
DEVELOPMENT OF A CATHODIC PROTECTION 
SYSTEM USING A GALVANIC ANODE METHOD 

 

 
BY 
 
 

NZEOMA CHUKWUDI B.ENG (HON) 

CHEMICAL ENGINEERING, ENUGU STATE UNIVERSITY OF SCIENCE 
AND TECHNOLOGY (ESUT), ENUGU, ENUGU STATE, NIGERIA. 2003 

REG NO: 20054495088 

 

 

A THESIS SUBMITTED TO THE POST GRADUATE SCHOOL 

FEDERAL UNIVERSITY OF TECHNOLOGY, OWERRI 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR 
THE AWARD OF THE DEGREE (MASTER OF ENGINEERING), 

 M.ENG IN CHEMICAL ENGINEERING 

 

 

 

FEBRUARY, 2013 

 

Development of a cathodic protection system using a galvanic anode method. By Nzeoma, C.. is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License. 

 



ii 
 

CERTIFICATION 

 

I certify that this work “Development of a Cathodic Protection System using a 

Galvanic Anode Method” was carried out by NZEOMA CHUKWUDI 

(20054495088), in partial fulfillment for the award of the degree of (M. Eng. in 

Chemical Engineering in the Department of Chemical Engineering) of the Federal 

University of Technology, Owerri, Nigeria.  

_____________       _____________ 

PROF. J. E. O. OVRI       DATE 

Principal Supervisor       
 

____________       _____________ 

DR. E. C. IBE        DATE  

Co-Supervisor.       

_____________       _____________ 

ENGR. DR. M.S NWAKAUDU     DATE 

Head of Department. 

_____________       _____________ 

ENGR. PROF. E. E. ANYANWU     DATE 

Dean, School of Engineering & Engineering  

Technology 

_____________       _____________ 

PROF. E. O OBOHO      DATE 

External Examiner. 

 

_____________       _____________ 

ENGR. PROF. MRS.  K. B. OYOH    DATE 

Dean, Postgraduate School. 



iii 
 

DEDICATION 

 

This work is most specially dedicated to the Most High God for His divine love and 

provisions.  Worthy of mention also is the moral and financial support from my 

father, Mr. A. O. Nzeoma, and my brothers.  

 



iv 
 

ACKNOWLEDGEMENT 

 

My profound gratitude goes to my Principal Project Supervisor, Prof. J. E. O. Ovri 

and my Co-Supervisor, Dr. E. C. Ibe for their fatherly and scholarly guidance.  

 

Similarly my gratitude goes to my H.O.D, Engr Dr. M.S. Nwakaudu, Engr. Prof. 

Mrs. K. B. Oyoh, Prof. I. A. Njiribeako, Prof. L. E. Aneke, Prof. K. O. Okpala, Dr. C. 

O.  Ndukwe, Dr. E. E. Effiong, Engr Dr F.L Olebunne, Engr O.E Onyelucheya, Engr 

V.O Egwu, Mr E.C Osoka and Mr C. A Okwara. I am also grateful to my colleagues 

in Chemical Engineering Department who helped in no small way in making this 

work a success.  

 

I owe a depth of gratitude to my boss, Engr Ekette Nzeribe and Engr 

Chukwuemeka Diala whose professional guidance and supports made this work a 

great success. My heart-felt gratitude goes to my friend Engr. Clinton Idibia who 

was of immerse assistance in numerous ways, to my brothers and sisters who are 

always there for me. They are: Sir Vit, Sunny, Dago, Frequency, Chinedu, Azu, 

Ugo, Okey, Sopuru, Chimezie, Nkeiru, Nnenna, Chimaco, Auntie Soubi, Madam 

Adaocha, Madam Rofina and Madam Ijeoma. The list of names keeps running, if I 

continue. You are all exceptional and wonderful. I want to say a big thank you to 

you all.  

 

Finally, I am also grateful to Chief & Mrs. Chukwudi Chukwueke, Supol & Mrs. 

Onyema Princewill Ijeoma, Mr. & Mrs. Mukolu Kosinadi, Mr. & Mrs. Abiaziem 

Ethelbert, Dr. & Mrs. Joe Nzeoma, Hon. & Mrs. V. O. C. Nzeoma, Mr. & Mrs. 

Isibuo Petrus, Mr. & Mrs. Offiah Paschal and Engr. Tope Balogun for their 

assistance.  



v 
 

TABLE OF CONTENTS 

 

Certification - - - - - - - - - i 

Dedication - - - - - - - - - ii 

Acknowledgement - - - - - - -  iii  

Abstract  - - - - - - - - - iv 

Table of Contents  - - - - - - - - v  

List of Tables  - - - - - - - - vi 

List of Figures - - - - - - - - vii 

 

CHAPTER ONE  

1.0 Introduction  - - - - - - - 1  

1.1 Statement of Problem  - - - - - - 4 

1.2 Aims/Objectives  - - - - - - - 4  

1.3 Scope  - - - - - - - - 5 

1.4 Limitation  - - - - - - - - 5  

1.5 Justification of Research  - - - - - - 5 

 

CHAPTER TWO  

2.0 Literature Review - - - - - - - 6 

2.1  Cathodic Protection System Historical  Perspective - 6 

2.2  Cathodic Protection (CP) - - - - - 11 

2.2.1 Practical application of Cathodic Protection - - - 11 



vi 
 

2.2.1.1Galvanic/Sacrificial-Anode Cathodic Protection (SACP)  - 11  

2.2.1.2 Sacrificial Anodes - - - - - - 14 

2.2.1.3 Advantages of Galvanic anode Cathodic  Protection 15 

2.2.1.4 Disadvantages of Galvanic Anode Cathodic Protection 15 

2.2.1.5 Anode Requirement - - - - - 16 

2.2.1.6 Anode materials and performance characteristics - 17 

2.2.2  Impressed Cathodic Protection Systems - - 18 

2.2.2.1 Advantages of impressed current - - - 19 

2.2.2.2 Disadvantages of impressed current system - - 20 

2.2.2.3    Impressed Current Anodes - - - - 21 

2.2.2.4 Impressed current anodes for buried metal structures Applications 

 - - - - - - 24 

2.3 The choice of cathodic  protection system - - 28 

2.4  Practical Criteria - - - - - - 30 

2.5 Groundbeds - - - - - - -     31 

2.5.1 Types of groundbeds - - - - - 32 

2.6 Problems to be avoided in the use of cathodic  

protection  - - - - - - - 33 

2.7 Soil condition - - - -  - 34 

2.8 Soil resistivity - - - - - - 36 

2.9 Coatings - - - - - - - 38 

2.9.1 Coating as an effective means of corrosion control  



vii 
 

with CP to supplement  - - - - 38 

2.9.2  Factors to be considered in good coating system 

   Surface design - - - - - - 39 

2.9.3  Coating materials selection - - - - 39 

2.9.4  Coating specification - - - - - 45 

2.9.5  Inspection procedures - - - - - 46 

2.9.6  Types of pipeline coatings - - - - 47 

2.9.7  Economics of surface preparation - - - 48   

 

CHAPTER THREE  

3.0 Materials  and Methods - - - - - - 53 

3.1 Materials  - - - - - - - - 53 

3.1.1 Mild Steel - - - - - - - - 53 

3.1.1 Single Backfilled Magnesium Anode  - - - - 54 

3.1.2  Anode Backfill  - - - - - - - 55 

3.1.3 PVC Cable  - - - - - - - 55 

3.1.4 Coating -  - - - - - - - 56 

3.1.5 Test Post  -  - - - - - - - 56  

3.1.6 Bolts and nuts - - - - - - - 56 3.1.7

 Multimeter - - - - - - - - 57 

3.1.8 Copper-copper sulphate electrode - - - - 57 

3.2 Design - - - - - - - - 57 



viii 
 

3.2.1 Design calculations- - - - - - - 57 

3.3 Soil Test - - - - - - - - 64 

3.4 Soil Resistivity Survey  -  - - - - - 65  

3.5 Pipe Surface Preparation  - - - - - 66 

3.5.1 Pipe Coating  - - - - - - - 66 

3.5.2 Cable Attachment - - - - - - - 67  

3.5.3  Excavation  - - - - - - - - 67 

3.5.4 Installation of the system   - - - - 67 

3.5.5 Installation of Test Post/Box  - - - - - 68 

3.5.6 Pipe to Soil Potential Measurement  - - - - 68 

3.5.7 Evaluation and Monitoring/Survey Techniques  - - 69  

3.6  Experimental observations - - - - - 70 

 

 

CHAPTER FOUR  

4.0 Results and Discussion - - - - - - 71  

4.1 Experimental Results - - - - - - 71 

4.1.1 Soil Test  - - - - - - - - 71  

4.1.2 Soil Resistivity Survey  - - - - - - 72 

4.1.3 Pipe to Soil Potential Survey Results  - - - - 73 

4.2 Discussion of Result - - - - - - 81 

4.2.1 Soil Resistivity  - - - - - - - 81 



ix 
 

4.2.2 Pipe-To-Soil Potential  - - - - - - 81 

4.2.3 Protection Current- - - - - - - 82 

4.2.4 Measured Voltage and current of the anode  - - 83 

4.2.5 Current distribution and attenuation - - - - 84 

 

CHAPTER FIVE  

5.0 Conclusions and Recommendations  - - - - 85 

5.1 Conclusions  - - - - - - - - 85 

5.2 Recommendations  - - - - - - 85 

References  - - - - - - - - 87  

Appendix A:  Formulae used for the design calculations - 90 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF TABLES 

 

Table 2.1  Partial Galvanic Series  - - - - - 14  

Table 2.2 Impressed current anodes for different environment 23 

Table 2.3  Soil Condition and Corrosivity - - - - 35 

Table 2.4 Effect of Chlorides, Sulfates, and pH on Corrosion 

of Buried Steel Pipelines - - - - - 36 

Table 2.5  Soil Resistivity & Corrosivity Relationship - - 37 

Table 2.6  Anodes for different resistivity soil - - - 37 

Table 2.7  Types of Pipeline Coatings - - - - 47 

Table 2.8  Proper Surface Preparation for different substrates 51 

Table 3.1 Chemical Composition of Mild Steel Pipe - - 54 

Table 3.2 Chemical Composition of Magnesium  Anode - 55 

Table 3.3 Magnesium anode Characteristics  - - - 55  

Table 4.1 Soil Test Results - - - - - - 71  

Table 4.2 Soil Resistivity Test Results  - - - - 72  

Table 4.3  Pipe-To-Soil Potential Reading  - - - 73 

Table 4.4 Pipe-To-Soil Potential Reading  - - - - 73 

Table 4.5 Pipe-To-Soil Potential Reading  - - - - 73 

Table 4.6 Pipe-To-Soil Potential Reading  - - - - 74 

Table 4.7 Pipe-To-Soil Potential Reading  - - - - 74 



xi 
 

Table 4.8 Pipe-To-Soil Potential Reading  - - - - 74 

Table 4.9 Pipe-To-Soil Potential Reading  - - - - 74 

Table 4.10 Pipe-To-Soil Potential Reading  - - - - 75 

Table 4.11 Pipe-To-Soil Potential Reading  - - - - 75 

Table 4.12 Pipe-To-Soil Potential Reading  - - - - 75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

LIST OF FIGURES 

 

Figure 1.1 Basic CP Installation Diagram  - - - - 3 

Figure 2.1    Schematic representation of a galvanic anode CP - 13 

Figure 2.2 Schematic diagram of impressed current CP - - 21 

Figure 3.1 Attenuation Diagram - - - - - 62 

Figure 3.2 Pipe – to -soil potential measurement - - - 69 

Figure 4.1 Plot of Resistivity versus Depth - - - - 72 

Figure 4.2 Pipe-To-Soil Potential along the pipe -  - - 76 

Figure 4.3 Pipe-To-Soil Potential along the pipe - - - 76 

Figure 4.4 Pipe-To-Soil Potential along the pipe- - - - 77 

Figure 4.5 Pipe-To-Soil Potential along the pipe- - - - 77 

Figure 4.6 Pipe-To-Soil Potential along the pipe - - - 78 

Figure 4.7 Pipe-To-Soil Potential along the pipe - - - 78 

Figure 4.8 Pipe-To-Soil Potential along the pipe- - - - 79 

Figure 4.9  Pipe-To-Soil Potential along the pipe- - - - 79 

Figure 4.10  Pipe-To-Soil Potential along the pipe- - - - 80 

Figure 4.11  Pipe-To-Soil Potential along the pipe - - - 80 

 

 

 

 



xiii 
 

ABSTRACT  

 

The development of a Cathodic Protection System for a mild steel pipe using a 
magnesium anode was investigated. The pipe was externally coated with three layers of 
polykene tape wrapping and the soil resistivity was determined using the Wenner four 
pin method; a value of 2177Ωcm was obtained. The design parameters for the developed 
Cathodic Protection System were: total current of 0.0153mA; current density of 
0.01mA/m2; protection current of 0.0153mA; protection voltage of 0.95Volts. The 
experimental values of 0.02mA/m2 current density; 0.0154mA protection current; 
0.9Volts protection voltage obtained compared favourably with the design parameters 
with negligible differences and these may have occurred as a result of :-  (i) variation in 
the soil resistivity and (ii) the introduction of a safety and utilization factor to give room 
for safety and utilization of some reactions in the soil that can induce increase in the 
corrosion rate. This can cause the value of the protection potential obtained to fall below 
the optimum value prior to the end of the design life of the pipe. The protection 
potential of -890mV to -1080mV obtained is in the range of (-850mV to -1150mV) for a 
protected mild steel. This confirmed that the mild steel pipe was cathodically protected.  

 

 

Keywords: Magnesium anode, cathodic protection system, mild steel, 
polykene tape, resistivity, current density, safety factor, 
utilization factor,protection potential, and potential limit.  
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CHAPTER ONE 

 
1.0 INTRODUCTION  

Corrosion is a widespread problem encountered in homes, in offices; in the 

industries such as food, chemical, petrochemical, power generating, 

transportation and communication facilities. Most people are familiar with 

corrosion in one form or the other, particularly the rusting of an iron fence, or 

a “tin” can, the degradation of steel piping, tanks, boats or boat fixtures or 

rusting of iron nails, or cars or kitchen utensils, or water pipes etc. Corrosion 

is a natural, normal reaction of metals with the environment in the process to 

revert to their original conditions (Peabody, 2001). Since nearly all metals 

originate as oxides or sulphides such as Fe203, Al203, PbS, etc., they merely 

tend to revert to their lowest energy level via corrosion process (Peabody, 

2001). 

 
In the petroleum industry, corrosion related failures too often result in 

catastrophic failures of piping and equipment that can cause explosions, fire 

and release of toxic materials into the environment. Corrosion is not only 

dangerous, but also costly with annual damages amounting to billions of 

dollars. Studies carried out in Australia, United Kingdom, United States of 

America, Japan, and other industrialized countries put the cost of corrosion at 

3-4% of the Gross National Product (GNP). Studies at the request of the 

United States Congress found that the cost of corrosion approaches 4.2% 

GNP or roughly $180 billion in 1985 and in 2006 amounts to $550 billion 

(Donald and Pradeep, 2006). The cost of corrosion to Nigeria has been 

estimated at 2% of the GNP which works out to N2, 581 million in 1988 

assuming a figure of N129, 080 million (Okolie, Nwoke, et al, 1992).   

 
Considering this dangerous nature and very high cost of corrosion, the need 

to prevent and mitigate it cannot be over-emphasized. Corrosion of buried 

metal structures can be mitigated with coating and because of null effect in 

loading such as pin holes, holidays and other foreign objects which are often 
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present, coating is complimented with cathodic protection (CP) (Peabody, 

2001).  

 

Cathodic protection (CP) is a technique used to control the corrosion of a 

metal surface by making it work as a cathode of an electrochemical cell. The 

principle of Cathodic protection (CP) is based on connecting an external anode 

to the metal to be protected and the passing of an electrical direct current 

(dc) so that all areas of the metal surface become Cathodic and therefore do 

not corrode. The external anode may be a galvanic anode, where the current 

is as a result of the potential difference between the two dissimilar metals, or 

it may be an impressed current anode, where current is impressed from an 

external direct current (dc) power source in electrochemical terms.  The 

electrical potential between the metal and the electrolyte solution with which 

it is in contact is made more negative, by the supply of negatively charged 

electrons, to a value at which the corroding (anodic) reactions are stopped  

and only Cathodic reactions can take place (Peabody, 2001). 

