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If you have not received your grade letter within 2-3 weeks after the posted “Mailed date” (6 weeks for 
International locations), or if you have trouble accessing your scores on-line, you may contact us at 
GradeQuestions@nace.org 

http://web.nace.org/Departments/Education/Grades/GradeStatus.aspx
mailto:GradeQuestions@nace.org
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Audience (Who Should Attend) 
This course is designed for an individual who has extensive CP field experience and 
a strong technical background in cathodic protection and who intends to become a 
certified Cathodic Protection Technologist.  
 
Prerequisites 
 
To attend this training course, students must meet the following prerequisites: 
 
PATH 1 
 
8 years Cathodic Protection work experience with progressively increasing 
technical responsibilities 
 
PLUS 
 
High school diploma or GED  
 
PLUS  
 
Algebra and logarithm training 
CP 2–Cathodic Protection Technician certification or equivalent training 
 
PATH 2 
 
6 years Cathodic Protection work experience with progressively increasing 
technical responsibilities 
 
PLUS 
 
2 years post high school training from an approved math or science technical/trade 
school including algebra and logarithm training 
 
PLUS 
 
CP 2–Cathodic Protection Technician certification or equivalent training 



Introduction  ii 
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PATH 3 
 
3 years Cathodic Protection work experience with progressively increasing 
technical responsibilities 
 
PLUS 
4-year physical science or engineering degree 
 
PLUS 
CP 2–Cathodic Protection Technician or equivalent training 

Length 
 
The course begins on Sunday at 10:00 am and concludes on Friday at 5 pm.  

Examination 
 
This course will conclude with a written final examination. This examination 
consists of 2 parts–Part A and Part B. Part A is multiple choice format and Part B is 
essay format. A combined score (Part A and Part B combined) of 70% or greater is 
required for successful completion of this course.  
 
The final examination is open book and students may bring reference materials and 
notes into the examination room. The final examination will be given on Friday. 
 
Non-communicating, battery-operated, silent, non-printing calculators, including 
calculators with alphanumeric keypads, are permitted for use during the 
examination. Calculating and computing devices having a QWERTY keypad 
arrangement similar to a typewriter or keyboard are not permitted. Such devices 
include but are not limited to palmtop, laptop, handheld, and desktop computers, 
calculators, databanks, data collectors, and organizers. Also excluded for use during 
the examination are communication devices such as pagers and cell phones along 
with cameras and recorders. 

Certification Application 
 
Successful completion of the written examination and approval of the CP 3–
Cathodic Protection Technologist certification application is required for 
certification. 



Cathodic Protection Certification Application 
CP3 - Cathodic Protection Technologist 

(Must be submitted to NACE Headquarters for certification to be processed) 
Please Note – This Is Not A Class Or Exam Registration 

 
NACE Member:   Yes  No    Member #      
 
Applicant's Name:            

Home Address:             

              

Company Name:            

Company Address:            

              

Country:       Zip/Postal Code:    

Phone:   Home                                      Business                                   Fax                            
 
E-mail:   _____________________________      
 
 
SIGNATURE:         DATE:       
 
PRINTED NAME:         
 

REQUIREMENTS NECESSARY TO ACHIEVE CERTIFICATION  
To achieve this certification, qualified individuals have two options: 
 
CLASSROOM TRAINING - CP3-Cathodic Protection Technologist 
or 
EXAM ONLY OPTION - CP 3-Cathodic Protection Technologist Exam Only   
APPLICATION PROCEDURE  
It is strongly recommended that Exam Only candidates submit a completed application for certification at least 60 
days in advance so that work experience requirements and education prerequisites can be verified.  
RECERTIFICATION REQUIREMENTS  
Every three (3) years. Recertification requires a minimum of 2 years work experience in cathodic protection and 8 
hours per year (24 hrs total) of professional development hours.  

 
SUBMIT COMPLETED APPLICATION AND SIGNATURE PAGES TO: 
 
MAIL TO:   NACE INTERNATIONAL    FAX TO:  281-228-6311 

CERTIFICATION DEPARTMENT 
1440 SOUTH CREEK DRIVE 
HOUSTON, TX  77084 

 
If you have any questions, please contact Marie Newton in our Certification department at 281-228-6211 or by e-mail at 
marie.newton@nace.org. 



 
 
 
AFFIRMATION 
I affirm that: 
 
1. I understand that I am solely responsible for making sure that all necessary work experience documentation is  

complete and submitted in good order to NACE Headquarters. 
 

2. I understand that if I knowingly provide, or cause to be provided, any false information in connection with my recognition  
under the NACE International Training and Certification Program, that it will be grounds for action against my  
standing in the program. 
 

3. I understand that the names of the categories within the NACE International Cathodic Protection Training and Certification 
Program are as follows: 

 

Highest Level Successfully Completed Category Name 

CP 1  CP1-Cathodic Protection Tester 

CP 2 CP2-Cathodic Protection Technician 

CP 3 CP3-Cathodic Protection Technologist  

CP 4 CP4-Cathodic Protection Specialist 

4. NACE has a firm policy regarding the use of its logos and certification numbers and titles. The certification number and 
category title may be used only by NACE CP 1-Cathodic Protection Testers, NACE CP 2-Cathodic Protection Technicians, 
NACE CP 3-Cathodic Protection Technologists, and NACE CP 4-Cathodic Protection Specialists, and may not be used by 
any other persons. 

 All active CP card holders are permitted to use the term “NACE CP 1-Cathodic Protection Tester,” “NACE CP 2-Cathodic 
Protection Technician,” “NACE CP 3-Cathodic Protection Technologist,” or “NACE CP 4-Cathodic Protection Specialist” 
(whichever level of recognition attained) and their certification number on business cards.   

 This example illustrates how this information can be used by a NACE CP 1-Cathodic Protection Tester. 

John Smith 
NACE CP 1-Cathodic Protection Tester, Cert. No. 9650 

ACE Inspections, Inc., Knoxville, TN 

NACE CP 1-Cathodic Protection Testers, NACE CP 2-Cathodic Protection Technicians, NACE CP 3-Cathodic Protection 
Technologists, and NACE CP 4-Cathodic Protection Specialists who are members in good standing of NACE International 
may display the NACE Logo for the purpose of identifying the individual as having achieved a NACE Certification.   

I understand that violation of these rules will result in action against my standing in the program on the basis of violation of 
the NACE International Cathodic Protection Program Attestation.  I understand that violation of these rules will result in 
action against my standing in the program on the basis of violation of the NACE International Cathodic Protection Program 
Attestation. 
 

