off) and the 24-hour depolarised potential 118 

of the steel rebars (E24h).  The Ei-Off is the potential of the polarised steel within 0.1 seconds 119 

after disconnecting the anode [11].  The E24h of the steel is the potential measured after 24 120 

hours from the time of disconnecting the steel from the anode.  Engineers arrived at the 121 
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‘100 mV shift criteria’ through experimental studies on the corroding pipes buried in soil [28–122 

31].  However, in RC systems, the polarisation shift depends on the environmental conditions 123 

such as atmospheric temperature, relative humidity inside concrete, corrosion rate of steel, and 124 

level of chloride contamination [32].  Also, after the installation of CP and once the steel is 125 

protected/passivated, the use the 100 mV criteria is not appropriate for in-situ assessment 126 

because the steel being protected at that stage may not necessarily shift its potential by 100 mV 127 

if disconnected from the anode [33,34].  This is because the potential shift demand or current 128 

demand for protection is less at that stage.  In short, no conclusive empirical justification is 129 

reported to adopt ‘100 mV shift criteria’ for continuous assessment of CP in RC systems [35].  130 

An alternative approach to assess CP systems is to disconnect the system for 24 hours and 131 

checking the depolarised potential, which is essentially the half-cell potential (HCP) of the steel 132 

disconnected from the anode.  These HCP values can be compared with that of a 133 

protected/pristine rebars on the same structure and the active/passive states can be defined. 134 

1.3 Long-term performance of the galvanic anode CP system in concrete 135 

Much literature is available to validate the short-term working of galvanic anodes for RC 136 

systems through laboratory studies [25,36–39].  Also, consistent performance (for 4 years) of 137 

submerged anodes in exhibiting a 100 mV potential shift in RC column specimens [37,38].  138 

Another study suggested that the galvanic anodes can supply a current of ≈ 0.4 to 0.6 mA after 139 

about a year when the initial output current densities were 1.5 to 2.0 mA/m2 [6]. The galvanic 140 

anodes made in 1990s and 2000s were designed to function for 10+ years [8]. Later, based on 141 

a 20-year data from a CP system in a bridge in the UK, it was found that the anodes could 142 

protect the structure for about 15 years until the encapsulating mortar was saturated with alkali 143 

[40].  Today, many anodes with encapsulating mortar exhibiting adequate pore structure, long-144 

term and high pH buffer, and better ion-exchange system capabilities are available.  In support 145 

of this, much literature concludes that an adequately designed galvanic anode CP system could 146 
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extend the life of repair for more than 25 years; thereby, a repeated repair can be avoided 147 

[8,41,42]. 148 

1.4 Cost of repair using galvanic anodes 149 

There is a myth that the cost of anodes can significantly increase the cost of repair.  However, 150 

such myth arises because of the lack of consideration of life-cycle cost (LCC).  Ideally, such 151 

cost comparisons should be made between the LCC of repair instead of the capital cost of 152 

repair.  The LCC of a repair depends on the frequency of repeated repairs and the maximum 153 

number of possible repeated repairs during the desired service life [19].  The use of galvanic 154 

anodes can prevent the halo effect and help in decreasing the frequency of repeated repairs. 155 

Life-cycle costing can be used as a reliable tool to decide on a repair strategy [43,44] 156 

and to assess the performance of various repair strategies during the service-life, in terms of 157 

costs incurred for its acquisition, operation, maintenance, and disposal [45].  Typically, the 158 

LCC of infrastructure is calculated by the discounted cash flow method that involves the 159 

calculation of the net present cost (NPC) to account for the time value of money [46].  However, 160 

this requires the knowledge of the cash flow of every operations at each instances in the future, 161 

which is not available [47,48].  A comparative LCC can be conducted by obtaining the future 162 

value (FV) of all operations using the Eq. 1 and some assumptions on future cost parameters. 163 

FV = ∑  (1+r)n × C1
N
n=0  (1) 

where, C1 is the total cost at 1st year (can be a constant), N is the analysis period (say, desired 164 

life extension), and ‘r’ is the discount rate.  The number of repairs within the N years of life 165 

extension could be different for different repair strategies.  For example, N of 30 years can be 166 

achieved either by adopting a repair system with a life of five years for six times or another 167 

repair system with a life of 15 years for two times.  LCC in these two cases would be different 168 

and must be considered before making the choices.  The discount rate, r, accounts for both the 169 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Page 9 of 39 

 

nominal interest and inflation rates [49].  The LCC of infrastructure can then be calculated 170 

using Eq. 2 [47]. 171 

LCC = CD + CC + CR + CDD (2) 

where, CD is the cost of the design of the structure, CC is the cost of construction (acquisition 172 

and operation), CR is the maintenance and repair cost, and CDD is the cost for demolition and 173 

decommissioning of infrastructure. 174 

A few deterministic and probabilistic models are available to evaluate the LCC of RC 175 

structures exposed to various environments in a holistic manner [48,50,51].  Peng and Stewart 176 

used deterministic LCC by considering the number of maintenance instances and the efficiency 177 

of the material to compare the economic viability of various repair materials for surface repairs 178 

on RC structures deteriorated due to corrosion [52].  In another study, Younis et al. compared 179 

probabilistic and deterministic cost models for carbonation corrosion and showed that after 180 

100 years, the repair cost is reduced by 50 % compared to a deterministic LCC model [47].  181 