 
Cathodic protection (CP) can be achieved in two ways:  

- By the use of galvanic (sacrificial) anodes or  

- By “impressed current”  

 
Galvanic anode systems involve the connection of two dissimilar metals in an 

electrolyte (soil or water). Current flows between the two dissimilar metals 

because of dissimilar electrode potentials. The metal with more electropositive 

(noble) potential is protected from corroding by the more electronegative 

(active) metal which corrodes.  

 

Different metals have different electrical potential and their relative positions 

in most aqueous environments are as follows: Magnesium (Mg) > Zinc (Zn) > 

Aluminum (Al) >Iron (Fe) >Steel (mild) >Tin (Sn) > Lead (Pb) > Brass (Cu-

Zn) > Copper (Cu) > Silver (Ag) > Gold (Au) (Ovri and Iroh, 2011) 
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Considering that Magnesium, Aluminum and Zinc are negative to mild steel; 

hence they are considered use (choice) against mild steel. Magnesium, 

Aluminum or Zinc is used as auxiliary anodes that are directly electrically 

connected to the steel structure to be protected. The difference in natural 

electrical potentials between the anode and steel, as indicated by their relative 

positions in the electrochemical series, causes a positive current to flow in the 

electrolyte, from the anode to the steel. Thus, the whole surface of the steel 

becomes more negatively charged and becomes the “cathode” of the galvanic 

cell. In other words, a material of higher electro-negativity is electrically 

connected to the structure to be protected to give it a longer lasting life. As 

stated above, the metals commonly used as sacrificial anodes are Aluminum, 

Zinc and Magnesium. These metals are alloyed to improve their long-term 

performance and dissolution characteristics (Umezurike, 2008). 

 
Impressed - current systems employ inert (zero or low dissolution) anodes 

and use an external source of direct current (dc) power (rectified alternating  

current) to impress a current from an external anode unto the cathode 

surface. The protected structure is made electrically negative so that it acts a 

cathode. A second electrode is made electrically positive and completes the 

circuit as an auxiliary anode. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1  Basic Cathodic Protection (CP) installation diagram  
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The main advantage of the cathodic protection (CP) over other forms of anti-

corrosion treatments is that it is applied simply by maintaining a direct current 

(dc) and its effectiveness may be monitored continuously (Euring and Davis, 

1981). 

 

1.1 STATEMENT OF PROBLEM  

Galvanic anode cathode protection system as a method of corrosion control 

has been viewed with skepticism, particularly by engineers due to the size 

of metal structure it can protect and so the corrosion mitigation  effect on 

most structures are lacking. 
 

Obviously not much work has been reported on corrosion mitigation of 

small steel structures using galvanic/sacrificial anode cathodic protection 

systems with magnesium anode. 
 

1.2 AIMS/OBJECTIVES  

Against the background of the problem stated above, and in pursuit of the 

remedies, the objectives of this research are: 

(i) To model Cathodic protection (CP) commercial practice using small scale 

experimental method by developing, designing and installing a galvanic 

anode cathodic protection system on a 10.16cm diameter, 400cm long 

mild steel pipe coated with polykene tape wrapping that will be able to 

deliver and distribute enough current to the surface of the steel pipe to 

ensure that protection criterion is met. 

(ii) To determine if pipe-to-soil potential measurement alone is adequate to 

evaluate the cathodic protection performance.  

(iii) To analyze the effectiveness of galvanic anode cathodic protection system 

on the corrosion mitigation of mild steel pipes by the -850mV minimum 

protection potential and -1150mV over protection limit using Cu/CuSO4 

half-cell reference electrode. 

(iv) To show that soil resistivity increase with depth showing low corrosivity. 

(v) To determine an experimental data base on the effectiveness of galvanic 

anode cathodic protection system on corrosion control which shall be of 
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practical use to engineers and other workers in the oil, gas, and 

chemical industries.  

 
This study was embarked upon to proffer long lasting solution to the 

incessant leaks developments on oil and gas piping, water steel piping, 

water storage tanks, kerosene storage tanks etc. caused by corrosion 

attacks in and around some rural communities that causes flooding and 

recurrent oil spills.   

 
1.3 SCOPE  

This project provides basic design and installation sequence of a cathodic 

protection system using the galvanic anode method for the protection of a 

400cm long mild steel pipe buried behind workshop II in FUTO. 

 
Specific and general aspects of the work include:  

- General review of cathodic protection system  

- Basic requirement for cathodic protection using galvanic anode method.  

- Design calculations  

- Evaluation of monitoring technique  

 
1.4 LIMITATION  

This Project work will be limited to development of a cathodic protection 

system by galvanic anode system. For economic reasons and non-

availability of equipment, coating was done manually and anode cable 

attachment was done by mechanical means and not by termite welding. 

Pipe-to-soil potential measurement was the monitoring technique used. 

 
1.5 JUSTIFICATION OF RESEARCH 

This research finds wide application to all workers, engineers and 

professionals in the oil, gas and chemical industries. 

 
This research will help provide a data base to all who wish to embark on 

corrosion research and to students working on related corrosion remedial 

studies. 
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CHAPTER TWO 
 

2.0 LITERATURE REVIEW 
 
2.1 CATHODIC PROTECTION SYSTEM HISTORICAL PERSPECTIVE  

The invention and first application of cathodic protection is attributed to 

(Davy, 1824 ) in a project financed by the British Navy which succeeded in 

preventing the corrosion of Copper Sheathing of the wooden hulls of British 

Navy Ships. Sir Humphrey Davy attached iron Chunks to the external, 

below water line, hull of a copper clad ship. Iron has a stronger tendency to 

corrode (rust) than copper and when connected to the hull, the corrosion 

rate of copper was dramatically reduced. Davy succeeded in protecting 

copper sheathed hulls of sailing ships against corrosion from sea water by 

use of iron and zinc anode (Peabody, 1976). 

 

Although, it may have been Michael Faraday who did most of the 

development involved in application of zinc to protect copper sheathed hulls 

of sailing ships in the Royal Navy (Backmann and Schewenk, 1975). Despite 

this early inaugural application, cathodic protection did not become a 

corrosion control technology until over 100 years later.  

 

Kuhn made considerable research in connection with the corrosion of cast-

iron pipes in the soil (Kuhn, 1928). Those studies indicated that galvanic 

currents of great magnitude circulated around a corroding pipe and that 

these currents discharge at the points of corrosion and collected on other 

areas. He stated that ordinary corrosion could be prevented by reversing 

these currents. In 1933, Kuhn postulated that the potential needed to stop 

corrosion is probably in the neighbourhood of -850mV. This was as a result 

of experience gained from controlling electrolytic corrosion on iron water 

mains in New Orleans, United States of America (USA). He promoted the 

use of cathodic protection for steel gas pipeline industry to protect steel-



7 
 

piping where its effectiveness was demonstrated by satisfying the -850mV 

Cu/CuSO4 Electrode (CSE) protection criterion (Kuhn, 1993).  

 

 
Schewedtfeger and McDorman carried out a verification experiment to 

validate the -850mV protection criterion in the early 1950s.  They 

concluded that “for copper-copper sulphate (Cu/CuSO4) electrode, “the 

protective potential of approximately -850mV is in agreement with the 

practice for Cathodic protection (CP) used by many corrosion Engineers, in 

those cases where the measurements are free of IR drop external to the 

electrical boundary of the Corrosion circuit” (Schewedtfeger, 1952). 

 
The work of Stern and Geary on the principles of electrode Kinetic provided 

the foundation for the theory of cathodic protection. They used electrode 

kinetics theory to justify controlled constant potential cathodic protection in 

cases where corrosion is controlled by diffusion of dissolved oxygen. Their 

work also showed that anodic polarization behavior can be used to 

characterize the performance of Sacrificial anodes for cathodic protection 

(Stern and Geary, 1957). 

 

Jones work on electrochemical fundamentals of cathodic protection 

established the Anodic and Cathodic Tafel Curves for Corrosion of metal 

showing the principle of cathodic protection (Jones, 1976). 

 
A review of the theories of cathodic protection was carried out by Shreir. It 

was shown that gradual improvement has taken place in the description of 

the fundamental principles. Thus, at present time, the electrode kinetics 

(which states that corrosion proceeds by two electrochemical reactions, one 

an oxidation or dissolution “anodic” and the other reduction or Cathodic 

reaction) offers an up to date exploration of the processes involved in 

Cathodic protection (Shreir, 1976).   
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Recent studies by (Barlo and Berry, 1984) showed that cathodic 

polarization of 100mV free Ohmic IR interference was the most universally 

applicable criterion for the protection in laboratory soil tests. It was felt that 

some contributions could be made in this area in which some other criteria 

and parameters necessary for cathodic protection of buried steel structures 

could be examined. 

 
Cathodic protection remains popular, cost-effective and probably the most 

acceptable method of mitigating corrosion of buried and submerged 

structures. Therefore the need to save the nation’s income through 

corrosion mitigation cannot ignore cathodic protection(Okoroafor, 2004). 

However, for cathodic Protection to result into income saving it must be 

effective. Cathodic protection of our oil and gas industry facilities and 

pipelines if effectively applied can save the nation a lot of income. However, 

even though cathodic protection technology is vital but common method of 

corrosion mitigation of buried or submerged metal structure, its state in 

Nigeria petroleum industry operation is still below international standard in 

terms of design and monitoring. Design and monitoring obsolescence has 

denied some Nigeria operators the benefits modern cathodic protection 

system provides. Based on the first principle first discovered over two 

centuries ago by Luigi Galvani (Okoroafor, 2004), its application by the oil 

and gas industry started only in 1930; and the technology introduced by 

them has remained in use, but with significant modification and 

improvement in the area of design, survey and monitoring. These 

modification and improvements have resulted in long-term integrity of 

cathodic protection system, guaranteeing continuous protection of buried or 

submerged metal structures. The most significant factor influencing 

corrosion in Nigeria petroleum industry today is “ageing process”. Most of 

the Nation’s oil and gas facilities and pipelines are over 40years old. This 

ageing process coupled with ineffective protection, results in coating 
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disbondment and accelerated corrosion necessitating premature 

rehabilitation, waste of crude oil and products, environmental damages etc. 

  
The attempts to control pipeline corrosion relied on the use of coating 

materials based on the reasoning that if the pipeline metal could be isolated 

from contact with the surrounding earth, no corrosion will occur (Peabody, 

1967). This concept is entirely reasonable and logical. Furthermore, a 

coating would be completely effective as a means of stopping corrosion if 

the coating material: 

a. Is an effective electrical insulator. 

b. Can be applied with no breaks whatsoever and will remain so during 

the backfilling process. 

c. Constitutes an initially perfect film that will remain so with time. 

While this is possible with some advanced multi-layer systems, it may not 

be practical from an initial cost analysis. 

 
Although coatings by themselves may not be the one perfect answer to 

corrosion control, they are extremely effective when properly used. Most 

operators plan coatings and cathodic protection (CP) for all their pipelines 

as a matter of course. A properly selected and applied coating will provide 

all the protection necessary on most of the pipeline surface to which it is 

applied. On a typical well-coated pipeline, this should be better than 99% 

and, along with cathodic protection, should give total protection. In 

selecting a coating for a given pipeline project, one of the most important 

characteristics to design for is stability. This means a coating combination 

that will have a high electrical resistance after the pipeline has been 

installed, the backfill stabilized and will lose least electrical resistance over 

time (Peabody, 1976). These characteristics are very important especially 

where cathodic protection system is used to supplement the coating. When 

used with an unstable coating, a cathodic protection system that is fully 

adequate during the early life of a pipeline may no longer provide full 
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protection as coating deteriorates (as indicated by a reduction in the 

effective electrical resistance of the coating) which will require additional 

current. A well coated pipe makes cathodic protection relatively easy to 

apply because only minute areas of the exposed steel would require 

protection. Current from CP ground bed flows to all areas where pipe metal 

is exposed. In so doing, the original corrosive current discharge from 

defects in anodic areas is reduced. In addition to the current flowing to 

defects, current also flows through the coating material itself. No coating 

material is a perfect insulator (even when absolutely free of any defect 

whatsoever) it will conduct some current (Peabody, 1976). The amount will 

depend on the electrical resistivity of the material and its thickness. When a 

high resistivity coating is used, the current passing directly through the 

coating will be negligible compared with that flowing to coating defects. In 

nutshell, the amount of CP current required to protect a well coated pipe is 

relatively small. 

 
It is also possible to cathodically protect a bare pipe but it requires much 

more current due to unlimited anodic areas present on the bare pipe. A 

bare pipeline accepts thousand times more current than the same line with 

superior coating. Therefore, a bare pipeline not only requires much more 

CP current but a CP system that is fully adequate during the early life of a 

pipeline may no longer provide full protection over a short while because of 

the absence of effective electrical resistance coating and will require 

additional current every now and then. This means that continued 

expenditures will be necessary for additional CP installations. The overall 

economics of coating – plus CP concept are adversely affected when a bare 

structure is cathodically protected (Peabody, 2001). 
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2.2 CATHODIC PROTECTION (CP) 

Cathodic protection; a technique to reduce the corrosion of a metal surface 

by making that surface the cathode of an electro-chemical cell, over the 

years has continued to be treated as somewhat mysterious term by those 

not fully conversant with it. Apparently, many feel that cathodic protection 

is a complicated procedure. In reality, the basic idea of cathodic protection 

is very simple. Through the application of a cathodic current onto a 

protected metal structure, its anodic dissolution is minimize or completely 

eliminated over a time frame. Cathodic protection is often applied to coated 

structures, with coating providing the primary form of corrosion protection. 

It can also be applied to an uncoated metallic structure, but the CP current 

requirement is excessively high and uneconomical (Peabody, 2001). 

 
Other common cathodic protection installations include buried tanks, 

marine structures such as offshore platforms, reinforced steel in concrete 

etc. 

   
2.2.1 PRACTICAL APPLICATION OF CATHODIC PROTECTION 

Cathodic protection may be achieved either by; 

i. Galvanic/Sacrificial Anode method or 

ii. Impressed current method 

 
2.2.1.1GALVANIC/SACRIFICIAL ANODE CATHODIC PROTECTION 

SYSTEMS. 

 Corrosion cell resulting from contact of dissimilar metals leads to a cell in 

which one is active (negative) with respect to the other and corrodes. In 

cathodic protection with sacrificial anodes, this effect is taken advantage of 

by purposely establishing a dissimilar metal cells normally existing on 

pipelines. This is accomplished by connecting a very active metal to the 

pipeline. This metal will corrode and in so doing will discharge current to 

the pipeline. In the case of cathodic protection with sacrificial anodes, 
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cathodic protection does not eliminate corrosion; rather it displaces 

corrosion from the structure being protected to sacrificial anodes. 

 
 Under normal circumstances, the current available from sacrificial anodes is 

limited. For this reason, cathodic protection by galvanic or sacrificial 

anodes, normally is used where current required for protection is small 

(typically less than 1Ampere) and in areas where soil resistivity is low 

enough (typically less that 10,000 Ohm-cm) to permit obtaining the desired 

current with a reasonable number of anodes (Peabody, 2001). Similarly, the 

driving voltage existing between steel pipe and galvanic anode is limited. 

Therefore, the contact resistance between the anodes and the earth must 

be low for the anode to discharge a useful amount of current. This means 

that, for normal installations, galvanic anodes are used in low – resistivity 

soils. A normal installation as considered here, is one in which the current 

from the galvanic anode installation is expected to protect a substantial 

length of pipeline. There are also instances where galvanic anodes are 

placed at specific points on a pipeline (often termed hot spots) and be 

expected to protect only a few meter of pipe, especially where the line is 

bare. 

 

E:/Handbook of Corrosion Engineering reported that cathodic protection 

can be applied by connecting sacrificial anodes to a structure. Basically, the 

principle is to create a galvanic cell, with anode representing the less noble 

material that is consumed in the galvanic interaction. Ideally, the structure 

will be protected as a result of the galvanic current flow. In practical 

applications, a number of anodes usually have to be attached to the 

structure to ensure overall protection levels. 

 
 Cathodic protection by galvanic anode method involves the connection of 

dissimilar metal (galvanic) in an electrolyte. Current flows between the two 

because of dissimilar electrode potentials. The metal with more 
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electropositive (noble) potential becomes the cathode and is protected by 

the more electronegative (active) metal which corrodes (Ovri and Iroh, 

2011). Fig 2.1 shows a schematic representation of a galvanic or sacrificial 

anode cathodic protection. 