5. I (re)affirm the NACE International Cathodic Protection Certification Program attestation and agree to abide by its provisions 
as long as I hold any level of recognition under the program. 

 
 
Signed:         Date:  
 
 
 
 
 
 
 
 

THIS DOCUMENT MUST BE SIGNED AND RETURNED WITH APPLICATION 
RETAIN A COPY OF THIS DOCUMENT FOR YOUR RECORDS 



 
 
 
ATTESTATION 
I hereby: 
 
(1) Recognize and acknowledge that the proper control of cathodic protection can be critical to the safety and welfare of 

the general public and industrial facilities. 
 
(2) Recognize and acknowledge that the control of cathodic protection is obligatory to maximize conservation of our 

material resources, to reduce economic losses, and to protect the environment. 
 
(3) Recognize and acknowledge that the entire field of cathodic protection and its control encompasses the application of 

the knowledge and experience of many diverse disciplines and levels of technical competence which must often be 
consulted. 

 
(4) Recognize and acknowledge that only through continual association and cooperation with others in this field can the 

safest and most economical solutions be found to the many cathodic protection problems. 
 
(5) Recognize and acknowledge that the quality of my work reflects on the entire profession of corrosion control. 
 
For these reasons I: 
 

(1) Agree to give first consideration in my cathodic protection work to public safety and welfare and to protection of the 
environment. 

 
(2) Agree to apply myself with diligence and responsibility to the cathodic protection work that lies within my area of 
competence. 

 
 (3) Agree to pursue my work with fairness, honesty, integrity and courtesy, ever mindful of the best interests of the 

public, my employer, and of fellow workers. 
 

(4) Agree to not represent myself to be proficient or make recommendations in phases of cathodic protection work in 
which I am not qualified by knowledge and experience. 

 
(5) Agree to avoid and discourage untrue, sensational, exaggerated, and/or unwarranted statements regarding my 
work in oral presentations, written text, and/or advertising media. 

 
(6) Agree to treat as confidential my knowledge of the business affairs and/or technical process of clients, employers, 
or customers when their interests so require. 

 
(7) Agree to inform clients or employers of any business affiliations, interests, and/or connections which might 
influence my judgment. 

 
 (8) Agree to uphold, foster and contribute to the achievement of the objectives of NACE International. 
 
I understand that my failure to comply with these requirements could result in disciplinary action. 
 
Signature:   
 
Printed Name:  
 
Date:  
 
 
 
 
 
 
 

THIS DOCUMENT MUST BE SIGNED AND RETURNED WITH APPLICATION 
RETAIN A COPY OF THIS DOCUMENT FOR YOUR RECORDS 



 
NAME: 
 
PLEASE CHECK APPROPRIATE BOX (choose only one): 
 
 
 
                I AM APPLYING FOR CP TECHNOLOGIST CLASS & EXAM SCHEDULED FOR:   
 
 (Please list city/dates of course you are planning to attend)  ___________________ 
  
 
 Click here for COURSE SCHEDULE 
 
OR 
 
 
 I AM APPLYING FOR CP TECHNOLOGIST EXAM ONLY SCHEDULED FOR: 
  
 (Please list city and date of exam you are planning to attend) ____________________ 
 
 
 Click here for EXAM ONLY SCHEDULE   

 
REQUIREMENTS FOR CATHODIC PROTECTION TECHNOLOGIST   

 
PPlleeaassee  pprroovviiddee  tthhee  nneecceessssaarryy  ccaatthhooddiicc  pprrootteeccttiioonn  wwoorrkk  eexxppeerriieennccee  iinn  aaccccoorrddaannccee  wwiitthh  tthhee  ffoolllloowwiinngg  
rreeqquuiirreemmeennttss  ffoorr  aacccceeppttaannccee  iinn  ccllaassss  oorr  eexxaamm  cchheecckkeedd..  Cathodic protection is defined as a technique to reduce the 
corrosion of a metal surface by making that surface the cathode of an electrochemical cell. 

 
   

                          
CCPP  TTEECCHHNNOOLLOOGGIISSTT  CCLLAASSSSRROOOOMM  TTRRAAIINNIINNGG  OORR    CCPP  TTEECCHHNNOOLLOOGGIISSTT  EEXXAAMM  OONNLLYY  

 
Path #1 
8 years CP work experience with progressively increasing technical responsibilities  
PLUS  
high school diploma or GED   
PLUS  
algebra and logarithm training 
CP Technician certification or equivalent training 
 
Path #2 
6 years CP work experience with progressively increasing technical responsibilities 
PLUS 
2 year post high school training from an approved math or science technical/trade school including 
algebra and logarithm training 
PLUS 
CP Technician certification or equivalent training 
 
Path #3 
3 years CP work experience with progressively increasing technical responsibilities PLUS 
4 year physical science or engineering degree PLUS 
CP Technician certification or equivalent training 

  
  
PPlleeaassee  pprroovviiddee  tthhee  nneecceessssaarryy  ccaatthhooddiicc  pprrootteeccttiioonn  wwoorrkk  eexxppeerriieennccee  iinn  aaccccoorrddaannccee  wwiitthh  aabboovvee  rreeqquuiirreemmeennttss  ffoorr  
aacccceeppttaannccee  iinn  ccllaassss  oorr  eexxaamm  cchheecckkeedd..



 

SS    AA    MM    PP    LL    EE 
Form 1: Summary of Cathodic Protection Related Work Experience 

 
Instructions:  Make and use as many copies of this form as needed. Please provide all information requested. 
Forms must be printed legibly in black ink or typed. Illegible information can delay the application process. For 
assistance with this form, contact the Education Division at NACE International Headquarters. 
Applicant Information: 
Name: A. Sample                                                   Phone:       409/111-4321                            

Company: ZZZ Coating Inspection Inc.                      Fax:       409/111-1234                            

Address: 987 Gage Avenue                                       

                                                                     

City: Millspec                                                     State/Province:  TX                                     

Zip/Postal Code:  77987                                                            Country: USA                                            

Please summarize below the information on each copy of Form 2, Individual Job Documentation. List your 
experience beginning with the most recent, followed by less recent experience. 
 
 

From 
Month/Year 

To 
Month/Year 

Number of 
Months in this 

job 

 
Job Title 

 
Company Name 

1/92 1/95 36 CP pipeline 
readings 

ZZZ Gas Co. 

12/89 12/91 24 Installer AAA Tank Installers 

12/87 12/89 24 Design Manager ABC CP Design 

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    
 
 
 
Applicant Affidavit:  I understand that if I knowingly provide false information in connection with my recognition 
under this program, it will be grounds for disciplinary procedures. 
 