Polder et al. (2014) proposed a probabilistic cost model for estimating the LCC of ICCP 182 

systems in concrete by using failure data from 105 case studies.  The frequency of the global 183 

failure of the ICCP system was excluded from the model as it was scarcely reported within the 184 

analysis period [44].  The model used the average time for replacement of ICCP systems as 185 

≈ 15 years.  This replacement can be considered as a minor repair because it does not involve 186 

the major structural repairs, which is the advantage of any cathodic protection system 187 

(including the galvanic anodes, which is the focus of the current paper).  Note that a statistically 188 

significant database on the failure period of the repair strategies is required to evaluate the 189 

probabilistic maintenance time and its cost.  This is not available in the case of repair using 190 

galvanic anodes.  Therefore, deterministic approaches are a way forward to determine the LCC 191 

of repair of RC systems using the galvanic anodes and is adopted in this study.  This paper 192 
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proposes a model for analyzing the life-cycle cost and benefits of patch repair with and without 193 

CP for concrete structures. 194 

2 SIGNIFICANCE OF THE RESEARCH 195 

In 2016, the overall cost of corrosion (CoC) for various countries were estimated to be about 4 196 

to even more than 10% of GDP, of which about 50% is due to corrosion in concrete structures.  197 

The conventional patch repairs adopted in many structures are failing in about 5 years and lead 198 

to repeated repairs and significant increase in CoC and life-cycle cost (LCC) of concrete 199 

structures.  Patch repair with cathodic protection (CP) can enhance the life of repairs to about 200 

20+ years.  But cathodic protection using galvanic anodes is not being considered by many 201 

practitioners because of the myth of excessive cost implications.  This is probably the first of 202 

its kind of paper with long-term field data on the performance of galvanic anodes and LCC 203 

analysis of patch repairs of RC systems with and without galvanic anodes.  The long-term data 204 

and possible huge LCC savings (of about 90%) due to cathodic protection presented in this 205 

paper could be an eye-opener and can build confidence in engineers to use galvanic anodes to 206 

achieve durable repairs and extend service life of concrete structures. 207 

3 REPAIR OF CONCRETE STRUCTURES 208 

3.1 Collection of data from the field 209 

The authors interviewed a few Indian distributors of galvanic anodes for concrete structures.  210 

Following questions were asked during the interview: (i) What is the interval between the 211 

repeated repairs in structures without CP systems? (ii) How many projects they know where 212 

repair has been done using CP systems? (iii) What is the approximate number of anodes used 213 

in each project? (iv) What was the age of the structure at the time of the first repair? (v) Which 214 

infrastructure sector (jetty, buildings, etc.) the concrete structures under repair belong to? 215 

(vi) Whether the installed electrochemical repair is a CP or CPrev? (vii) Whether monitoring 216 
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results from CP are available? and (viii) If monitoring results are available, can results be 217 

shared with authors for analysis and publication?  The collected data was analyzed to 218 

understand (i) the number and frequency of patch repairs without CP systems, (ii) the number 219 

of projects undertaken as CP and CPrev, and (iii) the number of anodes supplied to various 220 

infrastructure sectors. 221 

3.2 State of the concrete repair industry 222 

As reported in literature, the patch repair without CP does not arrest corrosion or address the 223 

root cause [4,7,8].  Figure 3 shows data from 20 structures without CP and indicate that more 224 

than 70% of the structures were re-repaired within five years after the first repair.  About 30% 225 

of them were re-repaired at about 4 years after the first repair - causing huge economic burden.  226 

Maybe because of this, the number of usages of galvanic anodes has risen significantly in the 227 

recent times.  Another reason for this rise is the increase in the communication about CP and 228 

its benefits among the CP manufacturers, practitioners, researchers, and consultants.  However, 229 

this practice of patch repair (without CP) continues in many parts of the world and one way to 230 

change this is by obtaining field data through pilot studies. 231 

 232 
Figure 3: Frequency of repeated repairs (data from 20 structures) 233 
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3.2.1 Indian experience with CP 234 

Figure 4 shows the sector-wise growth in the usage of galvanic anodes in India from 2003 to 235 

2020 – with a total usage of ≈ 60,000 anodes in reinforced concrete structures in India.  About 236 

60% of these anodes (33,000 anodes) were used in 2020 - an exponential growth in the usage 237 

of galvanic anodes.  The usage of CP systems varies from sector to sector.  For example, from 238 

2003 to 2020, the industrial buildings, jetties and ports used ≈ 20,000 anodes each.  The 239 

highway and bridge sector consumed least number of anodes (about 400 anodes were used in 240 

two projects in the year 2016).  This indicates that significant efforts are needed to promote the 241 

use of CP systems in highways and bridges.  This is of utmost importance because the Indian 242 

Bridge Management Systems (IBMS) has recently identified about 6000 bridges for immediate 243 

repair [53].  The LCC of those bridges can be significantly reduced if CP systems are used 244 

while repairing the bridges with corrosion as a root cause of distress.   245 

 246 
Figure 4: Acceptance of galvanic anodes to repair RC systems from 2003 to 2020. 247 

Overall, only about 70 projects in India have used galvanic anodes in the repair work, 248 

which is miniscule while considering the huge number of ongoing repair projects across the 249 

country.  Similar could be the case in many parts of the world – highlighting a dire need to 250 
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promote CP technology across the world and save structures from deterioration.  The authors 251 

believe that the use of galvanic anodes in RC systems was/is limited because of the following: 252 