 

 

 Fig 2.1:  Schematic representation of a galvanic anode CP 

 
 Sacrificial anode cathodic protection is possible because different metals 

have different electrical potentials and relative positions in most aqueous 

environment encountered in practice. These are summarized in the partial 

galvanic series below: 
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Table 2.1 Practical Galvanic Series for metals in neutral soils and water 

(Peabody, 2001). 

 
Metal Potential(V) (Cu/CuSO4 Electrode) 
Carbon, Graphite, Coke +0.3 
Platinum  0 to -0.1 
Mild Scale on Steel -0.2 
High Silicon Cast iron -0.2 
Copper, Brass, Bronze -0.2 
Mild Steel in Concrete -0.2 
Lead -0.5 
Cast iron (not Graphitized) -0.5 
Mild steel (Rusted) -0.2 to -0.5 
Mild steel (clean & shiny) -0.5 to -0.8 
Al alloy (5% Zn) -1.05 
Zinc -1.1 
Mg Alloy (6% Al, 3% Zn, 
0.15%Mn) 

-1.6 

Commercially pure Mg -1.75 
 
 
2.2.1.2 SACRIFICIAL ANODES 

 An anode is the electrode of an electrochemical cell at which oxidation or 

anodic reaction occurs. Electrons flow away from the anode in the external 

circuit of the electrochemical cell. Corrosion usually occurs and metal ions 

enter the solution at the anode. 

  
Sacrificial or galvanic anode is mass of metal, that when buried or 

immersed and connected to a metallic structure (to be protected) forms a 

cell with that structure, and because of its relative position in the galvanic 

series, provides sacrificial protection to the metal (structure) that are more 

noble in the series, by making it more negative with respect to the 

surrounding environment. In other words, sacrificial anode is a metal that 

provides sacrificial protection to another metal that is nobler when 

electrically coupled in an electrolyte. 
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 The sacrificial anode must have a potential that is more negative than that 

of the protected structure. When the sacrificial anode is connected to the 

structure, it is polarized anodically and the two will reach the same 

potential, provided the resistance of the electrolyte is sufficiently low. Thus 

an essential requirement is that the anode will polarize the steel to a 

potential where it will either not corrode at all, or corrode at an acceptable 

rate, for an acceptable period of time at an acceptable cost. For maximum 

efficiency of protection, self-corrosion of the anodes should be eliminated 

by alloying. 

 
From table 2.1, it is seen that Mg, Al, and Zn are more electronegative to 

steel; therefore, these metals are commonly used as sacrificial anodes to 

steel. They are usually surrounded by a backfill made of metal porous 

conductive materials, which decreases the electrical resistance of the anode 

or soil. 

 
2.2.1.3 ADVANTAGES OF SACRIFICIAL ANODE CP SYSTEMS 

i. Self-powered, so no external power source is required. 

ii. Easy field installation (relatively low installation cost). 

iii. Low maintenance costs. 

iv. Capital investment is low. 

v. Less likely to cause stray current interference problem on other 

structures. 

vi. Danger of over protection is reduced. 

vii. Suitable where low current is required. 

viii. System is essentially self-regulating. 

ix. Suitable for localized protection 

x. Relatively uniform potential distribution. 

2.2.1.4 DISADVANTAGES OF SACRIFICIAL ANODE CP SYSTEMS 

i. Low driving voltage 

ii. Limited use in low resistivity soils. 
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iii. Not practicable in protection of large structures. 

iv. Not an economic source of large CP current. 

v. Anodes may have to be replaced frequently under high current 

demand. 

 
Typical applications include buried tanks, underground pipelines, buried 

communication and power cables, water and gas distribution systems, 

internal protection of heat exchangers and hot water tanks, ships and 

marine structures. 

 
2.2.1.5 ANODE REQUIREMENTS 

 E:/Handbook of Corrosion Engineering reported that the anode material 

must provide a certain driving voltage to generate sufficient current to 

adequately protect a structure. The driving voltage is defined as the 

difference between the operating voltage of the anode and the potential of 

the polarized structure it is protecting. A fundamental requirement is for the 

anode to have a stable operating potential over a range of current outputs. 

This means that the operating potential should lie very close to the free 

corrosion potential and that the corrosion potential remains essentially 

unaffected by current flow with such characteristics. It is said that sacrificial 

anodes systems are self-regulating in terms of potential. Furthermore, over 

its life time, an anode must consistently have a high capacity to deliver 

electric current per unit mass of material consumed. The capacity is defined 

as the total charge (in Coulombs) delivered by the dissolution of a unit 

mass of the anode material. The theoretical capacity can be determined 

from Faraday’s law, and the anode efficiency (E) obtained in practice can 

be defined as: 

 
 Efficiency (E) = Actual capacity  x 100%  

        Theoretical capacity. 
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 Ideally, an anode will corrode uniformly and approach its theoretical 

efficiency. Passivation of an anode is obviously undesirable. Ease of 

manufacturing in bulk quantities and adequate mechanical properties are 

also important. 

 
2.2.1.6 ANODE MATERIALS AND PERFORMANCE CHARACTERISTICS 

 For land based cathodic protection applications of structural steel, anodes 

based on Zinc or Magnesium are most important. Zinc anodes employed 

underground are high-purity Zinc alloys, as specified in ASTM B418-95A. 

Only type II anodes in this standard are applicable to buried soil 

applications. The Magnesium alloys are also high-purity grades and have 

the advantage of a higher driving voltage. The low driving voltage of Zinc 

electrodes makes them unstable for highly resistive soil conditions. The 

R892-91 guidelines of the Steel Tank Institute gave the following driving 

voltages, assuming a structural potential of -850mV versus Copper Sulphate 

Electrode (CSE). 

 High potential Magnesium: - 0.95V 

 High-purity Zinc:  - - 0.25V 

 Magnesium anodes generally have a low efficiency at 50percent or even 

lower. The theoretical capacity is relatively low at 780Ah/Kg but efficiencies 

are high at around 90percent. 

 
 Anodes for industrial use are usually conveniently packaged in bags 

prefilled with suitable backfill materials. These materials are important 

because they are designed to maintain low resistivity (once wetted), steady 

anode potential and to minimize localized corrosion on the anode. The 

current output from an anode can be estimated from Dwight’s anode 

output equation (applicable to relatively long and widely spaced anodes) as 

follows; 
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   IA = [2 πEL] / [ρ ln (8L/d – 1)] 

 Where  IA = current output of anode (A) 

    E = driving voltage (V) 

   L = anode length (cm) 

   Ρ = soil resistivity (Ωcm) 

   d = anode diameter (cm) 

 
The life expectancy of the anode is inversely proportional to the current 

flowing and can be estimated with the following expression; 

 
 Anode lifetime (tf) = (KUεW) / IA 

 
 Where tf  = anode life (years) 

    K = anode consumption factor (0.093 for Zn, 0.253 for Mg) 

U = utilization factor; a measure of allowable anode consumption   

rate before it is rendered ineffective. (typically 85%). 

  W = mass of the anode (Kg) 

   ε = efficiency of the anode; (0.9 for Zn, 0.5 for Mg) 

   IA = anode current output (A) 

  
2.2.2 IMPRESSED CURRENT CATHODIC PROTECTION SYSTEM     

 Impressed current systems, cathodic protection is applied by means of an 

external power source. Impressed current systems are systems whereby  

metal structures are protected from corrosion by the use of direct current 

(DC) which may be supplied by a generator (solar or portable), or 

connected from the national grid (the alternating current (AC) will be 

converted to direct current using transformers or rectifiers) which makes 

the metal structure to acquire negative status (Ronald 2001). In contrast to 

the galvanic anode systems, the anode consumption rate is actually a key 

requirement for long system life. Impressed current systems typically are 

favoured under high-current requirements and or high-resistance 
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electrolyte. Large metal structures needs higher potential, but we must 

ensure that they are not over protected by providing too high a potential as 

this will eventually cause some problems on the soil and on the structures. 

The impressed current cathodic protection system is installed more far 

away from each other unlike the sacrificial anode. This is because the 

impressed current produces more potential than the galvanic anode. In the 

same vain, the impressed current is mostly used on metal structures 

installed on dry land. 

 
Impressed current systems are used throughout the world to provide 

cathodic protection for pipelines, ship hulls, offshore production platforms, 

water and wastewater treatment equipment, tank farms and of course 

underground storage tank systems which may be bare or coated. Design of 

an impressed current system must consider the potential for causing 

coating damage and the possibility of creating stray currents, which 

adversely affect other structures (Peabody, 2001). 

 
2.2.2.1 ADVANTAGES OF IMPRESSED CURRENT SYSTEMS  

There are several advantages of using impressed current systems. They 

are: 

i. Unlimited current output capacity: The amount of current that 

can be designed into an impressed current system can be from a few 

amperes to as much as several hundred amperes. The amount of 

current available will be a function of the number of anodes, provided 

the rectifier voltage and amperage capacity are suitable for the 

electrolyte (soil) resistivity in which the anodes are installed. 

ii. Lower cost per ampere of cathodic protection current: 

Galvanic anode systems are significantly more expensive where 

amperes rather than milli-amperes of total current are required. 

iii. Flexibility: Impressed current systems have ability to adjust “tune” 

the protection level. Current output may be controlled  
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iv. Applicable to variety of applications: Impressed current systems 

unlike the galvanic anode have more applications especially lager 

metal structures. 

v. Effective in high resistivity soils: Impressed current systems uses 

low number of anodes even in high-resistivity soils.  

vi. Impressed current systems protect even poorly coated or bare 

structures. 

vii. They are not constrained by low driving voltage.  

 
2.2.2.2 DISADVANTAGES OF IMPRESSED CURRENT SYSTEMS 

There are several significant disadvantages to use impressed current 

systems. They are: 

i. Increased maintenance: Impressed current systems have higher 

maintenance cost. They are inherently more prone to failure. 

Switches can be turned off and fuses can blow. Thus, the system 

needs to be monitored more frequently and some repair may be 

required once every several years. 

ii. Higher operating cost: They are more costly if only a few 

 milli-amperes of current are required to protect a small or a very 

well coated structure. Impressed current systems typically have a 

base cost of several thousand dollars. If only a few galvanic anodes 

are required for protection of a specific structure, this will often not 

be the more economic choice. 

iii. May cause interference on other nearby structures: This is an 

inherent potential problem with impressed current systems. This can 

be sometimes be minimized through the use of distributed anode 

designs where anodes are placed nearby the protected structure. 

iv. Impressed current systems have higher risks of over-protection 

damage. When this occurs, it leads to coating disbondment and 

hydrogen embrittlement.  
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v. There is also risk of incorrect polarity connections (this has happened 

in occasion with much embrassement to the parties concerned). 

vi. Impressed current systems are more complex, less robust than 

galvanic anode systems in certain application. 

 

 

 Fig 2.2: Schematic diagram of impressed current CP 

 

 
2.2.2.3 IMPRESSED CURRENT ANODES 

Impressed current anodes do not have to be less noble than the structure 

that they are protecting. Although, scrap steel is occasionally used as anode 

material, those anodes are typically made from highly corrosion-resistant 

materials to limit their consumption rate. After all, under conditions of 
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anode polarization, very high dissolution rates can potentially be 

encountered. Anode consumption rates depend on the level of applied 

current density and also the operating environment (electrolyte). For 

instance, the dissolution of platinized titanium anodes is significantly higher 

when buried in soil compared with their use in seawater. Certain 

contaminants in seawater may increase the consumption rate of platinized 

anodes. The relationship between discharge current and anode 

consumption rate is not of the simple linear variety, the consumption rate 

can increase by a higher current. 

 
Under  this complex relationship, experience is critical for selecting suitable 

materials.  For actively corroding (consumable) materials approximate 

consumption rates are of the order of grams per ampere-hour (Ah), 

whereas for fully passive (non-consumable)   materials the corresponding 

consumption is on the scale of micro-grams.  The consumption rates for 

partly passive (semi-consumable) anode materials lie somewhere in 

between these extremes. 

 
The type of anode material has an important effect on the reactions 

encountered on the anode surface.  For consumable metals and alloys such 

as scrap steel or cast iron, the primary anodic reactions are the evolution of 

gases.  Oxygen can be evolved in the presence of water, whereas chlorine 

ions are dissolved in the electrolyte.  The above gas evolution reactions 

also apply to non-metallic conducting anodes such as carbon.  Carbon 

dioxide evolution is a further possibility for this material.  On partially 

passive surfaces, both the metal dissolution and gas evolution reactions are 

important.  Corrosion product building is obviously associated with the 

former reaction. 

 
It is apparent that a wide range of materials can be considered for 

impressed current anodes, ranging from inexpensive scrap steel to high- 
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cost platinum.  (Shreir, 1976)  identified the following desirable properties 

of an “ideal impressed current anode materials: 

a. Low consumption rate, irrespective of environment and reaction 

products. 

b. High electrical conductivity and low resistance at the anode-electrolyte 

interface. 

c. High reliability 

d. High mechanical integrity to minimize mechanical damage during 

installation, maintenance and erosion. 

e. Ease of fabrication into different forms. 

f. Low cost, relative to the overall corrosion protection scheme. 

In practice, important trade-offs between performance properties and 

material costs obviously have to be made. 

 
Table 2.2 shows some impressed current anodes used in different 

 environment. 

 

Table 2.2: Impressed current anodes used in different environment.   

Marine 

Environment 

Concrete Portable Water Buried in Soil High-purity 

Liquid 

Platinized 

surfaces 

Platinized 

surface 

High-Si Iron, 

Iron and Steel 

Graphite high-

SiCr Cast Iron 

Platinized 

surface 

Iron, and Steel 

Oxide-metal 

oxides 

graphite 

Mixed metal 

oxides 

polymeric 

Graphite 

Aluminum 

High-Si iron  

mixed-metal 

oxides 

 

Zinc, High-

Silicon 

Chromium cast 

Iron 

  Platinized 

surfaces 

polymeric Iron 

and Steel 
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2.2.2.4 IMPRESSED CURRENT ANODES FOR BURIED METAL STRUCTURES 

 APPLICATIONS 

The National Association of corrosion Engineers (NACE) International 

Publication 10A196 represents an excellent detailed description of 

applications.  Further detailed accounts are also given by Shreir, Jarman, 

and Burstein (shreir, 1976), only a brief summary is provided here. 

Graphite Anode: This have largely replaced the previously employed 

carbon variety, with the crystalline structure obtained by high-temperature 

exposure as part of the manufacturing process that includes extrusion into 

the desired shape.  These anodes are highly porous, and it is generally 

desirable to restrict the anode reactions to the outer surface to limit 

degradation processes.  Impregnation of the graphite with wax or oil as far 

as possible, thereby reducing consumption rates by up to 50 percent.  

Graphite is extremely chemically stable under conditions of chloride 

evolution. Oxygen evolution and the concomitant formation of carbon 

dioxide gas accelerate the consumption of these anodes. Consumption 

rates in practice have been reported as typically between 0.1 to 1kg A-1Y-1  

and operating currents in the 2.7 to 32.4 A/m2S range (Peabody, 2001). 

Buried graphite anodes are used in different orientations in anode beds that 

contain carbonaceous backfill. 

 
The following limitations apply to graphite anodes; operating current 

densities are restricted to relatively low levels.  The material is inherently 

brittle, with a relatively high risk of fracture during installation and 

operational shock leading.   In non-buried applications, the setting out of 

disbanded anode material can lead to severe galvanic attack of metallic 

substrates (most relevant to closed-loop systems) and, being soft material, 

these anodes can be subjected to erosion damage. 
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Platinized Anode: These are designed to remain completely passive and 

utilize a surface coating of platinum (a few micrometers thick) on titanium, 

niobium and tantalum substrates for these purposes.  Restricting the use of 

platinum to a thin surface film has important cost advantages.  For 

extended life, the thickness of platinum surface coating, which invariably 

may arise in practice. The passive films tend to breakdown at a certain 

anodic potential, which is dependent on the corrosiveness of the operating 

environment. It is important that the potential of unplantinized areas on 

these anodes does not exceed the critical depassivation value for a given 

substrate material. In chloride environments, tantalum and niobium tend to 

have higher breakdown potentials than titanium, and the former materials 

are thus preferred at high system voltages. 