 
Signed:  XXX       Date:      



 

Form 1:  Summary of Cathodic Protection Related Work Experience 
 

Instructions:  Make and use as many copies of this form as needed. Please provide all information requested. 
Forms must be printed legibly in black ink or typed. Illegible information can delay the application process. For 
assistance with this form, contact the Education Division at NACE International Headquarters. 
Applicant Information: 
Name:   Phone:     

Company:   Fax:     

Address:   

   

City:   State/Province:      

Zip/Postal Code:  Country:    

Please summarize below the information on each copy of Form 2, Individual Job Documentation. List your 
experience beginning with the most recent, followed by less recent experience. 
 
 
 

From 
Month/Year 

To 
Month/Year 

Number of months 
in this job 

 
Job Title 

 
Company Name 

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    

/ /    
 
 
Applicant Affidavit:  I understand that if I knowingly provide false information in connection with my recognition 
under this program, it will be grounds for disciplinary procedures. 
 
Signed:         Date:     

 
 



 

CATHODIC PROTECTION WORK EXPERIENCE 
 FORM 2:  INDIVIDUAL JOB EXPERIENCE  Page ____ of ____ 
 
Use one of these forms for each period of cathodic protection work experience (“job”) you wish to 
document.  Make and use as many copies of this form as you need.  Please provide the information 
requested per the directions and definitions provided. 
____________________________________________________________________________________ 
Job Information 
 
Applicant’s Name: ________________________ Who can NACE contact to verify this experience 
 
Job Title: _______________________________  Name: _________________________________ 
 
Company: ______________________________  Company: ______________________________ 
 
From:  Month ______________    Year _______  Address: _______________________________ 
 
To:      Month ______________    Year _______  State/Province: __________________________ 
 
       Zip/Postal Code: _________________________ 
Phone: _________________________________ 
      
Fax: ___________________________________ E-mail: _________________________________ 
 
 
C.2 CATHODIC PROTECTION WORK EXPERIENCE 
 FORM 2:  INDIVIDUAL JOB EXPERIENCE  Page ___ of ___ 
 
Describe in detail what are/were your cathodic protection related duties in this job.  (Do not write on the 
back of this form).  You may attach additional single sided sheets) 

 
THIS SECTION MUST BE COMPLETED 

Your application will be returned if this space is left blank 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
_______________________________________________________________________________________ 
 
 
 
Signed:         Date: _________________________ 



 

Education and Training For CP 3 – CP Technologist  
 
NAME:   
 
Please check applicable statement of qualification: 
 

Path #1 
8 years CP work experience with progressively increasing technical responsibilities  
PLUS  
high school diploma or GED   
PLUS  
algebra and logarithm training 
CP Technician certification or equivalent training 
 

  OR 
 
Path #2 
6 years CP work experience with progressively increasing technical responsibilities 
PLUS 
2 year post high school training from an approved math or science technical/trade 
school including algebra and logarithm training 
PLUS 
CP Technician certification or equivalent training 
 
OR 
 
Path #3 
3 years CP work experience with progressively increasing technical responsibilities 
PLUS 
4 year physical science or engineering degree 
PLUS 
CP Technician certification or equivalent training 

 
EQUIVALENT TRAINING OR TRADE/TECHNICAL SCHOOL INFORMATION 

Please list equivalent training OR trade/technical trade school information by providing name of school, 
course or training, company providing training, date of training, etc. 

 
 

  
 
 

 
DEGREE INFORMATION (please include certified copy of diploma with this application) 

 
Name of College or University Degree Received Date Awarded         Student ID Number 
 
_________________________    
 
_________________________      
 
 
 



 

D. QUALIFICATION REFERENCE 
 
APPLICANT:  Complete Items D.1, D.2, and D.3 then forward this form to the person you have listed in 
Item D.3.  Ask this person to complete the remainder of the form and return it directly to NACE 
International. 
 
Qualification references may be submitted by the following, who have expertise in the CATHODIC 
PROTECTION field: 
 Registered or chartered engineers 
 Present and/or previous supervisor(s) of the applicant 
 Present and/or previous professors/instructors of the applicant 
 NACE International certificate holders. (For Corrosion Specialist and Specialty Area applicants, one 

Qualification Reference must hold a NACE Certificate at the level being applied for or higher, a P.E. 
registration, ICorr Professional Member or international equivalent.) 

 
D.1 Applicant’s full name: 
 
D.2 Certification category applied for: 
 
D.3 Name, title, address, and phone # of person who is familiar with the work experience of the 

applicant: 
 
 
 
        Phone: 
REFERENCE: The applicant is applying for CATHODIC PROTECTION recognition by NACE International.  
Applicants for certification must meet specific requirements; please see the list of these requirements on the 
following page.  Evaluation of an applicant’s qualifications also depends on assessment of professional 
CATHODIC PROTECTION experience by references.  It is requested that you complete Items D.4 through 
D.13 on this form and return it directly to NACE. 
D.4 I hold NACE Certification as a: 
 _____ Certified     No.     
 

_____ I am a Registered engineer (or equivalent) 
 

 _____ State/Province: ________________ Branch:__________ No:__________ 
 
Leave space blank if this section is not applicable 
 
D.5 I have known the applicant for _____ years.  What is/was the nature of the association? 
 
 Current Supervisor   _____  Previous Supervisor   _____ 
 Current Client    _____  Previous Client     _____ 
 Current Co-worker  _____  Previous Co-worker   _____ 
 Current Professor/Instructor _____ Previous Professor/Instructor  _____ 
 Other  _____ 
 
D.6 From personal knowledge, my assessment of the applicant’s character and personal reputation is 

that it is 
 Excellent   Average   Below average  
 
D.7 From personal knowledge, I know that the applicant has been engaged in cathodic protection work 

for ___years.  (“cathodic protection” is defined as a technique to reduce the corrosion of a 
metal surface by making that surface the cathode of an electrochemical cell.)  

 
 



 

D.8 Based on this personal knowledge, I know that the quality of the applicant’s work in the field of 
CATHODIC PROTECTION  is  

 Excellent   Average   Below average  
 
D.9 The applicant is proficient in the following phases of CATHODIC PROTECTION: 
  
  
D.10  Would you employ, or recommend the employment of, the applicant for employment in the phase of 

CATHODIC PROTECTION work you have described in Item D. 9? 
 Yes   No     
 
D.11 Please describe any major projects/activities in which the applicant has been involved in the field of 

CATHODIC PROTECTION work.  Describe only those where you had personal knowledge of the 
applicant’s work.  Please indicate the degree of responsibility exercised by the applicant, the 
complexity of the project/activity, the degree of knowledge/skill required, etc.  (Attach a separate 
sheet) 

 
D.12 Additional remarks or amplifying information: 
 
  
 
D.13 My signature below indicates that I have personal knowledge and expertise in the CATHODIC 

PROTECTION field upon which to evaluate the applicant’s professional capabilities. 
 