(i) lack of experienced CP professionals in construction sector, (ii) wrong belief that the 253 

introduction of CP in repair industry could reduce the market share of repair chemicals, and 254 

(iii) lack of knowledge of the life-cycle benefits of CP. 255 

Even today, only a few firms in India practice the use of good galvanic anodes for 256 

concrete repair.  About more than a decade ago, a few practitioners in India started pilot studies 257 

with CP in concrete repair projects.  In these, minimum number of galvanic anodes was 258 

determined using an approximate calculation and without considering the actual surface area 259 

of the steel, concrete resistivity, exposure condition, etc.  For example, a standard practice of 260 

one anode per m2 of concrete surface area was considered, which may not be sufficient to 261 

passivate the steel rebars, but adequate to suppress ongoing corrosion.  Also, in India, one 262 

recently constructed port facility has used cathodic prevention systems, which is a very positive 263 

signal indicating that engineers are now realizing the importance of CP and CPrev technologies 264 

for concrete structures. 265 

3.2.2 Worldwide experience with CP 266 

Figure 5 shows the sector-wise distribution of CP usage worldwide from 2003 to 2018.  Figure 267 

5(a) shows that 62% of cathodically protected structures belong to industrial facilities with 268 

aggressive environments (e.g., chemical manufacturing plants and industrial effluent treatment 269 

plants).  Other buildings (e.g., government, heritage, and institutional buildings, public parks, 270 

and shopping complexes) and jetties and ports used about 15% of the total anodes used.  Figure 271 

5(b) shows the sector-wise distribution of various repair projects with cathodic prevention 272 

(CPrev).  It is observed that 28%, 25%, and 18% of structures with CPrev are residential, 273 

industrial, and commercial buildings, respectively.  However, cathodic prevention and 274 
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protection are least employed in power plants, highways and bridges ranges from about 275 

4 to 10%. 276 

In general, the long-term performance data of CP systems from many of these structures 277 

are not available because the clients hesitate to facilitate field measurements.  Based on the 278 

available documentation, data collected, site visits, and possible access to the structure, the 279 

authors have selected two of the infrastructure (a finger jetty and an industrial building) to 280 

present the long-term performance of CP systems. 281 

 282 

  

 

(a) Cathodic protection (b) Cathodic prevention 

Figure 5: Distribution of usage of the galvanic anodes in various repair works 283 

worldwide from 2003 to 2018 (Courtesy: Vector Corrosion Technologies, Canada). 284 

 285 

 286 

4 LONG-TERM PERFORMANCE OF CATHODIC PROTECTION IN 287 

CONCRETE STRUCTURES 288 

This section presents two case studies on the performance of CP systems on  (i) a finger jetty 289 

and (ii) an industrial building exposed to the marine environments.  The details about the field 290 

investigation, methodology of repair, and the results on the long-term performance are 291 

discussed next. 292 
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4.1 Case study 1 - Finger jetty in Chennai, India  293 

4.1.1 Field investigation 294 

Figure 6 shows the photograph, schematic, and layout of finger jetty constructed in 1992 and 295 

located at Chennai city in the East Coast of India.  As shown in Figure 6(b), the typical tidal 296 

variation is 0.7 m and the mean sea level (MSL) is below the pier cap indicating that the top 297 

portion of the pier and pier cap experiences severe wet-dry exposure to seawater.  After about 298 

14 years of service, although M35 concrete was used, significant corrosion of rebars was 299 

observed in the piers at the splash zone (see Figure 7(a)).  In 2005, the jetty structure was 300 

visually investigated, and chloride tests were conducted (as per ASTM C1152) on the 301 

cylindrical concrete core samples extracted from the structure.  An average chloride 302 

concentration in concrete at the rebar level was found to be greater than 0.6% by weight of the 303 

binder, which is significantly higher than the chloride threshold of the uncoated steel rebar in 304 

concrete [54].  Based on the visual inspection and chloride concentrations determined, it was 305 

decided to repair and strengthen the piers and pier caps immediately. 306 
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(a) Repaired piers of finger jetty (Photograph taken in 2019) (b) Elevation of the piers and jacket 

repair 

 

(c) Layout of the finger jetty (Monitoring boxes were installed on the shaded piers only) 

Figure 6: Repaired finger jetty in Chennai, India 307 

 308 

4.1.2 Methodology of the repair using galvanic anodes and subsequent inspections 309 

Figure 7(b) shows the photograph (taken in 2005) of a pier under repair.  The sacrificial steel 310 

liners were removed for upto ≈ 0.2 m deep from the bottom of the pier cap.  The rebars were 311 

coated with anticorrosive zinc coating.  Also, one anode was installed for every 1 m2 of 312 

concrete surface.  About 10 m3
 of prepackaged repair concrete (denoted as ‘microconcrete’, 313 

herein) was used for repair.  Also, about 10 tons of additional reinforcing steel was used.  An 314 

epoxy-based polymer adhesive was applied to the existing concrete surface – to enhance the 315 

bond between the microconcrete and substrate concrete.  Considering the high chloride 316 

contamination at the rebar level and significant loss of steel cross-section, the repair using 317 

galvanic anodes was recommended.  For this, the continuity of all the rebars in the piers was 318 

checked using a high impedance multimeter to ensure the functioning of CP systems.  A total 319 

of about 1400 galvanic anodes were installed in various structural elements (pier, pier cap, 320 
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longitudinal beams, and slabs).  Figure 7(b) shows the additional reinforcement and galvanic 321 

anodes installed in one of the piers.  Figure 7(c) shows the piers after repair using the CP.  To 322 

monitor the performance of galvanic anodes, monitoring boxes were installed in eight piers 323 