 
These anodes are fabricated in the form of wire, mesh, rods, tubes, and 

strips. They are usually embedded in a groundbed of carbonaceous 

material.  The carbonaceous backfill provides a high surface area (fine 

particles are used) and lowers the anode/earth resistance, effective transfer 

of current between the Platinized surfaces and the backfill are therefore 

important. Reported consumption rates are less than 10mgA-1Y-1 under 

anodic chloride evolution and current densities up to 5400A/m2. In oxygen 

evolution environments reported consumption rates are of the order of 

16mgA-1Y-1 at current densities below 110A/m2.  In the presence of current 

ripple effects, platinum consumption rates are increased, particularly at 

relatively low frequencies. 

 
Limitations include current attenuation in long sections of wire, uneven 

localized anode degradation, especially near the connection to a single 

current feed point.  Multiple feed points improve the current distribution 

and provide system redundancy in the event of excess local anode 

dissolution.  Current ripple effects, especially at low frequencies, should be 

avoided.  The substrate materials are at risk to hydrogen damage if these 
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anodes assume a cathodic character outside their normal operational 

function (for example, if the system is de-energized). 

 

Mixed – metal Anodes: This also utilize titanium, niobium, and tantalum 

as substrate materials. A film of oxide is formed on these substrates, with 

protective properties similar to passive film forming on the substrate 

materials.  The important difference is that whereas the “natural” passive 

film is an effective electrical insulator, the mixed metal oxide surface film 

passes anodic current.  The products formed are similar to those of the 

Platinized anodes. These anodes are typically used with carbonaceous 

backfill.  Electrode consumption is usually not the critical factor in 

determining anode life, rather the formation of non-conductive oxides 

between the substrates and the conductive surface film limit effective 

functioning. Excessive current densities accelerate the building of these 

insulating oxides to unacceptable levels. 

 
Scrap steel and iron:  This represent consumable anode material and 

have used in the form of abandoned pipes, railroad or well castings, as well 

as any other scrap steel beams or tubes. These anodes found application 

particularly in the early years of impressed current CP installations. Because 

the dominant anode reaction is iron dissolution, gas production is restricted 

at the anode.  The use of carbonaceous backfill assists in reducing the 

electrical resistance problems in dry soils. 

 
Theoretical anode consumption rates are at 9kg-1Y-1. For cast iron 

(containing graphite) consumption rates may be lower than theoretical 

value due to the formation of carbon-rich surface films. Full utilization of 

this is rarely achieved in practice due to preferential dissolution in certain 

areas. Fundamentally, these anodes are not prone to failure at a particular 

level of current density.  For long anode lengths, multiple current feed 
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points are recommended to ensure a reasonable even current distribution 

over the surface to prevent premature failure near the feed point(s). 

Limitations include the building of corrosion products that will gradually 

lower the current output.  Furthermore, in high-density urban areas, the 

use of abandoned structures as anodes can have serious consequences if 

these are short circuited to foreign services. An abandoned gas main could, 

for example, appear to be a suitable anode for a new gas pipeline. 

However, if water mains are short circuited to the abandoned gas main in 

certain places, leaking water pipes will be encountered shortly afterward 

due to excessive anodic dissolution (Peabody, 2001). 

 
High-Silicon Chromium Cast Iron Anodes: This is used only on the 

formation of a protective oxide film (mainly hydrated SiO2) for corrosion 

resistance. The chromium alloying additions are made for use in chloride-

containing environments to reduce the risk of pitting damages.  These 

anodes can be used with or without carbonaceous backfill, in the latter case 

the resistance to ground is increased (partially under dry conditions) as are 

the consumption rates.  Consumption rates have been reported to be 

typically between the range of 1.0 to 10kgA-1Y-1.  The castings are relatively 

brittle and thus susceptible to fracture under shock loading. 

 

Polymer Anodes: These are flexible wire anodes with a copper core 

surrounded by a polymer material that is impregnated with carbon. The 

impregnated carbon is gradually consumed in the conversion to carbon 

dioxide, with ultimate subsequent failure by perforation of the copper 

strand.  The anodes are typically used in combination with carbonaceous 

backfill, which reportedly increases their lifetime substantially.  Because 

these anodes are typically installed over long lengths, premature failure are 

possible when soil resistivity various widely. 
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2.3 THE CHOICE OF CATHODIC PROTECTION SYSTEM 

The variables or factors that must be evaluated in order to decide which 

type of CP system should be economically used under the prevailing 

conditions are: 

 
a. Current required by the system and the prevailing soil 

resistivity value: 

Before the choice of the method of CP application to be used is 

made, an investigation, survey, or design must be carried out to 

obtain values for parameters like soil resistivity, current requirement 

of the system, etc. The values obtained play major role in the choice 

of method to be used.    

 
For pipeline CP applications, galvanic anodes are generally used in 

cases where relatively small amounts of current are required 

(typically less than 1A) and areas where soil resistivity is low enough 

(typically less than 10,000 ohm-cm) to permit obtaining the desired 

current with a reasonable number of anodes. If large amounts of 

current are needed (typically greater than 1A) and the area has 

relatively high soil resistivity (typically greater than 10,000 ohm-cm) 

impressed current systems become more economical choice 

(Peabody, 2011).  

At this juncture, it is worthy to state that we chosed galvanic anode 

method because the designed current requirement was 0.0153mA 

and the soil resistivity survey result gave values that are less than 

10,000 ohm-cm (chapter three and four). 

 

 

b. The soil’s physical and chemical properties: 

The constituent of soil influences the choice CP system to be applied. 

When the content of moisture and other chemicals like sulphides, 
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chlorides and carbonates are low, corrosion of that soil will be at 

moderate level and galvanic anode CP can be used to combat it. High 

moisture content of soil decreases the resistance of coating and leads 

to high current demand.  Also high content of sulphates, carbonates 

and chlorides accelerates soil acidity and corrosion. Impressed 

current CP which produces higher protection potential will be 

preferable, other factors must also be considered.  

 
c.    Possibility of stray current: 

Galvanic anode CP methods are preferred in soils that are stray 

current prone because of multiple CP installations or installations of 

other metallic structures. Galvanic anodes are used to correct stray 

current interference which impressed current system will exacerbate.  

 
d. Cost of CP Equipment, Installation and operation: 

The cost of procuring CP equipment, installation and maintenance 

normally plays major role in the choice CP system. 

It is always cheaper to install and maintain galvanic anode CP. Once 

sacrificial anode is installed, very little maintenance is required for the 

life of the anode. The anode of the galvanic anode system is not 

subject to the same degree of electrical or mechanical malfunction as 

that of an impressed current system 

 
e. The size of the structure to be protected: 

The choice of CP depends also on the size of the metallic structure to 

be protected.  If the structure is small, galvanic anode CP is used 

whereas the structure is too large to extent that galvanic anode 

becomes uneconomical to be used, the impressed current method 

becomes the right choice  
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It is important to note that prior to making a choice of CP application 

method, all the above mentioned factors and even more must be put into 

consideration to be able to design, install and operate a CP system that will 

be efficient, feasible, economically viable and most importantly serve the 

purpose for which it is installed. 

 
2.4   PRACTICAL CRITERIA 

In practical terms, a decision has to be made concerning the level of 

cathodic protection current that is applied. Too little current will lead to 

excessive corrosion damage, whereas excessive current (or overprotection) 

can lead to disbonding of coatings and hydrogen embitterment.  

Furthermore, corroding structures do not have uniform corrosion potentials 

or protection requirements over their entire surface. Practical criteria need 

to take such variations into account. 

The following is a list of protection criteria that have been proposed for 

buried steel structures: 

a. Potential of structure ≤ -850mV with respect to saturated Cu/CuSO4 

reference electrode (under aerobic condition) 

b. Potential of structure ≤ -950mV with respect to saturated Cu/CuSO4 

reference electrode (under anaerobic conditions where microbial corrosion 

may be a factor). 

c. Negative potential shift of ≥ 300mV when current is applied. 

d. Positive potential shift of ≥ 100mV when the current is interrupted. 

The first criterion is probably the best known and widely used in industry 

due to its ease of application. Using the Nernst equation (V =- RT/nt/M2
n+1) 

and a ferrous ion concentration of 10-6M (a criterion commonly used to 

define negligible corrosion in thermodynamics), a potential for steel of        

-930mV with respect to Cu/CuSO4 can be derived, which is somewhat more 

negative than this criterion. The satisfactory performance under the less 

stringent potential requirement may be related to the formation of 
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protective ferrous hydroxide on the surface.  Strictly speaking, potential 

protection criteria are based on the potential of the structure at the soil 

interface. Actual measurements performed by placing the reference 

electrode some distance away from the structure usually have to be 

corrected. 

 
The potential shift criteria require measurements with CP system in the ON 

and OFF conditions. Ohmic drop errors can invalidate the 300mV shift 

criterion. 100mV Shift Criterion may be useful for preventing over-

protection. Over-protection result to creating of disbondment and blistering, 

increasing risk of hydrogen embrittlement. Different protection criteria are 

required for different material-environment combinations. Other 

construction materials commonly used in buried applications, such as 

copper, aluminum, and lead, have different potential criteria than that for 

steel. It should be noted that excessively negative potential can be 

damaging to materials such as lead, aluminum and their alloys, due to 

deformation of alkaline species at the cathode as acquired from 

(E:/Handbook of Corrosion Engineering).  

 
2.5 GROUNDBEDS 

Groundbeds are simply one or more anodes installed below the earth’s 

surface for the purpose of supplying cathodic protection. 

Royal Dutch Shell Group (Design and Engineering Practice- DEP., 1992)   

reported that the groundbed of impressed current cathodic protection 

system shall be designed such that: 

 
a. Its mass and quality is sufficient to last the design life of the system. 

b. Its resistance to earth allows maximum predicted current demand to be 

met at 80% or less the voltage capacity of the DC source during the 

design life of the system. 
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c. Its location is remote for the pipeline and other buried structures, to 

provide a regular distribution of current along the pipeline. 

d. The risk of causing harmful interference on other buried structures is 

minimized. 

The risk of causing harmful interference on the type of groundbed shall 

depend on local conditions such as: 

i. Soil conditions and resistivity at various depths. 

ii. Groundwater levels and resistivity. 

iii. Strong seasonal changes in the surface soil conditions. 

iv. Risk of shielding (especially for parallel pipelines). 

v. Risk of damage by excavation (surface groundbeds). 

 
2.5.1 TYPES OF GROUNDBED  

 Groundbed can either be surface or deepwell groundbed. 

Surface groundbed: In shallow groundbed, the anodes may be installed 

horizontally or vertically. The choice depends on the soil resistivity 

distribution at various depths. The anodes or the highest points of 

carbonaceous backfill should not be less than one meter below ground 

level.  

Shallow surface groundbeds should be used; 

a. If the soil conditions at the proposed groundbed depth, are suitable to 

meet the requirements (in Sec. 2.3). 

b. If sufficient distance from the pipeline can be achieved and there is no 

risk of shielding. 

 
Deepwell groundbed: This should be used; 

a. If the soil conditions at the proposed groundbed depth, are suitable to 

meet the requirements (in Sec. 2.3). 

b. If there is a risk of shielding by other pipelines or buried structures. 

c. If the available space is limited. 

d. If there is a risk of stray currents on adjacent installations. 
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Metal casing may be used at the surface of the deepwell groundbed for 

stabilizing the borehole and in the active section of the groundbed. Casing 

at depth shall be electrically isolated from the metal casing and the 

structures at the surface. To achieve such isolation, plastic casing can be 

used. Deepwell groundbeds shall be provided with adequate venting pipes 

to prevent gas from blocking the well. Vent pipe materials shall be used to 

avoid blockage of the vent pipe by coke backfill. 

 
2.6 PROBLEMS TO BE AVOIDED IN THE USE OF CATHODIC PROTECTION 

There are certain limitations to the use of cathodic protection as reported 

by (Euring and Davies, 1981). Excessive negative potentials can cause 

accelerated corrosion of lead and aluminum structures because of the 

alkaline environments created at the cathode. These alkaline conditions 

may also be detrimental to certain coating systems, and may cause loss of 

adhesion of the coating.  Hydrogen evolution at the cathode surface may 

be on high strength steels. This results in hydrogen embrittlement of the 

steel, with subsequent loss of strength. On some high strength steels, this 

may lead to catastrophic failures. It may also cause disbondment of 

coatings; the coating would then act as an insulating shield to the cathodic 

currents. 

 
Consideration must also be given to spark hazards created by the 

introduction of electric current into a structure situated in a hazardous area. 

Generally, sacrificial anode systems does not cause problems, as they are 

self-regulating and are then regarded as systems that can be fixed and 

forgotten. They must, however be inspected at periodic intervals to ensure 

they are capable of supplying continued protection. 

 
Any secondary structure residing in the same electrolyte may receive and 

discharge the cathodic protection direct current by acting as an alternative 
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low-resistance path (interaction). Corrosion will be accelerated on the 

secondary structure at any point where current is discharged to the 

electrolyte. This phenomenon is called “stray current corrosion”. Interaction 

may occur, for example on a ship that is moored alongside a cathodically 

protected jetty or on a pipeline or metal sheathed cable that crosses a 

cathodically protected pipeline. 

 
Interaction may be minimized by careful design of the cathodic protection 

system. In particular, by design of a scheme to operate at the lowest 

possible current density and by maintaining good separation between 

protected structure and the secondary structure, and between the ground 

beds or anode of sacrificial anode schemes that are prone to creating 

severe interaction problems. Thus, they are popular for protection in 

congested and complex locations. Methods and procedures are available for 

overcoming interaction, and testing should be carried out in the presence of 

interested parties, so that the choice of remedial measures may be agreed, 

if and when the acceptable limit of interaction is exceeded. 

 
2.7 SOIL CONDITION  

Soils are complex and their aggressiveness is determined by factors such as 

moisture content, oxygen content, dissolved salts, pH and organic matter 

content. The major constituents that accelerate corrosion are chlorides, 

sulfates, and the acidity (pH) of the soil. Calcium and magnesium tend to 

form insoluble oxide and bicarbonate precipitates in basic environments, 

which can create a protective layer over the metal surface and reduce the 

corrosion. In contrast, the chloride ion tends to break down the otherwise 

protective surface deposits and can result in corrosion and corrosion pitting 

of buried metallic structures. Bicarbonates are not typically detrimental to 

buried metallic structures. However, high concentrations of bicarbonates 

found in soils/groundwater tend to lower the resistivity without the 
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resulting increase in corrosion activity. Soil test is required to know the 

condition of the soil whether it will facilitate faster corrosion rate or not. 

 
Table 2.3 Soil Condition and Corrosivity (Peabody, 2001) 

 
CONSTITUENT CORROSIVE VERY CORROSIVE 

pH 5.0 – 6.5 < 5.0 

Chlorides 300 – 1000ppm > 1000ppm 

Sulfates 1000 – 5000ppm > 5000ppm 

 
Table 2.3 above correlates the effect of chlorine, sulfates and pH on the 

corrosion of buried steel. Acidity as indicated by the pH value is another 

aggressive factor of the soil. The lower the pH (the more acidic the 

environment), the greater the corrosivity with respect to buried metallic 

structures. As pH values increases to >7 (the neutral value), conditions of 

the soil becomes increasingly alkaline and less corrosive. Alkaline 

environment is not aggressive towards steel but very strong alkaline 

condition is detrimental to aluminum piping. Under some conditions, use of 

cathodic protection may not be able to prevent alkaline attack on 

aluminum.  Acid acts as a depolarizing agent around the pipe when 

cathodic protection is applied. This increases the current requirement in the 

area. During corrosion survey, it is pertinent to check the soil pH as the 

results could have considerable effect on the location selected for cathodic 

protection rectifiers or galvanic anode. 

An acidic soil condition indicates need for a relatively high current density 

to maintain cathodic protection and the CP will be installed at or near an 

area of high current requirement. 

 

 

 



36 
 

Table 2.4: Effect of Chlorides, Sulfates, and pH on Corrosion of Buried 
Steel Pipelines (Peaboby, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 
2.8 SOIL RESISTIVITY  

Soil resistivity is an electrical characteristics of the soil which affects the 

ability of corrosion current to flow through the soil. Resistivity is a function 

of soil moisture and the concentration of ionic soluble salts and it is 

considered to be the most comprehensive indicator of soil’s corrosivity. 

(Peabody, 2001). 

 

Soil resistivity is a valuable aid when interpreting the severity of corrosion 

areas. A soil resistivity profile is extremely helpful in later selection of CP 

installation site after carrying out soil resistivity survey. Typically, the lower 

the resistivity, the higher the corrosion. 