Signature:         Date:   
 
Printed Name: 
Return completed form to:  NACE International, Certification Department, Attn Marie Newton, 1440 South 
Creek Drive, Houston, TX 77084-4906 USA 
 
CP 2 – Cathodic Protection Technician must have: 

CP Tester Certification or equivalent training PLUS one of the following: 
1. 3 years CP work experience PLUS high school diploma or GED including algebra and 

logarithm training 
2. 1 year CP work experience PLUS 4-year physical science or engineering degree 
3. 2 years CP work experience PLUS 2-year post high school training from an approved math or 

science technical/trade school including algebra and logarithm training 
 
CP 3 – Cathodic Protection Technologist must have: 
 CP Technician certification or equivalent training PLUS one of the following: 

1. 8 years CP work experience with progressively increasing technical responsibilities 
PLUS high school diploma or GED PLUS algebra and logarithm training 

2. 6 years CP work experience with progressively increasing technical responsibilities PLUS 
2 years post high school training from an approved math or science technical/trade school 
including algebra and logarithm training 

3. 3 years CP work experience with progressively increasing technical responsibilities PLUS 4 
year physical science or engineering degree 

 
CP 4 – Cathodic Protection Specialist must have: 

CP Technologist certification or equivalent training PLUS one of the following: 
1. 12 years CP work experience including 4 years in responsible charge PLUS 2 years post high 

school training in math or science from an approved technical/trade school 
2. 6 years CP work experience including 4 years in responsible charge PLUS 4-year engineering 

or physical science degree 
3. 4 years CP work experience in responsible charge PLUS a bachelors degree in engineering or 

physical sciences PLUS an advanced degree in engineering or physical science that required a 
qualification exam 



 

D. QUALIFICATION REFERENCE 
 
APPLICANT:  Complete Items D.1, D.2, and D.3 then forward this form to the person you have listed in 
Item D.3.  Ask this person to complete the remainder of the form and return it directly to NACE 
International. 
 
Qualification references may be submitted by the following, who have expertise in the CATHODIC 
PROTECTION field: 
 Registered or chartered engineers 
 Present and/or previous supervisor(s) of the applicant 
 Present and/or previous professors/instructors of the applicant 
 NACE International certificate holders. (For Corrosion Specialist and Specialty Area applicants, one 

Qualification Reference must hold a NACE Certificate at the level being applied for or higher, a P.E. 
registration, ICorr Professional Member or international equivalent.) 

 
D.1 Applicant’s full name: 
 
D.2 Certification category applied for: 
 
D.3 Name, title, address, and phone # of person who is familiar with the work experience of the 

applicant: 
 
 
 
        Phone: 
REFERENCE: The applicant is applying for CATHODIC PROTECTION recognition by NACE International.  
Applicants for certification must meet specific requirements; please see the list of these requirements on the 
following page.  Evaluation of an applicant’s qualifications also depends on assessment of professional 
CATHODIC PROTECTION experience by references.  It is requested that you complete Items D.4 through 
D.13 on this form and return it directly to NACE. 
D.4 I hold NACE Certification as a: 
 _____ Certified     No.     
 

_____ I am a Registered engineer (or equivalent) 
 

 _____ State/Province: ________________ Branch:__________ No:__________ 
 
Leave space blank if this section is not applicable 
 
D.5 I have known the applicant for _____ years.  What is/was the nature of the association? 
 
 Current Supervisor   _____  Previous Supervisor   _____ 
 Current Client    _____  Previous Client     _____ 
 Current Co-worker  _____  Previous Co-worker   _____ 
 Current Professor/Instructor _____ Previous Professor/Instructor  _____ 
 Other  _____ 
 
D.6 From personal knowledge, my assessment of the applicant’s character and personal reputation is 

that it is 
 Excellent   Average   Below average  
 
D.7 From personal knowledge, I know that the applicant has been engaged in cathodic protection work 

for ___years.  (“cathodic protection” is defined as a technique to reduce the corrosion of a 
metal surface by making that surface the cathode of an electrochemical cell.)  

 
 



 

D.8 Based on this personal knowledge, I know that the quality of the applicant’s work in the field of 
CATHODIC PROTECTION  is  

 Excellent   Average   Below average  
 
D.9 The applicant is proficient in the following phases of CATHODIC PROTECTION: 
  
  
D.10  Would you employ, or recommend the employment of, the applicant for employment in the phase of 

CATHODIC PROTECTION work you have described in Item D. 9? 
 Yes   No     
 
D.11 Please describe any major projects/activities in which the applicant has been involved in the field of 

CATHODIC PROTECTION work.  Describe only those where you had personal knowledge of the 
applicant’s work.  Please indicate the degree of responsibility exercised by the applicant, the 
complexity of the project/activity, the degree of knowledge/skill required, etc.  (Attach a separate 
sheet) 

 
D.12 Additional remarks or amplifying information: 
 
  
 
D.13 My signature below indicates that I have personal knowledge and expertise in the CATHODIC 

PROTECTION field upon which to evaluate the applicant’s professional capabilities. 
 
Signature:         Date:   
 
Printed Name: 
Return completed form to:  NACE International, Certification Department, Attn Marie Newton, 1440 South 
Creek Drive, Houston, TX 77084-4906 USA 
 
CP 2 – Cathodic Protection Technician must have: 

CP Tester Certification or equivalent training PLUS one of the following: 
1. 3 years CP work experience PLUS high school diploma or GED including algebra and 

logarithm training 
2. 1 year CP work experience PLUS 4-year physical science or engineering degree 
3. 2 years CP work experience PLUS 2-year post high school training from an approved math or 

science technical/trade school including algebra and logarithm training 
 
CP 3 – Cathodic Protection Technologist must have: 
 CP Technician certification or equivalent training PLUS one of the following: 

1. 8 years CP work experience with progressively increasing technical responsibilities 
PLUS high school diploma or GED PLUS algebra and logarithm training 

2. 6 years CP work experience with progressively increasing technical responsibilities PLUS 
2 years post high school training from an approved math or science technical/trade school 
including algebra and logarithm training 

3. 3 years CP work experience with progressively increasing technical responsibilities PLUS 4 
year physical science or engineering degree 

 
CP 4 – Cathodic Protection Specialist must have: 

CP Technologist certification or equivalent training PLUS one of the following: 
1. 12 years CP work experience including 4 years in responsible charge PLUS 2 years post high 

school training in math or science from an approved technical/trade school 
2. 6 years CP work experience including 4 years in responsible charge PLUS 4-year engineering 

or physical science degree 
3. 4 years CP work experience in responsible charge PLUS a bachelors degree in engineering or 

physical sciences PLUS an advanced degree in engineering or physical science that required a 
qualification exam 



 

D. QUALIFICATION REFERENCE 
 
APPLICANT:  Complete Items D.1, D.2, and D.3 then forward this form to the person you have listed in 
Item D.3.  Ask this person to complete the remainder of the form and return it directly to NACE 
International. 
 