[see the shaded piers in Figure 6(c)]. 324 

From 2005 onwards, depolarized potential of steel and output current from the anodes 325 

(Ioutput) were obtained from the piers.  During depolarization tests, the anode-steel circuits are 326 

disconnected and allowed to depolarize for 24 hours, then HCP of the steel rebars are measured 327 

(as per ASTM C876 procedures) and defined as the depolarized corrosion potential (E24h).  328 

After obtaining the E24h, the steel-anode circuits are reconnected for the CP system to resume 329 

its function.  The E24h of steels were monitored at about every six months until 4 years after the 330 

installation of anodes.  After that, frequent visual inspections were carried out.  In 2019, after 331 

14 years from the 1st repair with CP, the monitoring boxes were found to be degraded and even 332 

missing in some cases; and hence, E24h could not be measured and only Ioutput was measured. 333 

 334 

   

(a) Piers with corroded rebars 

(with circular cross-section) 

(b) Setup for concrete jacketing 

with additional rebars and 

galvanic anodes 

(d) Piers after repair 

(with rectangular cross-section) 

Figure 7: Repair of finger jetty using galvanic anodes  335 

4.1.3 14-year long performance of galvanic anodes 336 

Figure 8(a) shows the E24h of steel rebars in the piers before and after the repair.  Note that the 337 

starting data point (inside the ellipse) of each curve is the HCP of the steel rebars before the 338 

installation of anodes and are more negative than −350 mVCSE, which indicate high probability 339 
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of corrosion.  After six months of repair, E24h were more positive than −100 mVCSE, which 340 

indicate re-passivation of rebars within about six months of installation of galvanic anodes.  341 

E24h were monitored for about four years and were found to be more positive than –270 mVCSE.  342 

This indicates that the probability of corrosion was less than 10% (as per ASTM C876 2015(as 343 

per ASTM C876 2015)). Due to contractual agreements and other constraints, regular 344 

monitoring was possible only until 4 years after the installation of anodes.  Later, after 14 years 345 

of first repair, a visual inspection was conducted, and no significant corrosion-induced cracks 346 

were observed on the concrete surfaces.  Figure 8(b) shows a photograph of one of the pier 347 

caps with cracks 14 years after the repair - indicating good protection of embedded steel for 348 

more than 14 years. 349 

 
 

(a) Depolarized corrosion potentials obtained 

from piers of finger jetty 

(b) CP protected pier after 14 years 

Figure 8: 14-year long performance of repair using galvanic anodes in Finger Jetty. 350 

During the 2019 visit, it was found that all the monitoring boxes and lead wires were 351 

naturally damaged/degraded (see Figure 9(a) for a typical scenario). Also, many of the 352 

monitoring boxes and lead wires were missing (say, degraded/damaged and fallen into the 353 

seawater below).  Hence, E24h could not be measured and only the Ioutput was obtained from 354 

Piers 1 to 8 (see Figure 9(b)).  The Ioutput from a galvanic anode in Piers 1 and 5 were 0.25 and 355 

0.42 µA, respectively, which are significantly higher than the Ioutput from galvanic anodes in 356 
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other piers.  Piers 1 and 5 are located in the outer wing of the finger jetty and experience the 357 

incoming tides to higher level than the internal piers.  Also, the outer piers have been 358 

experiencing higher temperature (during summer) and more severe splashing, whereas the 359 

inner piers always experienced lower temperature (under shade) and less severe splashing.  360 

Therefore, the Ioutput required for the outer piers could be higher than that for the inner piers.  361 

Figure 8(a) shows that the rebars are passivated within the first six months after the installation 362 

of anodes; also, the Ioutput would be less for the anodes connected to the passivated steel, which 363 

is the case for Piers other than P1 and P5.  In case of P1 and P5, the Ioutput required to protect 364 

the steel is high, the same is provided by the anodes, and no corrosion-induced cracks were 365 

visible – hence, it can be concluded that the steel is protected from corrosion.  Due to the high 366 

Ioutput, the anodes in P1 and P5 have shorter residual life than in other piers and may have to be 367 

replaced soon.  Frequent monitoring (say, once in every 2 years) of Ioutput from the Piers 1 to 8 368 

can help in developing a preventive maintenance strategy and protecting the steel inside the 369 

piers for as long as desired – with minimal life cycle cost implications. 370 

  

(a) Missing, naturally degraded/damaged monitoring 

boxes 

(b) Output current data collected in 2019 

Figure 9: Condition of monitoring boxes and the output current of anodes, at the end of 371 

14 years after repair. 372 

 373 
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4.2 Case study 2 - Industrial building 374 

4.2.1 Methodology of repair using galvanic anodes and subsequent inspections 375 

Figure 10 shows the photograph of a four-storey industrial building (salt processing unit) built 376 

in the early 1990s near a seashore in Tamil Nadu, India.  Due to the high chloride and humidity 377 

levels, significant corrosion and concrete spalling were observed in about 15 years of service 378 

(see Figure 10(a)).  Because of this severe and visible corrosion conditions, the various 379 

columns, slabs, and beams were cathodically protected using a total of about 2,800 anodes. 380 

Figure 11(a) shows the layout of the structural frame of the building. Monitoring boxes were 381 

installed at the following members in various floors: (i) Ground floor: Beams B5-C5, and A3-382 