The relationship between soil resistivity and degree corrosivity are shown in 

the table 2.5 below.  

 
 
 
 

Concentration (ppm) Degree of corrosivity 

Chlorides 
   >5000 
    1,500 - 5000 
    500 - 1,500 
  <500 

 
Severe 
Considerable 
Corrosive 
Threshold 

Sulphate 
  >10,000 
    1,500 - 10,000 
    150 - 1,500 
    0 - 150 

 
Severe 
Considerable 
Positive 
Negligible 

pH 
  <5.5 
    5.5 - 6.5 
    6.5 - 7.5 
   >7.5 

 
Severe 
Moderate 
Neutral 
None (Alkaline) 
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Table 2.5 Soil Resistivity & Corrosivity Relationship (Peabody, 2001). 

SOIL RESISTIVITY (Ωcm) DEGREE OF CORROSIVITY 

0 – 500 Very corrosive 

500 – 1000 Corrosive 

1000 – 2000 Moderately corrosive 

2000 – 10,000 Mildly corrosive. 

Above 10,000 Negligible 

  
Nevertheless, some relatively high – resistivity soils may be very corrosive, 

e.g. acidic peaty soils and anaerobic soils containing sulphate reducing 

bacteria. Corrosion can also occur in fairly high resistivity soils if there is a 

considerable variation in the resistivity at different points along the route of 

the pipeline to be protected, causing concentration – cell effects. 

 
The resistivity of the soil can vary greatly with its water content and with 

the electrolyte dissolved in the water. Thus the soil resistivity at a given 

location may vary with the season of the year and the rainfall. For a proper 

design of a cathodic protection system, current output can be predicted 

from soil resistivity data. 

 
Soil resistivity field measurement are often made using the American 

Society for Testing Materials, (ASTM) G57 or Institute of Electrical and 

Electronics Engineers (IEEE) standard 81, commonly known within the 

Corrosion Industry as “Wenner 4-Pin method” (Peabody, 2001). The 

procedure involved is described in chapter three of this project. 

 
Table 2.6 Anodes for different resistivity soil (Peabody, 2001). 

ANODE TYPE SOIL RESISTIVITY(Ω cm) 

Zinc with backfill Up to 1500 

Mg (-1.5v) with backfill Up to 4000 

Mg (-1.7v) with backfill  4000 – 6000 
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2.9 COATINGS 

Coatings are used to isolate the anode and cathode regions. Coatings also 

prevent diffusion of oxygen or water vapour that initiates corrosion or 

oxidation. Temporary coatings, such as grease or oil, provide some 

protection but are easily disrupted. Organic coating, such as paint, or 

ceramic coating, such as enamel or glass, provides better protection. 

However, if the coating is disrupted, a small anodic site is exposed, that 

exposed site undergoes rapid, localized corrosion (Ronald, 2001). 

 
2.9.1COATING AS AN EFFECTIVE MEANS OF CORROSION CONTROL 

WITH CP TO SUPPLEMENT  

In Europe all new hazardous pipelines (carrying oil, gas or other potentially 

dangerous substances) are required by federal regulation to use an 

effective coating and cathodic protection (Peabody, 2001). First attempts to 

control pipeline corrosion relied on the use of coating materials and the 

reasoning that if the metal structure could be isolated from contact with 

surrounding earth, no corrosion could occur. This concept is entirely 

reasonable and logical. Furthermore, a coating would be completely 

effective as a means of stopping corrosion if the coating materials; 

- Is an effective electrical insulator  

- Can be applied with no breaks whatsoever and will remain so during 

the backfilling process, and  

- Constitutes an initially perfect film that will remain so with time. 

 
While this is possible with some advanced multi-layer systems, it may not 

be practical from an initial cost analysis. 

 
Although coatings by themselves may not be one perfect answer to 

corrosion control, they are extremely effective when properly used. Most 

operators plan coatings and cathodic protection for all their pipelines as a 
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matter of course. A properly selected and applied coating will provide all 

the protection necessary on most of the pipeline surface to which it is 

applied. On a typical well coated pipeline, this should be better than 99% 

and, along with cathodic protection system, should give total protection. 

While Cathodic Protection is needed to supplement underground and 

underwater corrosion control, only the application of protective coating is 

used to mitigate atmospheric corrosion (Peabody, 2001).  

 
2.9.2 FACTORS TO BE CONSIDERED IN GOOD COATING SYSTEM 

SURFACE DESIGN 

Physical configuration which involves prefabrication decisions and post 

erection corrections should be taken into consideration. Elimination of sharp 

corners and hard to reach places; design should not collect or hold water or 

debris, and crevice should not retain water. 

2.9.3 COATING MATERIAL SELECTION 

Factors to be considered when selecting coating materials are nature of 

surface to be coated, type of contaminants (environment), compatible 

surface cleaning and coating application methods, number of coats to be 

applied, compatibility of various coats, requirements for maintenance, and 

economic selection of a particular system must be justified by maximum 

protection for money spent, both initially and during maintenance of the 

project. 

 
A coating system usually consists of primer, secondary or intermediate, and 

top or finish coat. Coating performance depends on previous treatment of 

the metal surface, coating thickness and properties of the coat.  

 
It is not the intent of this section to make specific recommendations for 

coating to be used.  However, the capabilities and limitations of various 

pipeline coating materials will be discussed as well as desirable 

characteristics and how to source most of and material used. Types of 
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coatings now used in pipeline systems will be described briefly. NACE 

standard RP0169-96 section 5-Coatings; is a comprehensive guide to pipe 

coatings, and it required reading for better understanding of their 

importance. This standard lists the following desirable characteristics of 

coatings: 

 
1.  Effective electrical insulator. Because soil corrosion is an 

electrochemical process, a pipe coating has to stop the current flow 

by isolating the pipe from its installed environment/electrolyte. To 

assure a high electrical resistance, the coating should have a high 

dielectric strength. 

2.  Effective moisture barrier. Contrary to the theory that water 

absorption is good because it increases the effectiveness of CP, water 

transfer through the coating may cause blistering and will contribute 

to corrosion by prohibiting isolation. 

3.  Applicability. Application of the coating to the pipe must be 

possible by a method that will not adversely affect the properties of 

the pipe and with a minimum of defects. 

4.  Ability to resist development of holidays with time. After the 

coating is buried, two areas that may destroy or degrade coatings are 

soil stress and soil contaminants. Soil stress, brought about in certain 

soils that are alternately wet and dry, creates forces that may split or 

cause thin areas. To minimize this problem, one must evaluate the 

coating’s abrasion resistance, tensile strength, adhesion, and 

cohesion. The coating’s resistance to chemicals, hydrocarbons, and 

acidic or alkaline conditions should be known for evaluating their 

performance in contaminated soils. 

5.  Good adhesion to pipe surface. The pipe coating requires 

sufficient adhesion to prevent water ingress or migration between the 

coating and the pipe, along with cohesion to resist handling and soil 
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stress. Soil stress is the main cause of pipe coating failure. “Soil 

stress effects can be seen on flexible polyethylene (PE) coatings with 

elastomeric adhesives as a characteristic wrinkling. However, other 

types of coatings can fail by blistering fusion-bonded epoxy (FBE) or 

fatigue cracking coal tar enamel (CTE) that are exacerbated by soil 

movement; resistance to shear must be combined with a 

measurement of the resistance of the backing material (or outer 

jacket) to deformation and tensile force. The two properties combine 

to determine the ability of a pipeline coating to resist damage to soil 

movement.” Soil stress resistance is measured by shear resistance, 

not by peel strength. 

6.  Ability to withstand normal handling, storage (UV degradation), and 

installation. 

The ability of a coating to withstand damage is a function of its 

impact, abrasion, and flexibility properties. Pipe coatings are subject 

to numerous handlings between application and backfill. Their ability 

to resist these forces vary considerably, so those factors need to be 

evaluated to know if any special precautionary measure should be 

used. Ultraviolet rays can be very destructive to pipe coatings. 

Storage life may vary From 6 months to 5 years, so resistance to 

ultraviolet is a very important consideration. 

7.  Ability to maintain substantially constant electrical resistivity 

with time.  

The effective electrical resistance of a coating per average square 

foot depends on the following: 

 Resistivity of the coating material 

 Coating thickness 

 Resistance to moisture absorption 

 Resistance to water vapor transfer 

 Frequency and size of holidays 



42 
 

 Resistivity of the electrolyte 

 Bond or adhesion of coating 

If the effective resistance is unstable, the CP required may double every 

few years. It is easy to obtain misleading higher resistance measurements if 

the soil has not settled around the pipeline and if the moisture has 

permeated to any holidays in the coating. Experience is necessary to 

evaluate the validity of these resistance measurements and to use them for 

designing the CP system. 

8. Resistance to disbanding. Because most pipelines are cathodically 

protected, the coating must be compatible with CP. The amount of CP 

required is directly proportional to the quality and integrity of the coating. 

The negative aspects of CP are that it may drive water through the coating 

and that the interface bond surrounding a holiday may have a tendency to 

disband. No coating is completely resistant to damage by CP. When large 

amounts of current are required, stray current and interference problems 

may arise. This emphasizes the importance of proper coating selection, 

application, and installation. 

9. Ease of repair. Because the perfect pipe coating does not exist, we can 

expect to make some field repairs as well as field-coating of the weld area. 

Check for compatibility and follow the manufacturer’s recommendations. A 

field repair is never as good as the original coating. Tight inspection should 

be maintained. 

10. Nontoxic interaction with the environment. Some coating materials 

have been modified, restricted, or banned because of environmental and 

health standards. Asbestos felts and primers with certain solvents have 

required substitution of glass reinforcements and modification of solvents; 

changes in fusion-bonded epoxy powders to eliminate carcinogenic agents 

have also been necessitated by health and environmental concerns. This 

has been a major influence of change on today’s pipe coatings. 
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In addition to the above characteristics, the following typical factors should 

be considered when selecting a pipe coating. 

 Type of environment 

 Accessibility of pipeline 

 Operating temperature of pipeline 

 Ambient temperatures during application, storage, shipping, 

construction, and installation 

 Geographical and physical location 

 Type of coating on existing pipeline 

 Handling and storage 

 Installation methods 

 Costs 

 Pipe surface preparation requirements 

 
Good practice in modern pipeline corrosion control work comprises the use 

of good coatings in combination with CP as the main lines of defense. 

Supplementary tactics, such as the use of insulated couplings and local 

environmental control may be used to reinforce these basic control 

methods. 

 
In selecting a coating system for a given pipeline project, one of the most 

important characteristics to design for is stability. By this we mean a 

coating combination that will have a high electrical resistance after the 

pipeline has been installed and the backfill stabilized and will lose the least 

electrical resistance over time. Those characteristics are important in any 

event but particularly so where CP is used to supplement the coating. When 

used with an unstable coating, a CP system that is fully adequate during 

the early life of a pipeline may no longer provide full protection as the 

coating deteriorates (as indicated by a reduction in the effective electrical 

resistance of the coating), which will require additional current. This means 

that continued expenditures will be necessary for additional CP installations. 
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The overall economics of the coating-plus-CP concept are adversely 

affected by poor coating performance. In a review of 50 years of literature 

on pipeline coatings, the following concepts emerged: 

i.  Selection of the best coating and proper application are very 

important. 

ii.  CP must supplement the coating for 100% protection. 

iii.  In-the-ground tests are more reliable than laboratory tests. 

iv.  Results of adhesion tests do not correlate with those of cathodic 

disbondment tests. 

v.  Cathodic disbandment tests are the best tests to measure coating 

performance. 

vi.  The current required for CP is the best measure of coating 

performance. 

vii.  Optimum coating thickness is important. 

viii.  Soil stress is one of the main problems. 

ix  Resistance to cathodic disbandment and soil stress are very 

important requirements of a pipe coating. For a pipe coating to be 

effective, it should meet these criteria: adhesion, adequate thickness, 

low moisture absorption/transfer, chemical resistance (especially 

alkalis from CP), and flexibility. 

x.  Selection of the best appropriate system is important, but proper 

 application  is the most important consideration. 

 
A major cause of pipeline coating failure is improper application. A quality 

material poorly applied is of little value, and the quality of a pipe coating is 

only as good as the quality of application. To assist in the evaluation of an 

applicator, the following points should be considered. 

1. Experience. Research and trial and error have gone into the   

 development of every coating, with close cooperation between applicator, 

 coating manufacturer, equipment manufacturer, and customer. The 
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 transition from laboratory to production line is usually a costly experience, 

 which should not be ignored. 

2. Reputation. This is an asset earned by consistent performance. Not 

only good quality work but also solving problems and correcting mistakes 

help to develop a reputation. 

 3. Reliability. Many variables affect the application of coatings. A reliable 

 work force, well-maintained equipment, and consistent quality performance 

 are prerequisites for an applicator. 

 4. Conformance to the coating manufacturer’s specifications. The 

 manufacturer’s established minimum specifications for application of 

 materials should be met. 

 5. Modern automated equipment. Capital expenditure on automated 

 application equipment is an important part of the success of plastic 

 coatings. Elimination of human errors through automation and controls 

 continues to be an important factor in improved pipe coatings. 

 6. Quality control. Conformance to specifications has to be checked 

 regularly. Knowledge of the applicator’s quality control procedures on 

 materials, application, and finished product is essential in the selection of 

 an applicator. 

 
2.9.4 COATING SPECIFICATIONS 

Pipeline coating should not be attempted without rigid specifications that 

precisely spell out every step of the coating procedure to be used. Such 

specifications are necessary to ensure that the materials being used are 

applied in a manner that will permit development of the best coating of 

which those materials are capable. 

Because many materials may be used, no specific example of coating 

specifications will be attempted here. Specifications can be prepared in 

accordance with the manufacturer’s recommendations with such 

modifications as may be dictated by conditions applicable to the particular 
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project and requirements of the pipeline system in which the coated pipe is 

to be used. 

 
Areas to be covered by specifications should include the following. 

 Cleaning the pipe surface 

 Priming, if required 

 The coating materials to be used and (if more than one material) the 

order in which they are to be applied 

 Total thickness with permissible tolerances 

 Specifications applicable to the particular materials to be used, such as 

application temperature and thickness, tension (for tapes or wrappers), 

and other items of a similar nature 

 Handling requirements for coating materials, such as storage provisions 

and maintenance of dry and clean conditions 

 Inspection requirements 

 Procedure for repair of coating defects 

 Basis for rejection of unacceptable coating 

 Requirements for handling and transporting the coated pipe 

 Details of coating field joints when factory coated pipe is used 

 Backfilling requirements 

 
2.9.5 INSPECTION PROCEDURES 

Once the coating system and applicator are selected, an important part of a 

quality installation is good inspection. Inspection should begin with the 

stockpile of bare pipe through coating operations, load out, coated pipe 

stockpile, field inspection, joint coating procedure, and backfill of coated 

pipe. Knowledge of the coating system, plant facilities, quality control 

methods, shipping requirements, handling, joint coating, field conditions, 

field holiday detection, and repair are requirements for proper installation. 

Experience and common sense in interpretation of specifications and 

analysis of test results will contribute to obtaining the best possible coating 
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results. As a final backup to application supervision exercised by the coating 

inspector, usual pipelining practice includes a final test with a holiday 

detector (or “jeep”). This device impresses an electrical voltage across the 

coating. An electrode is passed over the entire coating surface and, as it 

passes over a coating defect, there is an electrical discharge between 

electrode and pipe. This discharge, or spark, actuates a signaling device, 

which warns the operator that a holiday has been detected. The operator 

marks the defect for the repair crew and continues. 

Refer to the proper NACE specification when examining for holidays:  

RP02-74 (latest revision) for the thicker coatings or RP04-95 (latest 

revision) for the thinner coating systems. 

 
2.9.6 TYPES OF PIPELINE COATINGS 

The types of pipeline coatings and their characteristics are summarized in 
Table 2.7 

 
Table 2.7:  Types of Pipeline Coatings (Peabody, 2001) 

 

Pipe coating Desirable characteristics Limitations 

Coal tar enamels 80+ years of use, 
Minimum holiday susceptibility,  
Low current requirements, 
Good resistance to cathodic 
disbondment, 
Good adhesion to steel. 