Qualification references may be submitted by the following, who have expertise in the CATHODIC 
PROTECTION field: 
 Registered or chartered engineers 
 Present and/or previous supervisor(s) of the applicant 
 Present and/or previous professors/instructors of the applicant 
 NACE International certificate holders. (For Corrosion Specialist and Specialty Area applicants, one 

Qualification Reference must hold a NACE Certificate at the level being applied for or higher, a P.E. 
registration, ICorr Professional Member or international equivalent.) 

 
D.1 Applicant’s full name: 
 
D.2 Certification category applied for: 
 
D.3 Name, title, address, and phone # of person who is familiar with the work experience of the 

applicant: 
 
 
 
        Phone: 
REFERENCE: The applicant is applying for CATHODIC PROTECTION recognition by NACE International.  
Applicants for certification must meet specific requirements; please see the list of these requirements on the 
following page.  Evaluation of an applicant’s qualifications also depends on assessment of professional 
CATHODIC PROTECTION experience by references.  It is requested that you complete Items D.4 through 
D.13 on this form and return it directly to NACE. 
D.4 I hold NACE Certification as a: 
 _____ Certified     No.     
 

_____ I am a Registered engineer (or equivalent) 
 

 _____ State/Province: ________________ Branch:__________ No:__________ 
 
Leave space blank if this section is not applicable 
 
D.5 I have known the applicant for _____ years.  What is/was the nature of the association? 
 
 Current Supervisor   _____  Previous Supervisor   _____ 
 Current Client    _____  Previous Client     _____ 
 Current Co-worker  _____  Previous Co-worker   _____ 
 Current Professor/Instructor _____ Previous Professor/Instructor  _____ 
 Other  _____ 
 
D.6 From personal knowledge, my assessment of the applicant’s character and personal reputation is 

that it is 
 Excellent   Average   Below average  
 
D.7 From personal knowledge, I know that the applicant has been engaged in cathodic protection work 

for ___years.  (“cathodic protection” is defined as a technique to reduce the corrosion of a 
metal surface by making that surface the cathode of an electrochemical cell.)  

 
 



 

D.8 Based on this personal knowledge, I know that the quality of the applicant’s work in the field of 
CATHODIC PROTECTION  is  

 Excellent   Average   Below average  
 
D.9 The applicant is proficient in the following phases of CATHODIC PROTECTION: 
  
  
D.10  Would you employ, or recommend the employment of, the applicant for employment in the phase of 

CATHODIC PROTECTION work you have described in Item D. 9? 
 Yes   No     
 
D.11 Please describe any major projects/activities in which the applicant has been involved in the field of 
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MECHANISMS OF CORROSION 
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1.1 Thermodynamic Considerations 

 

Corrosion is the deterioration of a material that results from a reaction with its 

environment. For a metal in contact with an aqueous solution, the reaction is an 

electrochemical one involving the transfer of electrical charge (electrons) across 

the metal/solution interface. 

 

The energy that exists in metals and causes them to corrode spontaneously results 

from the process of converting ore to metal. A measure of the energy available in 

a metal (Gibbs free energy) to power the corrosion reaction is given in Table 1-1 

listing the free energy of formation of some metal oxides. 
 

 

Table 1-1
1
 

Standard Free Energy (- G°) of Formation of Some Oxides 

in kcal/mole of Oxide at 27°C 

  
 Ag2O ......   2.55 

 Cu2O ......  34.6 

 PbO ......  45.0  

 NiO ......  51.4 

 FeO ......  54.6 (at 227°C) 

 ZnO ......  76.2 

 MgO ......  136.5 

 Al2O3 ......  377.6 

 

 

This energy, imparted on the metal during the refining process, is available as 

potential energy (– G
o
) to power the corrosion reaction when the metal is placed 

in an aqueous environment. This process for iron is illustrated in Figure 1-1. 
 
 

 

 

                                                 
1
 Scully, J.C., Fundamentals of Corrosion, Pergamon Press, Oxford, 1966, p.7. 
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Figure 1-1:  Iron Oxide to Steel to Iron Oxide Cycle 

 

This illustrates that iron (or its alloys) will tend to transform to a lower energy 

state spontaneously. The transformation is produced by a change in free energy  

(– G°). 

 

Metals are crystalline structures in which individual atoms are held together by 

the electrical attraction of each atom‘s bonding or conduction electrons (outer 

electrons) to the positive nucleus of adjacent atoms. The crystal lattice is 

composed of atoms arranged in repeating unit cells with characteristic 

arrangements such as body-centered cubic (BCC), face-centered cubic (FCC), or 

hexagonal close packed (HCP) as illustrated in Figure 1-2.
2
 

 

 

 

a

a

a  

a

a

a  
a a

a

c

 
 body centered cubic face-centered cubic hexagonal close packed 

 (BCC) (FCC) (HCP) 
 

Figure 1-2:  Unit Cell Atomic Arrangement in Metal Crystal Structures 

 

For a metal atom to leave the crystal structure, it must overcome the bonding 

energy with adjacent atoms in the crystal matrix. Metal atoms are not motionless 

but have vibrational energy depending on their temperature, since temperature is 

just an indication of atomic or molecular motion. As temperature increases above 

                                                 
2
 Moffatt, W.G.; Pearsall, G.W.; and Wulff, J., Structure, John Wiley & Sons, Inc., New York, 1964, p.47. 
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absolute zero (-273°C or 0°K), the atomic motion increases and the interatomic 

bonds can be thought of as being elastic. Therefore, at the melting point, atomic 

motion is so great that the interatomic bonding forces can no longer maintain a 

crystal structure. 

 

Similarly, at ambient temperatures, surface atoms that have fewer interatomic 

bonds than internal atoms have a better chance of leaving the crystal structure.  