B3, (ii) 1st floor: Column C4, (iii) 2nd floor: Column C1, Beam B2-B3, and (iv) 3rd floor: 383 

Beam C2-C3.  At these locations, E24h was measured at every six months until four years after 384 

the installation of anodes. 385 

 
 

(a) Before repair (b) After repair  

Figure 10: Industrial building (salt processing unit) before and after the repair in 2008 386 

 387 

4.2.2 4-year long performance of galvanic anodes 388 

Figure 11(b) shows the variation of the E24h of steel rebars after the installation of anodes. At 389 

the end of six months, E24h was about –50 mVCSE, which indicates that the galvanic anodes 390 

have passivated the steel rebars.  At the end of 4 years, the E24h reached from about –50 mVCSE 391 
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to about –200 mVCSE, which indicate that the steel rebars were still in passive state.  Due to 392 

contractual agreements and other constraints, regular monitoring was possible only for 4 years 393 

after installing anodes. However, to check the long-term performance of galvanic anodes, a 394 

visual inspection of the industrial building was conducted at the end of 10 years after repair. It 395 

was observed that the structural elements did not exhibit any corrosion-induced cracking.  396 

However, in 2018, the salt processing procedure was changed, and the building was 397 

demolished. But this is a very good case study showing that galvanic anodes can protect the 398 

steel rebars from corrosion for more than 10 years, even in chloride-rich environments.  399 

However, clients are hesitant to adopt repairs using galvanic anodes due to the myth of the high 400 

cost of anodes instead of considering the effect of galvanic anodes on the LCC of the structure. 401 

  

(a) Layout of the structural members  (b) Variation of depolarized potential  

Figure 11: Depolarized potential (E24h) obtained from the industrial building elements. 402 

 403 

5 EFFECT OF REPAIRS WITH AND WITHOUT GALVANIC ANODES 404 

Figure 12 shows the difference between the patch repairs with and without galvanic anodes.  405 

In case of repair without CP, the steel rebars can corrode due to two mechanisms: (i) new 406 

corrosion due to the halo effect and (ii) continued corrosion due to the possible residual 407 

chlorides in the residual corrosion products (say, residual chloride effect; if rebars are not 408 

undercut and cleaned well, which is usually the case in many repair projects). The former 409 
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results in an increase in the length of corroding region on the rebars and the area of repair 410 

region.  The latter results in a reduction in the cross-sectional area of rebars in the already 411 

corroded portions.  Use of CP can arrest corrosion due to both these mechanisms, which is 412 

depicted in the schematics in Figure 12. 413 

Figure 12(a) shows that when patch repaired without anodes, the length of the corroded 414 

regions of rebars and the area of repair region continues to increase.  The structural capacity of 415 

the RC systems continues to decrease during the life of patch repair without CP; necessitating 416 

more frequent repairs with increasing areas of repair region.  Also, as shown in the last 417 

schematic in Figure 12(a), this can lead to severe ongoing corrosion in short period of time 418 

(say, n1 years after first repair) requiring the addition of even splice rebars.  These will have 419 

significant impact on the LCC after 1st repair.  On the other hand, Figure 12(b) shows that when 420 

an RC system is repaired with galvanic anodes, the corrosion due to both the halo effect and 421 

residual chloride effect is arrested or controlled.  The schematics corresponding to “in-422 

between” indicate that the repair region do not increase (anodes prevent halo effect), cross-423 

sectional area of rebars do not decrease (anodes stop corrosion due to the residual chloride 424 

effect).  When the anode is found to be consumed completely (say, after n2 years after the 1st 425 

repair; n1 < n2), they can be replaced with new anodes at a lower cost than the repair cost in the 426 

case of patch repair without CP.  However, it should be noted that the locations of all anodes 427 

must be identified to enable easy replacement. 428 
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 429 
Figure 12: Differences in the areas of repair region and steel corrosion in case of patch 430 

repairs with and without CP [Not drawn to scale] 431 

6 LIFE-CYCLE-COST (LCC) ANALYSIS OF REPAIRS 432 

To compare the life-cycle-cost (LCC) of conventional patch repair with and without galvanic 433 

anodes, the individual costs associated with the various repair materials/systems/activities are 434 

required.  Herein, the patch repair without and with cathodic protection are denoted as “PR” 435 

and “CP”, respectively. 436 

6.1 Framework for estimating the LCC of repairs 437 

The LCC of the repair is calculated considering the costs associated with all the possible future 438 

repeated repairs and inspections during the repair life; the costs of construction and demolition 439 

are not included.  Figure 13 shows a flowchart showing the framework for estimating the LCC 440 

of repairs in the following four major steps: (S1) Capital cost of repair, (S2) Future value (FV) 441 
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of subsequent inspections, (S3) FV of subsequent repairs, and (S4) Cumulative FV of repairs 442 

and inspections, which is LCC of repairs.  Following is a discussion on these major steps. 443 

S1: Capital cost of repair is the sum of the cost of the first repair work and the cost of 444 

inspection prior to that (Cinsp-zero).  For example, the cost of 1st repair for PR and CP strategies 445 

are calculated using Eq. 3 and Eq. 4, respectively (see S1 in Figure 13). 446 

Capital cost of PR, Ctotal, PR = C + Cinsp-zero  (3) 