Limited manufacturers 
 Limited applicators 
 Health and air quality 
concerns, Change in 
allowable reinforcements 

Mill-applied tape 
systems 

30+ years of use, Minimum 
holiday susceptibility,  Ease of 
application, 
Good adhesion to steel, 
Low energy required for 
application 

Handling restrictions—
shipping and installation,  
UV and thermal blistering, 
Shielding CP from soil, 
Stress disbondment 

Crosshead-
extruded polyolefin 
with asphalt/butyl 
adhesive 

40+ years of use, Minimum 
holiday susceptibility, Low 
current requirements, Ease of 
application,  Non polluting, 

Minimum adhesion to 
steel, Limited storage 
(except with carbon black), 
Tendency for tear to 
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Low energy required for 
application 

propagate along pipe 
length. 

Dual-side-extruded 
polyolefin with 
butyl adhesive 

25 years of use, Minimum 
holiday susceptibility, Low 
current requirements, 
Excellent resistance to cathodic 
disbondment, Good adhesion to 
steel, Ease of application 
Nonpolluting, Low energy 
required for application 

Difficult to remove coating 
Limited applicators 

Fusion-bonded 35+ years of use, Low current 
requirements, Excellent 
resistance to cathodic 
disbondment, Excellent 
adhesion to steel, Excellent 
resistance to hydrocarbons. 

Exacting application 
parameters, High 
application temperature, 
Subject to steel pipe 
surface imperfections, 
Lower impact and abrasion 
resistance High moisture 
absorption. 

Multi-layer epoxy/ 
extruded polyolefin 
systems 

Lowest current requirements, 
Highest resistance to cathodic 
disbondment Excellent 
adhesion to steel Excellent 
resistance to hydrocarbons 
High impact and abrasion 
resistance 

Limited applicators, 
Exacting application 
parameters Higher initial 
cost Possible shielding of 
CP current 

 

2.9.7 ECONOMICS OF SURFACE PREPARATION  

The nature of the pipe surface determines to a great extent the rate 

at which pipe corrode. This is why it is always recommended that the 

piping surface should be kept clean as much as possible to avoid 

contamination, which may result in the formation of mild scale or 

other impurities. These impurities which are usually anodic when 

compared to the steel will eventually result in corrosion, in the form 

of pitting at the point of occurrence of the impurities.  

 
Surface preparation is the essential first stage treatment of a 

substrate before the application of any coating. Preparation of surface 

to which coating systems will be applied is of paramount importance. 

Success of any coating system depends on the degree of surface 
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preparation prior to coating application. It is generally well 

established that correct surface preparation is the most important 

factor affecting the total success of surface treatment. The presence 

of even small amounts of surface contaminants, oil, grease, oxides 

etc. can physically impair and reduce coating adhesion to the 

substrate. The performance of a coating is significantly influenced by 

its ability to adhere properly to the substrate material. Chemical 

contaminants that are not readily visible, such as chlorides and 

sulphates, attract moisture through coating systems resulting in 

premature failure. 

 
In fact, use of best protective coating is an economic waste if surface 

preparation is not properly done. Surface preparation must be aimed 

at providing maximum adhesion to the coating system. The cleaner 

the surface, the greater the chances of binding the coating material 

to the metal. Therefore, the importance of a chemically clean 

substrate to provide the best possible contact surface for the applied 

coating cannot be over-emphasized. 

 
For all types of coatings, the surface condition of the substrate is 

critical in terms of coating performance and durability. Coating 

materials to be used to protect a given substrate from an environment 

usually determines the surface preparation that will be required. For 

example, most marine protective coatings, except during minor 

maintenance, require abrasive blasting of the substrates’ surface. 

Furthermore, non-ferrous surfaces, especially galvanized iron, zinc, 

aluminum, are very difficult surfaces for adhesion of coating systems 

and demand special pretreatment methods for good coating result. 

 
The steel structure painting council (SSPC), National Association of 

corrosion engineers (NACE), and Swedish standard institute has 

prepared series of widely accepted surface preparation standards. 
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Some of the various methods of surface preparation for coating 

application are: 

 

ABRASIVE BLASTING 
Abrasive blasting cleaning is the impingement of a high kinetic 

energy stream of abrasive onto a surface to be coated. Abrasive 

blasting provides the cleanest and largest surface per unit area. Two 

principal methods of abrasive cleaning before coating application are 

centrifugal blasting and air-pressure blasting. 

 
Centrifugal Blasting: Centrifugal blasting is accomplished by 

machines that propel abrasives against the surface to be cleaned by 

impacting velocity to them by means of rapidly rotating wheels. The 

abrasive material (sand, grit, glass beads, various hard oxides or 

carbides) impinges against the surface, removing the both surface 

contamination and making a pattern of identifications, which holds 

the applied coating. Centrifugal blasting is not commonly used for 

field blasting because of the size and nature of equipment involved. 

 

Air-Pressure Blasting: Air-Pressure Blasting involves injecting a 

supply of abrasive into a rapidly moving air stream and expelling it 

through a nozzle of proper configuration so that the solid particles 

impinge against the surface to be cleaned. Because the equipment 

involved is easily movable, this method has great economic 

advantage. 

 
Hand and Power Tool Cleaning (SSPC-SP2 and SSPC-SP3) 

These specifications describe methods of preparing metal surfaces 

by removing loose mill scale, loose rust and loose paint by wire-

brushing, sanding, scraping or chipping with hand or power tools. 
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Surface cleaning by hand tools is relatively ineffective in removing 

hard mill scale or adherent rust. Power tools offer a slight 

improvement over manual methods and these methods can be 

approximately 30% to 50% effective but are not usually utilized for 

new steel work fabrications. Table 2.8 below provides an overview of 

proper surface preparation for a variety of common substrates. 

  
Table 2.8: Proper Surface Preparation for different substrates 

Surface Type  Preparation Steps 

Steel - Structural Plate Steel should be cleaned by one or more of the nine surface 

preparations described below. These methods were originally 

established by the Steel Structures Council in 1952, and are used 

throughout the world for describing methods for cleaning 

structural steel. Visual standards are available through the Steel 

Structures Painting Council; ask for SSPC-Vis 1-67T. 

Steel - Solvent Cleaning Solvent cleaning is a method for removing all visible oil, grease, 

soil, drawing and cutting compounds, and other soluble 

contaminants. Solvent cleaning does not remove rust or mill 

scale. 

Change rags and cleaning solution frequently so that deposits of 

oil and grease are not spread over additional areas in the cleaning 

process. Be sure to allow adequate ventilation. 

Steel - Hand Tool 
Cleaning 

Hand Tool Cleaning removes all loose mill scale, loose 

rust, and other detrimental foreign matter. It is not 

intended that adherent mill scale, rust, and paint be 

removed by this process. 

Beforehand tool cleaning, remove visible oil, grease, 

soluble welding residues, and salts by the methods 

outlined in SSPC-SP 1. 

Steel - Power Tool 
Cleaning 

Power Tool Cleaning removes all loose mill scale, loose 

rust, and other detrimental foreign matter. It is not 
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intended that adherent mill scale, rust, and paint be 

removed by this process. 

Before power tool cleaning, remove visible oil, grease, 

soluble welding residues, and salts by the methods 

outlined in SSPC-SP 1. 

Steel - White Metal 
Blast Cleaning 

A White Metal Blast Cleaned surface, when viewed 

without magnification, shall be free of all visible oil, 

grease, dirt, dust, mill scale, rust, paint, oxides, corrosion 

products, and other foreign matter. 

Before blast cleaning, visible deposits of oil or grease 

shall be removed by any of the methods specified in 

SSPC-SP 1 or other agreed upon methods. 

Steel - Commercial 
Blast Cleaning 

Staining shall be limited to no more than 33 percent of 

each square inch of surface area and may consist of light 

shadows, slight streaks, or minor discolorations caused 

by stains of rust, stains of mill scale, or stains of 

previously applied paint. 

Before blast cleaning, visible deposits of oil or grease 

shall be removed by any of the methods specified in 

SSPC-SP 1 or other agreed upon methods. 

Steel - Brush-Off 
Blast Cleaning 

A Brush-Off Blast Cleaned surface, when viewed without 

magnification, shall be free of all visible oil, grease, dirt, 

dust, loose mill scale, loose rust, and loose paint. 

Tightly adherent mill scale, rust, and paint may remain 

on the surface. 

Before blast cleaning, visible deposits of oil or grease 

shall be removed by any of the methods specified in 

SSPC-SP 1 or other agreed upon methods. 
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CHAPTER THREE 

 
3.0 MATERIALS AND METHODS 

In the oil and gas industries, to achieve minimum protection on buried or 

submerged steel structures, coating and cathodic protection is used for 

100% efficiency. This efficiency can only be achieved with careful design 

and installation of the whole coating and cathodic protection system. 

 
Cathodic protection systems are designed to maintain the metallic structure 

within an electrochemical potential range that prevents surface corrosion at 

the expense of a less noble metal (anode). The rate of maintenance of the 

structure was being monitored at an interval of 7days (weekly) as regards 

this project. 

 
3.1 MATERIALS  

The following materials were used in the development, design and 

installation of the cathodic protection (CP) system namely; mild steel pipe, 

single packaged magnesium anode with a chemical backfill, polyethylene 

(polykene) tape, test post, PVC-PVC cable, voltmeter, bolt and nut, drafting 

tape, copper-copper sulphate reference electrode which is composed of 

copper crystals (salt) mixed with distilled water, wire brush and emery 

cloth. 

 

3.1.1 MILD STEEL 

The grade of test specimen used in this research is a cylindrically shaped 

mild steel pipe measuring 400cm long, 10.16cm diameter with 0.1cm 

thickness, obtained from NEC Technical Services Ltd, Port Harcourt. 

The chemical compositions of the mild steel pipe as supplied by 

the manufacturers are given in table 3.1 below: 

 



54 
 

Table 3.1: Chemical composition of mild steel pipe   

Iron (Fe) 98.35% 

Carbon (C) 0.18 % 

Manganese (Mn) 0.60% 

Copper (Cu) 0.60% 

Silicon (Si) 0.20% 

Phosphorus (P) 0.03%  

Sulphur (S) 0.04%  

 
 
3.1.2 SINGLE PACKAGED MAGNESIUM ANODE  

The pipe was protected with magnesium alloy sacrificial anode. The choice 

of magnesium alloy anode against zinc and aluminum alloys for the 

protection of the pipe was as a result of a meticulous consideration of their 

respective features and performance in typical soil or swamp environment 

all in accordance with Shell Standard – Design and Engineering Practice 

DEP 30. 10. 73.10. (1992). 

Magnesium alloy anodes have a higher driving potential (about 600mV) 

with protected steel while zinc anodes have a lower driving potential (about 

250mV); thus magnesium anode is more economical especially for media of 

resistivity in excess of 1500Ωcm. 
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Table 3.2 Chemical Composition of Magnesium Anode. 

Materials Wt % 
Cu 0.02 max  

Al 0.01 max 

Si 0.5 max  

Fe 0.03 max  

Mn 0.5 – 1.3 

Ni  0.001 max   

Others 0.05 

Mg Remainder  

 
 
Table 3.3 Magnesium Anode Characteristics   

Energy capability  1100Ah/Kg 

Efficiency  50% 

Anode weight  7.5Kg 

Utilization factor  80% 

Open circuit potential  1.7v to Cu/CuSO4 

 

 

3.1.3 ANODE BACKFILL  

The mixture of the backfill used for this grade of Mg anode is 75% gypsum, 

20% bentonite and 5% sodium sulphate. This had a resistivity of 

approximately 50Ωcm when saturated with moisture.  

 

3.1.4 PVC CABLE   

A 10mm thickness PVC-PVC (double insulation) was used. The cable 

measuring 3000cm long was divided into three equal parts for the anode 

and pipe connection.  
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3.1.5 COATING   

Three layers of polykene coating (polyethylene material) were used to coat 

the pipe. The three layers of the coating gave coating efficiency of about 

80% and coating resistance of 15KΩ 

 
3.1.6 TEST POST  

“Test post points are areas where the cables from the pipe and anode which are 

connected to the pipeline underneath the earth surface are installed to enable 

easier measurement using a multi-meter probe” (Peabody, 2001) 

Plywood of 0.2cm thickness was used for the design of the unit. The unit 

was attached to a 150cm long hard wood, after which it was painted with 

an oil paint to prevent it from degradation.  

 
 The dimension of the test post is as follows: 

 Total length = 150cm 

 Diameter of plywood box = 25cm 

 Length of plywood box = 50cm 

 Height above the buried pipe = 80cm 

Three bolts of 0.7cm pass through the test post at a distance 25cm from 

the top. These bolts are supported by two washers each.  

  
Test post is the unit where direct readings are being taken. The PVC cables 

from the pipe and anode is housed by this unit. Hinges and padlock were 

also attached to it to provide a means of locking after each reading has 

been taken. 

 
3.1.7 BOLTS AND NUTS 

Bolts and nuts of the same low carbon steel were used for the attachment 

of the cables to the pipe and as terminals in the test post. Three bolts were 

passed through the test post plywood as terminals for the cables from the 

pipe and that of the anode. The three terminals were equally spaced at 

5cm each. The bolts were supported by two washer each. A nut was added 

to secure the internal cable. 
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3.1.8 MULTIMETER 

 A Fluke digital multimeter was used in taking measurements of potential         

difference in volts and current in amperes. 

 
3.1.9   COPPER – COPPER SULPHATE  ELECTRODE 

The copper – copper sulphate electrode (CSE) provides a means of taking 

or measuring the potential between the pipe and the earth (i.e. pipe-to-soil 

potential). It comprises copper crystals dissolved in distilled water. 

 

3.2    DESIGN 

3.2.1 DESIGN CALCULATIONS 
 

Data for Design Calculation: 

Pipe material;  Carbon Steel,  API 5L-X65  

Length of pipe    4 meters   4m  

Pipe diameter, D     4 inches   0.1016m 

Wall thickness, tw     10mm   0.01m 

External radius, R       0.0508m   

Overprotection potential “Off”   Eov    -1200mV -1.2V  

Protection potential “Off”     Ep   -900mV -0.9V 

Natural pipe to soil potential    En    -600mV  -0.6V  

Steel specific resistivity     18 x 10 Exp-85lm 0.00000018Ωm 

Corrosion coating resistivity to soil, R0 = 1/g = 1/50 x 106 = 15,000Ωm2 

 

1. Total surface area, SA = DL (m2) 

     = 3.142 x 0.1016 x 4  

     = 1.277m2  

 

2. Cross sectional Area,  = (R-tw)2 (m2) 

= 3.14 x (0.0508 – 0.0100)2  
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= 3.142 x (0.0408)2  

= 3.142 x 0.00166  

= 0.005m2  

 
3. Total current required to protect the pipe, IT = (SA X Cd x Sf (A) 

Where Cd = current density  

    Sf = Safety factor   = 1.2        

      IT = 1.277 x 0.01 x 1.2  

                             = 0.0153mA  

 
4. Mean current required to protect the pipe Im = Cd x SA (100 – CE)  

                                                                                               100 
 
Where CE = coating efficiency 

 
Im = 0.01 x 1.2769 (100 – 80)  

       100 
 

Im = 0.0128 X 0.2  

        = 0.0026mA  

5. Linear Resistance of pipe RL = (ρs x L)/A 

          RL = (0.00000018 x 4)/0.005 

              = 0.000144Ω 

             = 1.44 x 10-4Ω 

 

6. Coating Leaking Resistance of the pipe RCL
 = Rc/ πDL 

    RCL = 20,000/(3.142 x 0.1016 x 4) 
        = 15.7 x 103 Ω 
 

7. Attenuation Factor  = (RL/ RCL)
0.5   

     = (0.000144/15700) 0.5  

       = 9.58 x 10-5 

8. Pipe Characteristics Resistance Z = (RL x RCL)
 0.5 

Z = (0.000144 x 15700) 0.5 

   = 1.5Ω 
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ANODE DESIGN 

9. The total current required by anode IA = SA x Cd x Sf 

Where SA = Surface area of pipe = 1.277m2 

 Cd = Current density = 0.01mA/m2 

 Sf = Safety factor = 1.5 

IA = 1.277 x 0.01 x 1.5 

   = 0.0192mA 

   = 0.019mA 

 
 Also; IA = (VA – Vp)/RA  

 
Where VA = Mg anode open circuit potential with reference to Cu – CuS04 

half cell = 1.7v  

Vp = Protection level potential  = 0.9v  

RA = Resistance of anode  

RA = 0.1588 ρ [(2.3 log 8L/d) -1] 
     L 
 

 Where ρ = average soil resistivity =∑ (ρ1 + ρ2 + . . . + ρ11)/11 
     = (11344.78+1499.99+1642.84+1821.73+2005.85+2158.55+ 
        2332.65+2521.14+2703.38+2877.44+3041.46)/11 
     = 23,949.78/11 
     = 2,177.25Ωcm 

Where ρ = average soil resistivity = 2177Ωcm ≈22 Ωm 

 

 But 2000 Ω-cm ≡ 20 Ωm will be used.  