This is especially true for atoms at surface impurities, crystal dislocations, or slip 

planes where there are even fewer interatomic bonds and where the thermal 

vibrational energy of some poorly bonded atoms may be sufficient to escape the 

lattice structure. If a metal atom leaves the crystal structure, it leaves behind some 

of its bonding electrons (ne
–
) according to the following oxidation reaction: 

 

 M
o
        M

n+
  +  ne

–
 [1-1] 

 

Oxidation is defined as a reaction in which an atom, ion, or molecule becomes 

more electropositive. The metal atom has now become a metal ion, with a net 

positive charge, taking with it most of the atomic mass residing primarily in the 

nucleus. It is also possible for the metal ion to return to the atom crystal structure, 

so the reaction can be reversible.   

 

When a metal is placed in an aqueous solution, other possibilities for the metal 

ion arise because of the presence of the polar water molecule and other cations as 

illustrated in Figure 1-3 for iron. Water, being a polar molecule, is attracted to the 

metal interface. A small number of water molecules (1 in 10
7
 at pH 7) will ionize 

to produce a hydrogen ion (H
+
) and hydroxyl (OH

–
) ion. 

 

The metal can now react anodically in two ways other than Reaction 1-1, either to 

produce a metal hydroxide, as in Figure 1-4, or an aqueous ion as indicated in the 

following reactions. 
 

  M
o
 +  nH2O       M(OH)n  +  nH

+
  +  ne

–
   [1-2] 

 

  M
o
 +  mH2O       MOm

n-2m
  +  2mH

+
  +  ne

–
 [1-3]  
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Figure 1-3: Metal/Aqueous Solution Interface 
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Figure 1-4: Corrosion Forming Ferrous Hydroxide 

 

In each case, the reactions produce positive charges on the solution side of the 

interface and leave behind negative charges in the metal. Clearly, then, a metal in 

contact with an aqueous solution will develop a potential difference (E) across the 

interface, as illustrated in Figure 1-5. 
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electrolytemetal

E

 
 

Figure 1-5:  Potential Difference Across Metal/Water Interface due to Corrosion 

 
1.2 The Pourbaix Diagram 
 

The potential E developed across the interface is a function of the metal involved 

and the pH (i.e., the relative concentration of H+ and OH– ions at the surface).  

The thermodynamic tendency for the metal to corrode by one or more of the three 

reactions above can be calculated using basic energy relationships. For iron, a 

potential-pH diagram (called a Pourbaix diagram) results as shown in Figure 1-6.
3
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Figure 1-6:  Theoretical Conditions of Corrosion, Immunity, and Passivation of Iron  

 – Simplified pH Pourbaix Diagram for Iron in Water at 25ºC 

 

 

 

 

 

                                                 
3
 Pourbaix, M., Atlas of Electrochemical Equilibria in Aqueous Solutions, National Association of 

Corrosion Engineers, Houston, TX, 1974, p.314. 
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Lines 1, 2, and 3 in Figure 1-6 relate to the following reactions: 
 

Line : Fe
o
  Fe

++
  +  2e

–
 [1-4] 

 

Line : Fe
0
  +  2H2O  Fe(OH)2  +  2H

+
  +  2e

–
 [1-5] 

 

Line : Fe
++

  +  3H2O  Fe(OH)3  +  3H
+
  +  1e

–
 [1-6] 

 
 

These lines define three distinct regions of relative stability of the ferrous ion 

(Fe
++

)–corrosion, passivation, and immunity. In energy terms, an iron electrode 

with a potential/pH in the corrosion zone indicates corrosion can occur but 

doesn‘t necessarily mean it will happen. In the immunity zone, the ferrous ion is 

relatively insoluble and hence corrosion is unlikely. In the passivation zone, iron 

hydroxides and oxides are formed on the metal surface inhibiting further 

corrosion. Essentially, the hydroxide or oxide passive film forms a barrier 

between the substrate iron and the water. 

 

Lines a and b represent the thermodynamic stability boundaries for a water 

molecule, which is potential and pH dependent. Between lines a and b water is 

considered thermodynamically stable but dissociates at these lines. 

   

Line b called the oxygen line, corresponds to the breakdown of a water molecule 

to produce oxygen gas and hydrogen ions resulting in the transfer of four 

electrons across the interface as in Reaction 1-7. 

 
   2H2O    O2  +  4H

+
 +  4e- [1-7] 

 

At line a , called the hydrogen line, for every two molecules of water, a molecule 

of hydrogen gas and two hydroxyl ions are produced as in Reaction 1-8.  

  
   2H2O  +  2e

–
  H2  +  2OH

–
 [1-8] 

 

Both of these lines have important implications for operating cathodic protection 

systems, as will be seen in later chapters. 

 

Line , representing the stability of iron ions between corrosion and immunity, 

can be expanded regarding relative solubility of the ferrous ion as shown in 

Figure 1-7.
4
 

 

                                                 
4
 Pourbaix, M., Atlas of Electrochemical Equilibria in Aqueous Solutions, National Association of 

Corrosion Engineers, Houston, TX, 1974, p.312. 
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Figure 1-7:  Pourbaix Diagram for Iron in Water at 25ºC Showing Fe
++

 Solubility Lines 

 

Line  in the simplified Pourbaix diagram is replaced by a series of lines each 

representing a different solubility of the ferrous ion ranging from 10
0
–10

-6
 of 

moles per liter of water. Hence as the iron potential becomes more electro-

negative, the solubility of the ferrous ion decreases. Although theoretically it does 

not reach zero, for all practical purposes the corrosion rate is reduced to 

negligible values. The anticipated corrosion rate (mm/y) of iron in water at 25°C 

can be represented on the Pourbaix diagram as shown in Figure 1-8.
5
  The 

decreasing corrosion rate with increasingly negative potentials is a result of the 

decreasing solubility of the ferrous ion. 
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Figure 1-8:  Pourbaix Diagram for Iron in Water at 25ºC Showing Corrosion Rates 

 

                                                 
5
 Pourbaix, M., Atlas of Electrochemical Equilibria in Aqueous Solutions, National Association of 

Corrosion Engineers, Houston, TX, 1974, p.316. 
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1.3 The Electrode Potential 

 

The absolute potential across a metal/solution interface cannot be determined, by 

measurement, and can only be measured with respect to a second electrode called 

a reference electrode. For the Pourbaix diagram, a particularly stable electrode 

called a hydrogen electrode is used. 

 

aqueous
solution

metal

E
reference
electrode

 
 

Figure 1-9:  Measurement of Metal Potential Using a Reference Electrode 
 

 

The hydrogen reference electrode is composed of a platinum wire surrounded by 

a solution with 1 molar concentration of hydrogen ions (e.g., H2SO4 at pH0) 

through which hydrogen gas is bubbled. The solution is kept at 25ºC. 