Capital cost of CP, Ctotal, CP = C + Canodes + Cinsp-zero  (4) 

where, C is the sum of the cost of all the repair heads, such as (i) cleaning and preparation of 447 

the surface of steel and concrete at the repair region, (ii) additional steel, (iii) formwork, 448 

(iv) bonding agent for concrete surface, (v) repair concrete, (vi) other costs (if any), and Canodes 449 

is the cost of anodes (including shipment, installation, and monitoring). 450 

S2: FV of subsquent inspections until the End of Life (EoL) or the ‘LCC analysis 451 

period’ are calculated using Eq. 5 (see B2 in Figure 13). 452 

Cinsp, i  =  (1+ r)Tinsp, i × Cinsp-zero; i = 1, 2, 3, …     (5) 

where, r is the discount rate, Tinsp, i is the time elapsed from the 1st to ith inspection.  Frequency 453 

of inspections of infrastructure varies based on the suggested duration prescribed by the 454 

governing code of practice or client. 455 

S3: FV of subsquent repairs are calculated using Eq. 6 and Eq. 7, respectively (see 456 

S3a and S3b in Figure 13). 457 

CPR, j = (1 + r)
Trep, j × CPR, 1;   j = 2, 3, 4, …   (6) 

CCP, j = (1 + r)
Trep, j × (Canodes +  Cinsp-zero);  j = 2, 3, 4, …  (7) 

where, CPR, j is the sum of the various head-wise costs of jth patch repair and the inspection 458 

costs; whereas CCP, j is the sum of the cost of anodes, and the inspection prior to the jth repair.  459 

Note that in case of CP strategy, the patch repair is needed only once and hence, the repair costs 460 
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(for j > 1) include only the cost of anode replacement and not cost of patch repair; this 461 

significantly reduce the LCC of CP strategy. CPR, 1 and CCP, 1 are calculated in S1. 462 

S4: Cumulative FV of repair is obtained by adding all the CPR, j costs until the time 463 

when the number of repairs is equal to the maximum allowable number of repairs (say, j = jmax) 464 

OR until the end of ‘LCC analysis period’, whichever is shorter.  This cumulatiuve CPR is 465 

defined as Ctotal, PR and is the LCC of the PR strategy.  The Ctotal, CP for the CP strategy can also 466 

be calculated in a similar manner (see S4 in Figure 13).  Using this framework, the LCC of the 467 

various repair strategies can be compared for selecting a suitable repair strategy.  Next section 468 

demonstrates this through the case study of the CP repair of a jetty structure in Chennai, India. 469 
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Symbols: C : Cost of repair excluding the cost of inspection and anodes; Canodes : Cost of manufacturing, 

supply, and installation of anodes;  Cinsp-zero : Cost of inspection at the time of 1st repair;  Cinsp, i : FV of 

ith inspection;  CPR, j : FV of jth repair without CP;  CCP, j : FV of jth repair with CP;  Ctotal, PR : Total cost of patch 

repair till nth year;  Ctotal, CP : Total cost of patch repair with CP till nth year;  i : Identification of individual 

inspection;  j : Identification of individual repair;  jmax : Maximum allowable number of repairs;  n : Time 

elapsed from 1st repair;  nmax : Maximum possible service life extension; r : Discount rate; tinsp, i : Time interval 

between (i-1)th and ith inspections;  trep, j : Service life of jth repair; Tinsp, i : Time elapsed between 1st and 

ith inspection; Trep, j : Time elapsed between 1st and jth repairs  

 

Figure 13: Generalized framework to calculate LCC for repair with and without CP 470 
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6.2 Case studies - Comparison of LCC of PR, CP and CPrev strategies 471 

6.2.1 Input data for LCC of CP repair of finger jetty 472 

As discussed earlier, in 2004, the finger jetty in Chennai was repaired using CP strategy (i.e., 473 

patch-repaired with anodes) and was one of the early CP pilot projects in India.  Figure 14 474 

shows the distribution of various costs associated with this CP repair work. Repair concrete 475 

(microconcrte) used for patch repair constitutes a significant majority (about 66%) of the repair 476 

cost.  On the other hand, the total cost of the CP system (galvanic anodes and monitoring boxes) 477 

was only about 3% of the total cost of repair and is negligible considering the cost of 478 

microconcrete. This disproves the myth that the use of CP would add significantly to the cost 479 

of repair and also emphasizes that the LCC (instead of capital cost) should be considered for 480 

selecting a repair strategy.  481 

 482 

 483 
Figure 14: Head-wise cost of repair with CP at finger jetty, Chennai, India 484 

 485 

6.2.2 LCC of repairs of finger jetty 486 

The LCCs of the following three repair strategies for the jetty in Chennai, India were compared: 487 

 PR strategy - Patch repair without CP and repeated every 5th year (see Figure 3) 488 
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 CP strategy - Patch repair with galvanic anodes and repeated replacement of galvanic 489 

anodes at every 15th year (see Case Study 1), and 490 

 CPrev strategy – Installation of galvanic anodes at the time of construction and 491 

repeated replacement of anodes at the end of the design life of the galvanic anodes, i.e., 492 

30 year. 493 

Note that the CP strategy was actually adopted for the structure and the PR and CPrev strategies 494 

are hypothetical in this discussion.  In these three strategies, the LCC was stopped if one of the 495 

following two conditions were satisfied: (i) maximum number of repairs are five (jmax = 5) and 496 