 L = length of packaged anode = 20cm = 0.2m  

 d = diameter of packaged anode = 4cm = 0.04m  

 

 

 RA = 0.1588 x 20   2.3 log 8 x0.2    - 1 

  0.2       0.04 
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 = 0.794 x 20    (2.3 log 40) – 1  

 

 = 0.794 x 20    3 6847 – 1  

 = 0.794 x 20 x 2.6847 

= 42.6330Ω 

IA = 1.7 – 09  
       42.633 

 
 =     0.8    

 42.633 

 = 0.0188mA = 0.019mA 

10. Calculation of the desired anode weight Wt  

 Wt = (IA x C x DL)/u  

Where IT = Total anode current = 0.0192mA   

 C = Anode consumption rate  = 7.9kg/Ay  

 DL = Design life    = 40 years  

 U= Utulization Factor of anode = 80%  

 
 Wt = 0.019 x 7.9 x 40  
            0.8        

= 7.5Kg 
 

11. Anode quantity, NT =  Wt  
            Wa  
Where Wa = Minimum anode packaged mass = 7.5Kg  

 NT = 7.5 
     7.5 
  = 1 Anode 
 

 
12. The minimum number of anodes required to provide total current 

to structure, NA  

 
NA =  SA x Cd =    IT  = 0.0153 = 0.8 = 1 Anode 
     IA    IA     0.0192 
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13. Anode Efficiency = 50% 

14. Resistance of anode to earth Ra =[ /(2πL) x {2.3log(8L/d) – 1} + Rc] 

 Where  =soil resistivity = 2000Ωcm = 20Ωm 

  L = Length of Anode = 20cm = 0.2m 

  D = Diameter of anode = 4cm = 0.04m 

  Rc = Coating resistance =15,000Ωm 

 Ra = [20/(2 x  3.142 x 0.2) x {2.3log(8 x 0.2)/(0.04) – 1] + 15,000 

     = [(20/1.257) x {(2.3log40) – 1} + 15,000 

  = [1.59 x (3.685 – 1)] + 15,000  

  = 42.69 =15,000 

  = 15,042.69Ω 

15. Design life of anode in years  

Years life of Mg anode = 0.116 x anode weight (Lb) x efficiency x utilization factor  

      Current (A)  

Anode weight in pounds (Lb)  

Weight in kilogram (kg) = 7.5kg  

Weight in pound (Lb) = 7.5 x 2.205  

= 16.538lb  

 Years life of Mg anode = 0.116 x 16.538 x 0.5 x 0.8  

               0.0192 
  =  0.7674 

    0.0192 

  = 39.97  

= 40years  
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16. Calculation of potential and attenuation point on the pipe.   

For a typical pipeline with multiple drain points (Cp stations) with 

uniform spacing of L, the potential, Ex and the current, Ix at any 

distance x can be deduced from the attenuation diagram below: 

 

E-(volts)  

Emax   

 

 

 

 

 

         0 

 

Fig 3.1:  Attenuation Diagram 

 

From the diagram, X1 is a CP station along the pipeline. When current 

and potential leaves the CP station towards the right or left, both 

drops until they reach their minimum values I = 0 and Emin (i.e. the 

point where I = 0 is also the point where voltage assume the 

minimum value and shall be equal or higher than Emin).  
 

The equation thus given: 

Ex1 = Ex2 Cosh [  (x2-x1)] + Rk. Ix2 sinh [  (x2 –x1)]  - - a 

Ix1 = Ix2 Cosh [  (x2-x1)] + Ex2 sinh [  (x2-x1)]/Rk  - - b 

Pipeline length (m)  

Emin  

X2 X1 X2 
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If X1 and Ix2 = 0  

Ex1 = Ex2 Cosh ( x2) - - - - - - - c 

Ix1 = Ex2sinh [  (x2)]/Rk 

Ix1. Rk = Ex2 Sinh ( x2) - - - - - - - d 

Eqn c = Eqn d 

Ex1 = Ix1 . Rk - - - - - - - - - e 

Where Ex1 is the same as Eo= Eа  drainage voltage  

But the drain point potential shift above the natural potential cannot 

exceed the over protection potential limit.  

 
Therefore: Eа = Eov  - En  

= - 1200 – (- 600)  

= - 600mV 

= - 0.6v  

 
Em = - 300mV = -0.3V  Assumed (Peabody, 2001) 

 
In the same manner drainage current Io 

Io =   E0 =  Ea
   

Rk Rk 
 
= - 0.6__  
     1.5 
= 0.4mA  

  

But L = 4m  

 
Ea = Em x cosh ( x L)                                                (1)  

 
Ea /Em = cosh (  x L) 
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L = [cosh -1 (Ea/Em)]/                                         (2)  

 
Where Ea = pipe to soil potential change at drain point (V)  

Em
 = pipe-to-soil potential change at remote point on pipeline     

“m” (V)  

L = length of protected section of pipe (m)  

 = Attenuation constant  

 
From eqn 2 above  

L = [Cosh-1 (-0.6/-0.3)]/0.0000958 

= 1.317/0.0000958 

= 13.75m 

The current will attenuate at this point, if the pipe length is longer 

than 13.75m. 

 

3.3 SOIL TEST  

Analysis of soil samples collected from the installation site of the cathodic 

protection system was carried out at the Nigerian Agip Oil Company 

(NAOC) Ltd, chemical laboratory in OB/OB Gas Plant.  
 

The analysis included, soil pH, sulphates, carbonates, chlorides and 

moisture content. The pH test was carried out to ascertain the degree of 

acidity or alkalinity of the soil while sulphates, carbonate and chlorides test 

were conducted to know the rate of survival of microbial activities and 

check if further simulation will be required in order to create a favourable 

condition for the cathodic protection system installation on the buried 

coated steel pipe. 

 
3.4  SOIL RESISTIVITY SURVEY  

Soil resistivity survey was carried out to identify areas where soil has 

suitable low resistivity for the cathodic protection installation.  
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After the soil resistivity survey was carried out, a location close to the 

Federal University of Technology (FUTO) Foundry Laboratory II was chosen 

for the installation of the CP system. 

 
The Wenner four pin method was used. Before the final choice of the drill 

point was made, a confirmation was made by carrying out site inspection to 

ascertain that there is no possible installation that can cause interference to 

the intended groundbed installation.  

 
Equipment/tools used for the survey  

1. Soil resistivity meter (DETS5/4R and DET5/40 MEGGER DIGITAL EARTH 

TESTER)  

2. Test cables (2.5mm2 Flexible Wire/Cable).  

3. Measuring tape  

4. Hammer  

5. Plier  

6. Matchet  

7. Peg and line  

 
PROCEDURE: The soil resistivity meter gives the value of the soil 

resistance R(Ω), directly. The grass around survey area was cleared, four 

(4) probe rods/spikes are pushed into the ground using hammer. With aid 

of peg, line and tape, the spikes were in straight line and equidistant from 

each other with the spikes spacing “a” and to a depth of not more than 

1/20 of “a” as recommended in the manual of the soil resistivity meter 

used.  

 
Resistance R(Ω) at different depths are taken and their resistivities 

calculated using the formula below assuming that the test were carried out 

in homogeneous soil.  

ρ = 2πaR  Where ρ = soil resistivity (ohm-cm) 

a = distance between spikes/probes = 1/3 C1 C2  

R = soil resistance (Ω) (instrument reading)  

π = 3.142 = constant  
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For non homogenous soils the formula will give an apparent resistivity 

which is very approximately the average value to a depth equal to the test 

spikes spacing “a”. 

If the soil is sandy, loose or muddy, the top layer should be scrapped to 

ensure that the probe spikes are driven into firm soil to guarantee close 

contact with the ground (Peabody, 2001).  

The test was conducted two times and average value for each depth taken 

to determine the depth that give minimum of 15Ωm (1500Ωcm) and 

maximum value of 20Ωm (2000Ωcm) resistivity which is ideal for 

magnesium anode. The installation was made on a depth of 1.3m (130cm) 

which gave the desired value. 

 
3.5 PIPE SURFACE PREPARATION  

For economic reason and due to the size of the pipe, it was not cleaned by 

sand blasting which is one of the best standards. The pipe was first cleaned 

with wire brush and cleaned with emery paper (coarse and fine) to a silver 

mirror finish.  Then it was washed with detergent with water and allowed to 

dry thoroughly. This is to ensure that the pipe surface is free from dirty, oil, 

chemical, rust or any other foreign body that will aid corrosion. At the end 

of the cleaning exercise, visual inspection was used to ensure that the 

surface is defect free.  

 
3.5.1 PIPE COATING 

The coating material used is a polyethylene field coating material called 

polykene tape. The polykene tape is of two types; the thicker but soft black 

type and the stronger white. The white type is to provide protection against 

mechanical damage which may likely occur due to handling. Before 

priming, the pipe was exposed to sunlight to be heated at least 50C above 

room temperature. A primer was used to prime the surface of the pipe and 

thereafter polykene tape wrapping was used to wrap the surface of the 

pipe diagonally, ensuring the appropriate overlap of 50% on each other. 

After the black tape was wrapped on the pipe, the white tape was also 

applied in the same manner. At the end of the coating, a visual inspection 

was conducted on the coated pipe to ensure a near perfect bonding 
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between the pipe and the adhesive. No cracks, holes, gaps or voids were 

observed. 

 

3.5.2 CABLE ATTACHMENT 

Two points 30cm apart on the coated pipe were scrapped, cleaned with 

wire brush and emery paper to make it free from sand, moisture and earth 

materials that may weaken the bond between the cable and pipe. Only a 

small area of the pipe coating was removed for the connection of the 

10mm2 PVC-PVC cable to the pipe. 

 
A strip of the protective coating and insulation of the 10mm2 cable was 

removed at one end. It was ensured that the bare conductor end is clean 

and dried. The cable was then attached to the pipe by means of a bolt and 

nut welded on the pipe. The spots are then covered with plyzone mixture. 

 
3.5.3 EXCAVATION 

After the soil resistivity survey has been finalized and a location for 

installation ascertained, the excavation of the location followed 

immediately. The excavation was done using shovel, matchet, measuring 

tape and hand gloves to a depth 130cm for the pipe and 135cm for the 

anode installation. The anode had a minimum distance of 153cm (5feet) 

from the pipe. 

  
3.5.4 INSTALLATION OF THE SYSTEM 

The coated pipe and packaged anode were then conveyed to the site. The 

pipe was installed in the 130cm depth excavation with the two cables 

attached to it safe guided to avoid any damage to them. The anode in 

porous sack bag with chemical backfill was placed in the 135cm depth 

excavation with its lead cable protected from mechanical damage. The 

excavation was then covered, making sure that no damage was done to the 

attached lead cables. 
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3.5.5 INSTALLATION OF TEST POST/ BOX 

The plywood box was fixed on the 2 x 4 inches (5.08x10.16cm) wood and 

both are nailed together to give a total length of 150cm. The test post has 

a key lock to restrict unauthorized persons from using it. The cable runs 

underground up before entering into the box. The cable was not allowed to 

suffer any mechanical damage. The test post was mounted very close to 

the anode. All the necessary connections were made and the excavation 

was covered with its backfill to fill the entire system. The first pipe to soil 

potential readings was taken. 

 
3.5.6 PIPE TO SOIL POTENTAL MEASUREMENT 

The pipe-to-soil potential survey, using copper – copper sulphate 

(CU/CUSO4) electrode as a reference electrode, is the most common 

method for cathodic protection monitoring (NACE Recommended Practice 

RPO196-96, 1996). This method was used to monitor the efficiency of the 

installed cathodic protection system. 

 

Pipe to soil potential measurement is performed by placing the Cu/CuS04 

reference electrode over the pipe for “close” reading. The porous plug, with 

cap removed, was placed in firm contact with moist earth. 

 
This may require “digging in” at places where the earth’s surface is dry or 

in extremely dry areas, it may be necessary to moisten the earth around 

the electrode with fresh water to obtain good contact. Grass or weeds are 

not permitted (particularly when wet) to contact exposed electrode 

terminals because that may affect the observed potential. 
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Fig. 3.2:  Pipe-to-soil potential measurement. 

 

“For the purposes of standardized convention, the reference electrode was 

connected to the negative terminal of the high impedance voltmeter and 

the positive terminal to the pipe” (via test point terminal, probe rod, or 

direct contact with pipe) (Peabody, 2001). 

  
PROCEDURE: The measurement involved moving from one point to 

another along the installed coated pipe route with the CU/CUSO4 reference 

electrode connected to the lead cables from the pipe and the anode in the 

test post. 

 
3.5.7 EVALUATION AND MONITORING/SURVEY TECHNIQUES  

For this project work, the monitoring technique used was the pipe-to-soil 

potential monitoring to check if the pipe is adequately protected. This is 

because the pipe length involved is very small and other monitoring 

techniques like Pearson survey, signal attenuation coating survey and Close 

interval potential survey used for very long length of pipelines cannot be 

applied. 
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3.6 EXPERIMENTAL OBSERVATIONS 

a. In the course of the experiment, it was observed that the soil must 

be moistened for uniform polarization of pipe-to-soil potential to 

occur. Uniformity of the potential tends to fluctuate in dried soils. 

This was observed in the first two weeks. The researcher watered the 

CP area artificially. Also, two heavy rainfalls within the two weeks 

made the soil to become homogeneous and polarized the system. 

Therefore, water is required for polarization to occur.  

b. It was observed that there were losses of current due to mechanical 

damage on the lead cable from the anode and this was corrected by 

replacing the cable.  

   c. Installing the anode very close to the pipe affects the performance of 

the CP system. From the installation of the system, the distance 

between the anode and pipe were supposed to be 5feet (160cm 

approximately) minimum (DEP 30. 10. 73.10, Design of Buried 

pipeline, 1992) but was not considered. The potential readings 

observed were below optimum. The expected potential readings 

(within optimum) started occurring when this setback was corrected. 

d. It was also observed that after a period of time, the protection 

potentials stabilized. This happened when the system became well 

polarized and showed that installed CP systems should be allowed for 

at least three weeks to polarize before taking readings. 
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CHAPTER FOUR 

 
4.0 RESULTS AND DISCUSSION  

4.1 EXPERIMENTAL RESULTS 
 
4.1.1 SOIL TEST  

Table 4.1: Soil Test Results  

Chemical Properties  Value (unit) 

pH 4.36 

Sulphates SO-2 18.92wt% 

Carbonates CO3
-2 0.21wt% 

Chlorides Cl2  1.81wt% 

Physical properties Value 

Moisture content 51.90% 

Specific gravity  2.64 
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4.1.2 SOIL RESISTIVITY SURVEY  
 

Table 4.2 Soil Resistivity Survey Results 
S/No Spacing “a” (cm) Depth = a/20 (cm) ResistanceR(Ω ) Resistivity  ρ 

= 2  a R(Ω-cm) 

1 100 5.00 2.14 1344.78 

2 110 5.50 2.15 1499.99 

3 120 6.00 2.18 1642.84 

4 130 6.50 2.23 1821.73 

5 140 7.00 2.28 2005.85 

6 150 7.50 2.29 2158.55 

7 160 8.00 2.32 2332.62 

8 170 8.50 2.36 2521.14 

9 180 9.00 2.39 2703.38 

10 190 9.50 2.41 2877.44 

11 200 10.00 2.42 3041.46 

 

 

 

 

 

 

 

 

 

 

  

Fig 4.1:  Plot of Resistivity versus Depth. 
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4.1.3 PIPE TO SOIL POTENTIAL SURVEY RESULTS  

The results of the pipe–to-soil potential survey for ten (10) weeks are given 

in Table 4.3 to 4.12 and plotted in Figures 4.2 to 4.11. 