 

The platinum surface acts as a catalyst for the following reversible reaction: 
 

   H
+
  +   e

–
  HO   [1-9] 

 

Under the particular conditions sur-

rounding the platinum, this results in the 

electrode maintaining a very stable 

potential. Because of this and the nature 

of the reversible reaction, the electrode is 

called a standard hydrogen electrode 

(SHE), illustrated in Figure 1-10. The 

SHE‘s potential EHo/H+ is used as the zero 

from which all other electrode potentials 

are measured. For instance, it is used to 

measure the standard potential of pure 

metals to produce the Electromotive 

Series (Table 1-2). 
 

Figure 1-10:   

Standard Hydrogen Electrode 
Source: Jones, D., Principles and Prevention of 

Corrosion, MacMillan Publishing Co. 1992, p.64. 
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1.3.1   The Electromotive Force Series 
 

 
Table 1-2

6
 

The Electromotive Series at 25°C (77°F)  

(also called EMF Series) 

 

 

Electrode 

 

Standard Potential, E
o
 

(Referred to the SHE) 

Volts 

 

K
+

K –2.92  

Na
+

Na –2.71  

Mg
++

Mg –2.34  

Al
+++

Al –1.67  

Zn
++

Zn –0.76  

Fe
++

Fe –0.44  

Pb
++

Pb –0.13  

Fe
+++

Fe –0.04 Less Noble  

H
+

1, H2 M* (SHE) 0.00 Potentials 
 

KCl (sat.), Hg2Cl2 Hg (SCE) (+0.245)** More Noble 

Cu
++

Cu +0.34 Potentials 

I
–
, I2 M +0.53  

Ag
+

Ag +0.80  

Br
–
, Br2 M +1.07  

H
+
, H2O, O2 M +1.23  

Cl
–
, Cl2 M +1.36  

Au
+++

Au +1.50  

F
–
, F2 M +2.87  

   

*M in this table denotes an inert metal electrode that acts merely as a donor or 

acceptor of electrons.  Platinum is often used for that purpose. 

**This is not a standard potential since the SCE is not a standard state electrode.  The 

potential of the standard state calomel electrode is +0.268 volts. 

 

 

The standard potentials (E
o
) (often referred to as ‖redox‖ potentials) of various 

pure metals are measured only under specific (standard) conditions. These 

conditions are a temperature of 25°C, a solution of 1 molar concentration of the 

metal ions, and a measuring circuit where no current is drawn from the pure metal 

specimens. The resulting table not only indicates the standard potentials of the 

pure metal but relates the corrosion tendency of each—the more electro- 

negative the potential, the greater the tendency to corrode. The EMF series 

arrangement of metals is similar to that of Table 1-1, a reflection that the 

tendency to corrode corresponds to the energy available in a metal to produce an 

oxide. 

                                                 
6
 deBethune, A. J., “Fundamental Concepts of Electrode Potentials”, Corrosion, Vol. 9, Oct. 1953, p.339. 
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1.3.2 The Nernst Equation 
 

The need to maintain a 1 molar solution of metal ions indicates the importance of 

metal ion concentration in determining the magnitude of a metal electrode 

potential. When the ion concentration is not 1 molar (or unit activity) the metal 

potential will change according to the Nernst equation: 
 

 
)(M

)(M
o   

MM o

n

ln  
F

RT
    E       E

a

a

n
 [1-10] 

 

where: 

 EM
o
 = metal potential at standard conditions 

 R = gas constant (8.31 J/mol – K) 

 T = absolute temperature 

 n = number of electrons transferred  

 F = Faraday‘s constant (96,500 coulomb) 

 
nMa  = metal ion activity a = m, where is the activity coefficient 

(always <1) and m is the molar concentration of the metal ion 

 
oMa  

= metal activity (assumed to be 1) 

 = activity coefficient 

 

The Nernst equation indicates that a metal electrode potential is a function of the 

metal ion activity, which is related to the metal ion concentration. As the metal 

ion concentration (M
n+

) increases the metal electrode potential becomes more 

electropositive. 

 

1.3.3 Common Reference Electrodes 
 

The standard hydrogen electrode (SHE) is considered a primary reference 

electrode because it is used to determine the potential of other (secondary) 

reference electrodes that are better suited for field use. A number of secondary 

reference electrodes such as saturated copper-copper sulfate (CSE), saturated 

calomel (SCE), and silver-silver chloride (SSC) are used routinely in the 

corrosion and cathodic protection industry. As revealed by the Nernst equation, 

the metal ion concentration is important in maintaining the stability of the 

reference electrode potential. These secondary references have specific ion 

concentrations and corresponding potentials with respect to the standard 

hydrogen electrode as indicated in Table 1-3. 
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Table 1-3:  Common Reference Electrodes and Their Potentials and Temperature Coefficients  

 

Reference 
Electrode 

Electrolyte 
Solution 

Potential 
@ 25°C 
(V/SHE) 

Temperature 
Co-efficient 

(mV/°C) 

Typical 
Usage 

Cu/CuSO4
 

(CSE) Sat.  CuSO4  +0.316  
(5)

 0.9 
(5)

 soils, fresh water 

Ag/AgCl (SJ) (SSC) 0.6M NaCl (3 ½%) +0.256 
(1) 

– 0.33 
(1) 

sea water, brackish
(4)

 

Ag/AgCl (LJ) (SSC) Sat. KCl +0.222 
(2)

 – 0.70 
(2) 

--- 

Ag/AgCl (LJ) (SSC) 0.1N KCl +0.288 
(3)

 – 0.43 
(3) 

--- 

Sat. Calomel (SCE) Sat. KCl +0.244 
(2) 

– 0.70 
(2) 

water, laboratory 

Zn (ZRE) Saline Solution –0.79 ±0.1
(6)

 --- 
 

sea water 

Zn  (ZRE) Soil  –0.80 ±0.1
(6)

 --- 
 

buried  

  SJ – solid junction        LJ – liquid junction
 

 

(1)
 Peterson, M.H. and Groover, R.E., ―Tests Indicate the Ag/AgCl Electrode Is Ideal Reference 

Cell in Sea Water‖, Materials Protection, Vol. 11(5), May 1972, p.19-22. 
(2)

 Ives, David. and Janz, George, Reference Electrodes: Theory & Practice, Academic Press, 1961, 

p. 161 & p. 189. 
 (3) 

Uhlig, H.H., and Revie, Winston, Corrosion and Corrosion Control, John Wiley & Sons, 3
rd

 

Edition, 1985, p.33. 
(4) 

Potential becomes more electropositive with increasing resistivity.  See monograph for 

correction in waters of varying resistivity in NACE SP0176, latest edition, or (1). 
 (5) 

Uhlig, H.H., Corrosion Handbook, John Wiley & Sons, 1948, p.1137 
(6)  

von Baeckmann, W., Schwenk, W., and  Prinz, W., Handbook of Cathodic Protection, Gulf   

Professional Publishing, 1997, p.80. 