(ii) LCC analysis period is 75 years.  For LCC calculation, the discount rate, r, is assumed to 497 

be 7% [56].  Figure 15 shows three cash flow diagrams (step function) showing the variation 498 

of the cumulative FV for PR, CP, and CPrev strategies (i.e., Ctotal, PR, Ctotal, CP, and Ctotal, CPrev).  499 

For the ease of comparison, the LCC at each year is normalized to the maximum cumulative 500 

cost spent for CP repair (Ctotal, CP at 90th year (i.e. 75 years after 1st repair).  Note that the first 501 

repair in both the PR and CP strategies were done at 15 years after construction.  Each unfilled 502 

square marker along the step function graph represents the repeated patch repair.  Each unfilled 503 

circular and triangular markers along the step function graph represents the repeated 504 

replacements of galvanic anodes in CP and CPrev strategies, respectively.   505 

This paragraph compares the capital cost of PR, CP, and CPrev strategies (see S1 in 506 

Figure 13).  Note that the hypothetical CPrev is assumed to be implemented at the time of 507 

construction and the cost was about 0.2% more than the cost of PR or CP repair (see Close-up 508 

A in Figure 15).  At the time of 1st repair (in 15 years after construction), the cumulative cost 509 

of PR and CP repairs were about 25 times more than the FV of CPrev – indicating significant 510 

advantage of choosing CPrev option in the long-term.  However, most often engineers tend to 511 

cite the constraints associated with construction budgets and do not opt for CPrev strategy, 512 

leading to significant repair costs later.  For the jetty structure in study, the cost of 1st CP repair 513 
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was obtained and is about 4% more than the cost of the hypothetical PR repair (see Close-up 514 

B in Figure 15).  Therefore, capital cost of CPrev < PR < CP and is not a correct comparison 515 

to base the selection of repair strategy.  The comparison of costs of repair should be made based 516 

on LCC during the analysis period or the desired extension of service life. 517 

In this paragraph, the LCCs at 45 and 90 years of service are discussed.  Until 45 years 518 

of service (i.e., 30 years after the first repair), the PR strategy would require six repeated patch 519 

repairs.  During this time, the structure may experience significant deterioration because of the 520 

continued steel corrosion (due to halo effect and residual chloride effects) until End of Life 521 

(EoL).  At 45 years of service, if CP strategy is adopted for repair, then the anodes need to be 522 

replaced twice; if CPrev strategy is adopted, then anodes need only one replacement. Also, in 523 

comparison with the FV of PR strategy, the adoption of CP and CPrev strategies can reduce 524 

the cumulative FV (at 45 years of service) by 90 and 98%, respectively.  In addition, it is 525 

estimated that the cumulative FV (at 90 years of service) of CP strategy is about twice that of 526 

CPrev strategy.  This indicate that the longer the LCC analysis period, the more will be the 527 

LCC of CP strategy when compared to CPrev strategy.  Also, note that the PR strategy is not 528 

able to provide a total service life of more than about 45 years; whereas both CP and CPrev 529 

stratgies are able to provide a total service life of more than 90 years. 530 

In other words, the adopted CP strategy in the jetty structure is expected to provide 45+ 531 

years of additional service with about half the LCC of PR strategy; and further life extension 532 

is possible with repeated replacement anodes for as long as needed.  Ideally, if the galvanic 533 

anodes are replaced as required and repeatedly, the CP and CPrev strategies can arrest steel 534 

corrosion for as long as needed.  However, it should be noted that the CPrev strategy is possible 535 

only for structures that are yet to experience corrosion.  For corroding structures, CP is the only 536 

appropriate option - among the PR, CP, and CPrev strategies under study.  This detailed study 537 
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on LCC shows that the adoption of either CP or CPrev can lead to huge savings in term sof 538 

LCC, see Figure 15.  Further examples of such huge savings in LCC are shown next. 539 

 540 
Figure 15: Life-cycle cost of PR, CP, and CPrev strategies for the repair of Jetty in 541 

Chennai, India. 542 

6.3 30 case studies on saving in LCC 543 

Table 1 shows the cost data for the 30 repairs with CP strategy in various sectors, such as jetty 544 

and ports, highway and bridges, industrial building.  Using these data, LCCs of the 30 structures 545 

were calculated as per the framework proposed in Figure 13.  Figure 16 shows the time-variant 546 

saving in LCC with the adoption of CP strategy over PR strategy for the 30 case studies.  It 547 

shows that at the end of first repair, employing a CP strategy instead of PR strategy would lead 548 

to ≈7% more capital cost (mainly due to the additional cost of the anodes).  Most often, 549 

engineers tend to decide against the CP strategy because of this small increase in capital cost. 550 

Considering only capital cost is not a suitable approach; and the decision on repair strategies 551 

must be made based on LCCs.  As shown in Figure 16, at the end of 5, 10, 15, and 30 years 552 
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from 1st repair, the LCC saving with adoption of CP strategy is about 55, 75, 80, and 90%, 553 

respectively.  After 20 years of repair, the rate of increase in LCC saving decreases and LCC 554 

saving becomes asymptotic to the time axis.  Note that the LCC beyond 30 years after first 555 

repair is not calculated because the structures with PR strategy experience multiple patch 556 

repairs without arresting corrosion and reach their End of Life typically at about 30 years after 557 

first patch repair. Thereafter, they get either demolished or replaced.  Therefore, for corroding 558 

infrastructure, the CP repair strategy is clearly more economical than the PR strategy.  Also, 559 

this paper discusses only the direct costs; if the indirect costs are considered, then the 560 

advantages of adopting CP or CPrev strategies over PR strategy would be further enhanced.  561 