  

Table 4.3: Pipe-to-Soil Potential Reading       

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 830 

100 850 840 

200 850 860 

300 850 860 

400 850 820 
 

 

Table 4.4: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 870 

100 850 890 

200 850 870 

300 850 840 

400 850 830 
 

 

Table 4.5: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 890 

100 850 940 

200 850 950 

300 850 920 

400 850 900 
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Table 4.6: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 980 

100 850 1020 

200 850 1020 

300 850 1000 

400 850 960 
 

Table 4.7: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1000 

100 850 1030 

200 850 1020 

300 850 980 

400 850 950 
  

Table 4.8: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1020 

100 850 1050 

200 850 1050 

300 850 1010 

400 850 960 

   
 

Table 4.9: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1020 

100 850 1060 

200 850 1060 

300 850 1020 

400 850 990 
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Table 4.10: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1050 

100 850 1070 

200 850 1060 

300 850 1010 

400 850 980 
 

Table 4.11:  Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1030 

100 850 1080 

200 850 1080 

300 850 1040 

400 850 990 
 

Table 4.12: Pipe-to-Soil Potential Reading   

Distance (cm) Criteria(-mV) Potential(-mV) 

0 850 1040 

100 850 1080 

200 850 1080 

300 850 1050 

400 850 1000 
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  Fig. 4.2:  Plot of Potential (-mV) along the pipe 

 

 

    

 

                                       Fig. 4.3:   Plot of Potential (-mV) along the pipe 
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                                          Fig. 4.4:  Plot of Potential (-mV) along the pipe 

    

    

 

                               Fig. 4.5:  Plot of Potential (-mV) along the pipe 
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                Fig. 4.6:  Plot of Potential (-mV) along the pipe 

 

                         

    

  

Fig. 4.7:  Plot of Potential (-mV) along the pipe 
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Fig. 4.8:  Plot of Potential (-mV) along the pipe 

 

   

   

 

Fig. 4.9:  Plot of Potential (-mV) along the pipe 
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                     Fig. 4.10:  Plot of Potential (-mV) along the pipe 

                

   

 

Fig. 4.11:  Plot of Potential (-mV) along the pipe 
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4.2 DISCUSSION OF RESULTS  

 
4.2.1 SOIL RESISTIVITY 

As shown in Table 4.2, the values of the soil resistivity falls within the range 

of 1344.78Ω-cm to 3041.46Ω-cm with depth of 5cm to 10cm. This agreed 

with previous works of (Francis, 1981) and confirmed by (Ovri and Iroh, 

2011) that resistivity increases with depth indicating low corrosivity. The 

corrosivity varies inversely with the resistivity of the electrolyte hence 

satisfying the suitability of the application of cathodic protection by 

sacrificial anode method particularly using magnesium anode which is 

highly reactive. 

 

4.2.2 PIPE-TO-SOIL POTENTIAL  

Tables 4.3 – 4.12 show different pipe-to-soil potentials measured during 

this study. Tables 4.3 and 4.4 and Figures 4.2 and 4.3 are potentials 

obtained in the first two weeks after installation and their plots. They 

showed that few of the potentials obtained are below optimum protection 

limit of (-850mV to -1150mV). This may be as a result that the system was 

not fully polarized as at the time readings were taken because of 

inadequate moisture content of the backfilled soil. Though, Table 4.1 

showed that the soil moisture content is high, reasonable percentage of the 

moisture content must have evaporated due to sun shine. Again, the newly 

backfilled soil may not have settled well around the buried pipe and in the 

entire depth of the excavation thereby making the soil to exhibit slight 

inhomogeneous characteristics. 

The installed CP system became fully polarized from the third week of 

monitoring after being watered by the researcher and two heavy rainfalls. 

The rains increased the moisture content of the soil and also made the 

backfilled soil to settle well around the buried pipe and in the entire depth 

of the excavation thereby making the soil homogeneous. This enhanced 
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free flow of current and uniform potential distribution. Tables 4.5 - 4.12 

and Figures 4.4 - 4.11 show that the variation of potential is within the limit 

of optimum protection (-850 to -1150mV). This agreed with the previous 

work of (Nzeribe, 2007), and (Ovri and  Iroh, 2011) 

 
The protection potential obtained (-1080mV) maximum being within the 

optimum (-850mV to -1150mV) is desirable considering the fact that 

though the resistivity of soil is high (low corrosivity), there is the tendency 

of sulphate induced bacteria corrosion as can be seen from result in (Table 

4.1). This higher percentage of sulphate can instigate local corrosion and 

cause coating deterioration through some microbial actions.  

 
Furthermore, Table 4.1 shows high moisture content of the soil which can 

also decrease the resistance of the coating to allow for high demand for 

current according to Ohm’s law. This can lead to a drop in the protection 

potential but nonetheless will be within the limit of optimum protection. 

This also agreed with the observation of (Ovri and Iroh, 2011). 

 
All these notwithstanding, the potential obtain is still below (-1150mV), the 

maximum protection potential limit which when exceeded will cause coating 

disbandment and hydrogen embrittlement (Nzeribe, 2007., Peabody, 2001) 

 
 

4.2.3 PROTECTION CURRENT  

The amount of current required to protect a submerged metal structure 

depends on the corrosion rate and the total area of the surface. The 

demand for optimum protective current according to design (Section 3.3) is 

0.0153mA while the value obtained experimentally is 0.0154mA. The 

current density designed with was 0.01mA/m2 and the value obtained was 

0.02mA/m2.  

Comparing the measured values with designed values, it is evident that the 

measured values are greater than the design values. This discrepancy is 



83 
 

definitely because of the safety and utilization factors introduced to give 

room for safety and utilization since some reaction in the soil can induce 

increase in corrosion rate, which can cause faster fall of the optimum 

values of protection, before the end of the designed life span of the CP 

system. Coating deterioration may also set in, exposing more area of the 

pipe leading to increase in current demand. 

Another possible cause of the discrepancy is the little variation in soil 

resistivity. Soil resistivity measured at the installation depth of 130cm was 

1821.73Ω-cm while 2000Ω-cm was used in the design calculation. The 

approximated value of 2000Ω-cm must have contributed to the increase in 

the values obtained. 

 
 

4.2.4 MEASURED VOLTAGE AND CURRENT OF THE ANODE 

The design voltage for high potential magnesium is 0.95volt and the 

current is 0.019mA. These values of the voltage and current are the 

maximum the anode can dissipate. Therefore, the values obtained must be 

less than the above designed values. The measured voltage of the anode is 

0.9volts and the current is 0.0154mA. This is the driving voltage of the 

anode after installation of the system. The measured current can be 

verified using Dwight’s equation;  

 The current output of an anode; IA = [2 πEL] / [ρ ln(8L/d – 1)] 

 Where  IA = current output of anode (A) 

    E = driving voltage (V) 

   L = anode length (cm) 

   Ρ = soil resistivity (Ωcm) 

   d = anode diameter (cm) 

 

 

IA =   2 x 3.142 x 0.9 x 20 

 2000 ln [(8 x 20/4) – 1] 
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   =   113.112 

         2000 ln 39 

    = 0.0154mA 

 

This showed that the measured protection current tallied with the current 

the anode is supplying to the CP system which proves that the system is 

operating at optimum conditions. This will help eliminate the problems 

associated with operating a CP system with too low or too high current and 

potential as stated by (Euring and Davies, 1981) 

 
4.2.5 CURRENT DISTRIBUTION AND ATTENUATION 

The attenuation factor obtained for this design was 9.58 x 10-5 and the 

total current requirement of the system is 0.0153mA.  

  
The rate of current flow in the structure and that of the ionic current flow in 

the electrolyte between the magnesium anode and the steel pipe affects 

the overall current distribution. In order for the design current to be 

maximally utilized, the attenuation factor should be as minute as possible. 

The calculated attenuation factor was very small (9.58 x 10-5) and no 

current drain point (current attenuation point) was observed along pipe 

route  within the total length of 400cm showing that the current is 

maximally utilized in protecting the pipe. This was confirmed from the 

attenuation point calculated which was at 137.5cm. It means that current 

of 0.0153mA will continuously flow through the system without dropping 

and so, will be able to protect the system perfectly. 
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CHAPTER FIVE 

 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 CONCLUSIONS 

The following conclusions could be drawn from this investigation: 

1. A commercial cathodic protection system has been successfully 

modelled and developed using a small scale experimental method. 

 

2. The following results were obtained for the developed system;  

-1080mV (maximum protection potential) above -850mV (minimum 

protection potential), 0.0154mA above 0.0153mA (pipe protection 

current) and 0.02mA/m2 above 0.01mA/m2 (current density). This 

satisfies the aim of protecting a small steel structure effectively.  

 

3. It has been shown that pipe - to - soil potential measurement can be 

used to evaluate the performance of a cathodic protection system. 

 

4. The negligible difference between the designed data and 

experimental data are expected in any well developed cathodic 

protection system. 

 

5. It has also been shown that soil resistivity increases with depth i.e. 

lower corrosivity and a value of 2177Ω-cm was obtained for this CP 

system. 

 
6. An experimental data base on the effectiveness of galvanic anode 

cathodic protection system on corrosion control of small steel 

structure has been determined. 
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5.2 RECOMMENDATIONS 

Buried steel structures corrosion can be curbed and hence environmental 

hazard contained by applying systematic corrosion prevention measures. To 

achieve the best result using galvanic anode C.P system, we recommend 

that: 

1. It should be used only in low resistivity electrolytes (soil and water) 

requiring small currents. 

 

2. It should be assured that instruments used for data collection and 

corrosion readings are calibrated and are in perfect condition to avoid 

erroneous data that can affect the performance and results obtained 

from the system. 

 

3. All installations should be kept at optimum operating conditions  to 

enable the system stay its designed service life. 

  

We also recommend that a study be carried out on a mild steel pipe of the same 

size and dimension as used in this work using the impressed current method. 
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APPENDIX A 

 
DESIGN CALCULATIONS FORMULAE 

The formulae used for the design calculations are: -  

1. Total surface Area SA = π DL (m2). . . . .i 

  Where π = 3.142 (constant) 

    D = Diameter of pipe (external) 

    L = Length of pipe  

 
2. Cross sectional area of the pipe A = π(R-t)2 (m2). . .ii  

  Where R = External radius 

    t = pipe thickness 

 
3. Total current requirement IT  = (SAxCd)/1000 (A) . . .iii 

  Where Icd = current density requirement = 0.1mA/m2   

 
4. Mean current requirement Im = Cd x SA  x(100-CE). . .iv 

                             100 

  Where CE = coating efficiency 
 

Note: it is very important for the steel pipe to be electrically     

continuous. 

 
5. Anode Design 

 
The anode used for this design was cast high potential magnesium anode 

with the following characteristics: 

Anode diameter   = 4.0 cm 

Anode length   = 20.0 cm  

Anode weight (packaged) = 7.5 Kg 

Energy capability   = 1100 Ah/Kg 

Consumption factor  = 7.9 Kg/Ay 

Anode efficiency   = 50% 

Utilization factor    = 80%  
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 The chemical composition of the Mg anode is in table 3.1 of chapter three. 
   

This type of anode was used because it is suitable for cathodic protection 

systems where the soil resistivity is equal or less than 2000Ωcm as obtained 

in the soil resistivity survey carried out for investigation.   

 
 Anode number  

 The anodes quantity is calculated thus: 

 Wt = (TA .C.DL)/u . . . . . . . . .v 

 NT = Wt/Wa .  . . . . . . . . .vi  

 Where 

  
 Wt = anodic material required (Kg) 

 C  = anode consumption 

 TA =Total anode current  

DL = design life (years) 

U = utilization factor of anode (80%) 

NT = anode quantity 

Wa = anode weight   
 

 or    Wt = SA x TA x Density life x 1 year in hours  
     Anode spacing  
 
  1 year= 3651 days X 24 hours 
        4 
    = 365.25 x 24 
    = 8766 hours 
 

 Wt (kg) = SA x IT x Density life x 8766  . . . .vii   

     Anode spacing 
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The minimum number of anodes NA, required to provide total 

current to structure 

 NA = SA x Cd x Sf = IT   . . . . . . .viii 
        IA                 IA  
  
 Where IA = max current discharged per anode. 

 Anode spacing=  length of pipe =      L(m) 
     Number of Anode              NA    
 

6. Resistance of anode RA 

For a single anode placed in soil vertically, the relationship applies 

 
  RA =  0.1588ρ (2.3log 8L -1)  . . . . .ix  
               L      d 
  Where RA = anode resistance (Ω) 

     ρ = average soil resistivity along the route (Ωcm) 

     L = Length of the packaged anode (cm) 

     d = diameter of the packaged anode (cm) 

 
  or RA =   ρ   In(2L) -1 . . . . . .x 
     2 πL    r 

  where r = mean effective radius of anode 
 
   

r = 
                       
           

 
 Total current required by anode 

 The total current required by anode IA = SA x Cd x Sf 

 Where SA = surface area of pipe 

  Cd = current density 

  Sf = safety factor (chosen) 

 

 

 

60% of original cross sectional area 

π 
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 Current supplied by sacrificial Anodes  

 The current supplied by each sacrificial anode Ia  

 IA = VA ŋ /RA 

ŋ = anode efficiency  

VA = Potential between anode and pipe  

RA = Anode resistance 

 Or 

 The current output of an anode; Ia = [2 πEL] / [ρ ln(8L/d – 1)] 

 Where  IA = current output of anode (A) 

    E = driving voltage (V) 

   L = anode length (cm) 

   Ρ = soil resistivity (Ωcm) 

   d = anode diameter (cm) 

 
The number of anodes required to supply the protective current in 

Amperes is:-  

NC = Total current/Anode current  

= II/ IA 

 

Where  

 IT = Total current required for the system  

     IA = Individual anode current  

 
Calculating Anode Life 

If the current output of a galvanic anode of any given weight is known, the 

approximate anode useful life can be calculated. The calculation is based on 

the theoretical Amperes hours per pound of the anode material and its 

current efficiency and the utilization factor. 

 

For this project the utilization factor is taken as 80% - meaning that when 

the anode is 80% consumed, it will require replacement because there is 
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insufficient anode material remaining to maintain reasonable percentage of 

its original current output. 

 
For magnesium, anode life is determined by the following expression 

(efficiency and utilization factor expressed as decimals).   

 
Years life = 0.116XAnode Weight in pounds X efficiency X utilization factor  

Current in Amperes 

 
 Anode lifetime (years) can also be estimated with the expression below; 

 
 Anode lifetime (tf) = (KUεW) / IA 

 Where  tf  = anode life (years) 

   K = anode consumption factor (0.093 for Zn, 0.253 for Mg) 

U = utilization factor; a measure of allowable anode 

consumption rate before it is rendered ineffective.  

(Typically 85%). 

W = mass of the anode (Kg) 

ε = efficiency of the anode; (0.9 for Zn, 0.5 for Mg) 

IA = anode current output (A) 
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7. Calculating potential and current attenuation consider the schematic 

Attenuation diagram below:   

  
   

 

   

 

 
       

Emin 

 

           X2             X1      X2                                 

     pipe length (m) 

 

     

From the above diagram it can be seen that the point where current I = 0 

is also the point where voltage assumed the minimum value and shall be 

equal or higher than the Emin.   

 
Thus the equation given thus: 

Ex1 = Ex2 Cosh [  (x2-x11)] + Rk. Ix2 sinh [  (x2 –x1)] . . . . xi  

Ix1 = Ix2 Cosh [  (x2-x1)] + Ex2suh [  (x2-x1) Ix1]/Rk . . . . xii 

Where Ex1 = Potential shift at point X1 

  Ex2 = Potential shift at point x2  

  Ix1 = Current flowing at point x1  

  Ix2 = Current flowing at point x2  

   = Attenuation constant  

  Rk = Pipeline characteristic resistance  

 

x1,x2 = Points along pipeline length  

 

Emax  
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The potential shift at drain point and at maximum distance shall be  

Pa = Max protective potential at drain point = - 1.2V  

Pm = Min protective potential at the maximum distance = -0.9v  

 

There, attenuation constant “ ”   

 

 =    (RL/RT)       . . . . . . . . xiii 
 

Rk=    (RLx RT) . . . . . . . . xiv  
                 
Where RL = ro/( πDS) = (ρs x L)/A 

  RCL = Rc/( πDL) 

  RL = Linear or Longitudinal resistance  

  S = Pipeline wall thickness  

  ro = ρs = Steel resistivity = 0.18 x 10-6Ωm  

  RCL = Coating leakage resistance 

  Rc  = Coating resistance =20,000Ωm  

   

 The above formulae were used in the design calculation of this project. 
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