However, data to estimate indirect costs were not available, hence kept out of scope of this 562 

paper. 563 
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Table 1: Various cases studies on concrete structures with repair using CP in India 564 

Type of structure 
Location (State/Union 

Territory) 

Year of anode 

installation 

Number of 

anodes 

Total cost of anodes 

at the time of repair 

(INR)  

Jetty 1 Lakshadweep islands 2005 440 264,000  

Jetty 1 
Tamil Nadu 

2008 1390 959,100  

Jetty 2 2008 790 545,100  

Jetty and approach bridge Maharashtra 2009 1200 1,050,000  

Jetty 3 
Lakshadweep islands 

2009 500 345,000  

Jetty 4 2009 460 317,400  

Jetty and fender columns Gujarat 2010 225 249,975  

Jetty deck slab beams 1 Goa 2011 400 376,800  

Water treatment plant Maharashtra 2014 1500 1,350,000  

Industrial building 1 
Gujarat 

2015 40 52,000  

Industrial building 2 2016 210 220,080  

Staircase in a building Puducherry 2016 86 193,500  

Bridge 1 

Gujarat 

2017 240 289,920  

Residential building 2017 453 449,829  

Bridge 2 2017 61 61,000  

Industrial building 3 2017 250 300,000  

Public building 2018 180 199,980  

Office building 1 Maharashtra 2018 910 1,274,000  

Pipe rack 1 

Gujarat 

2018 600 720,000  

Industrial building 4 2018 220 225,060  

Industrial building 5 2018 200 220,000  

Wastewater treatment tank 2019 131 236,455  

Office building 2 Tamil Nadu 2019 50 50,000  

Pipe rack 2 

Gujarat 

2019 500 600,000  

Industrial building 6 2019 1316 2,500,400  

Industrial building 7 2019 200 220,000  

Water-treatment plant 2019 2837 6,388,924  

Cooling tower 2020 9000 15,138,000  

Jetty deck slab beams 2 2020 10000 12,000,000  

Office building 3 2020 60 181,740  

 565 
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 566 
Figure 16: LCC saving due to CP strategy 567 

7 WAY FORWARD 568 

Conventional PR strategy alone may not arrest the corrosion due to halo effect and residual 569 

chloride effects – resulting in continued corrosion of structures leading to multiple and less 570 

durable repairs and eventual replacement of structures in a few decades.  Adoption of CP 571 

strategy (patch repair with galvanic anodes) is a viable and cost-effective option to extend the 572 

service life for multiple decades.  Based on the experience in India, the authors suggest the 573 

following as the way forward for promoting CP strategy in the concrete repair industry: (i) to 574 

perceive galvanic anodes as a product that augments the performance of other concrete repair 575 

products rather than as a competitor, (ii) emphasize on the electrochemical advantages of CP 576 

strategy in stopping further corrosion/damage and the possibility of enhancing service life to 577 

as long as needed by less expensive replacement of anodes (iii) give more emphasize on the 578 

LCC benefits of CP strategy over the capital cost benefits alone of PR strategy, (iv) allow pilot 579 

studies on CP strategy in concrete repair works with provision for long-term monitoring of 580 

performance, (v) incorporation of good performance based specifications for CP strategy in the 581 

documents governing repair activities, especially in the public sector, and (vi) enable industry-582 

supported academic research on CP strategies and use the performance data of anodes to 583 

enhance the codal specifications, in addition to the scholarly publications. 584 
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8 SUMMARY AND CONCLUSIONS 585 

A market study was conducted on the performance and life cycle cost (LCC) of cathodic 586 

protection using galvanic anodes (CP strategy) in reinforced concrete (RC) structures in India 587 

and worldwide.  It was found that CP is commonly used in coastal structures such as jetties and 588 

ports and ignored in many other structures, such as highways, railways, buildings.  Therefore, 589 

significant efforts are required to promote the use of CP systems in highways, bridges, and 590 

buildings for durable and economical repairs.  For this, long-term performance and cost data 591 

from a jetty and an industrial building structure were inivestigated.  The long-term 592 

electrochemical data and visual observations concluded that galvanic anodes can arrest steel 593 

corrosion for at least 14 years in chloride-rich environment.  Also, a framework to estimate the 594 

life cycle cost (LCC) was developed and the differences in LCCs between patch repair (PR), 595 

CP and cathodic prevention (CPrev) strategies for the jetty structure were evaluated.  The 596 

comparison of the capital cost of repair without and with CP for 30 case studies shows that 597 

employing CP strategy instead of PR strategy would lead to ≈7% more capital cost.  However, 598 

comparison of LCC of repair for 10 and 30 years of service life extension shows that CP repairs 599 

can save about 55% and 90%, respectively, as compared to the LCC of PR.  In addition, PR 600 

strategy allows continued corrosion (due to halo effect and residual chloride effect) and could 601 

not extend service life beyond 30 years after first repair; whereas, CP and CPrev strategies can 602 

enhance the service life to as long as needed by the replacement of anodes at regular intervals 603 

and at a minimal cost of about 5% of the cost of first repair.  Also, the LCC of CP strategy (at 604 

90 years) is just about half that of PR strategy (at 45 years).  This paper provides technical and 605 

economic advantages of adopting CP strategy in all the repairs, where corrosion due to halo 606 

effect and residual chloride effect are possible and multiple decades of life extension is desired. 607 
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