 
1.3.4a Effect of Temperature on Reference Electrode Potentials 

 

The effect of temperature on the reference potential can be expressed by the 

following equation: 

 Et = E
o

25°C/SHE  +  kt(T–25°C) [1-11a] 

where:  

 kt = temperature coefficient 

 Et = reference potential at temperature (T) (SHE) 

            E
o

25°C/SHE = reference potential at 25°C  (Table 1-3) 

 

Therefore, for a copper-copper sulfate reference at 5°C, its potential would be: 
 

 ECSE/SHE @5°C = +0.316 VSHE  +  0.0009V/°C (5°C – 25°C) 

  = +0.316 VSHE  –  0.018 VSHE 

  =  +0.298 VSHE  

or at 40°C, its potential would be: 
 

 ECSE/SHE @40°C = +0.316 VSHE  +  0.0009V/°C (40°C – 25°C)  

  = +0.316 VSHE  +  0.014 VSHE  

  = +0.330 VSHE 
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1.3.4b  Correcting Structure-to-Electrolyte Potentials when the 
Reference Electrode Temperature is not 25°C. 
 
To compare a measured structure-to-electrolyte potential to an industry potential 

criterion, the measured potential should be corrected for temperature if the 

reference used for the measurement is not at 25°C. The following equation can be 

used for this correction which contains the same temperature correction factor ‗kt 

(T-25°C)‘ as in Equation 1-11a. 
 

         Estr/ref @25°C = Estr/ref @T + kt ( T- 25°C)                                  [1-11b] 
 

where: 

         E str/ref @25°C = structure-to-electrolyte potential at 25°C 

         E str/ref @T = structure-to-electrolyte potential at a temperature T 

          kt = temperature coefficient 
 

For a measured potential of -865mVcse and a reference electrode temperature of 

45°C the potential corrected to 25°C would be; 
 
      Estr/cse @ 25C  =  - 865mVcse + {(0.9mV/°C) · (45°C - 25°C)} 

                                 = - 865mVcse + {(0.9mV/°C) · ( 20°C)} 

                                 = - 865mVcse + 18mV = - 847mVcse 

 

For a measured potential of -790mV with respect to a saturated silver-silver 

chloride reference at 45°C, the potential corrected to 25°C would be; 
 
      Estr/sat-ssc @ 25°C =  -790mVssc + {(-0.7mV/°C) · (45°C - 25°C)} 

                                        =  -790mVssc + {(-0.7mV/°C) · (20°C)} 

                                        =  -790mVssc + {-14mV} = - 804mVssc 

 

Note that to convert a potential measurement from one reference electrode to a 

second reference electrode, the original measurement should be corrected to a 

temperature of 25°C before converting the measurement with respect to the 

second reference electrode. 

 
  

1.3.5 Converting Measured Potentials between Reference   
Electrodes 

 

In practice, it is often necessary to convert a potential measured with respect to one 

reference electrode to one with respect to another reference electrode. Such a 

conversion can be done either arithmetically or graphically. The graphical method 

is illustrated using the scale in Figure 1-11 for an original potential of –800 mV 
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measured on a metal ‖X‖ with respect to a copper-copper sulfate reference 

electrode (CSE). 

 

Figure 1-11:  Reference Electrode Conversion Scale 

 

For a potential of –0.800 VCSE, the measurement of an unknown metal electrode 

X
o
/X

n+
 with respect to a CSE electrode converts to the following potentials with 

respect to other secondary reference electrodes: 
 

 X
o 
/ X

n+ 
/ SCE is –0.80 VCSE  – (–0.072 VSCE) = –0.728 VSCE [1-12]  

 

 X
o 
/ X

n+ 
/ SSC is –0.80 VCSE  – (–0.060 VSSC) = –0.740 VSSC (SJ) [1-13]  

 

 X
o 
/ X

n+ 
/ ZRE is –0.80 VCSE  – (–1.116 VZRE) = +0.316 VZRE [1-14]  

 

This conversion process can be completed arithmetically by the following steps: 
 

 1. Determine the potential difference between the first reference electrode 

and the second reference electrode (e.g., CSE is +72mV to SCE). 
 

  2. Add the original potential difference to obtain the converted potential. 
  

    e.g.,  X
o
 / X

n+
 / SCE = +72 mV  + (–800mVCSE)   

     =  –728 mVSCE 

 

1.4 The Corrosion Cell 
 

An electrochemical reaction either produces or consumes electrons. Equations 1-

1, 1-2, and 1-3 all produce positive charges on the solution side of the interface 

and leave behind negative charges (electrons). When hydroxides or oxides are 

formed, as in Reactions [2] and [3], electrical neutrality in the water and in the 

(SJ) = only solid silver chloride (AgCl) 
over the silver wire. 
 
(LJ) = a silver wire surrounded by a 
concentrated solution of KCl. 
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metal is disturbed. The formation of ferrous hydroxide leaves two excess positive 

charges in the water and two excess electrons in the metal. This results in the flow 

of electrons away from the corrosion site to an adjoining surface where there is a 

natural attraction to the positive hydrogen ions. The hydrogen ion will pick-up an 

electron to form an atom of hydrogen (H
o
), often called nascent hydrogen, as in 

the following reaction: 

 
 H

+
   +   e

–
        H

o 
[1-15] 

 

As both the corrosion reactions forming either hydroxides or oxides continues 

there will be a related reaction between the excess charges to maintain electrical 

neutrality as shown in Figure 1-12. 
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Figure 1-12:  Iron Corrosion Cell 

 

 

The location on the iron surface where corrosion occurs is called the anode.  

Corrosion is defined as an oxidation reaction since the material being oxidized, 

iron atoms in this case, becomes more electropositive as a result of the corrosion 

process. Hence a corrosion reaction is an oxidation reaction. 

The location where excess electrons transfer across the surface to be picked up by 

the positive hydrogen ions is called the cathode. The cathode is defined as the 

surface where a reduction reaction occurs [1-15]. Reduction is a reaction in which 

the species being reduced, in this case hydrogen ions, becomes more 

electronegative. Thus the entire corrosion process involves both oxidation and 

reduction reactions that transfer charges across a metal/electrolyte interface. This 

process is called an electrochemical cell.   
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As corrosion activity continues at the anode positive charges (e.g., hydrogen ions) 

flow in the water and negative charges flow in the metal towards the cathode site.  

Current typically flows in the direction of the positive charge (i.e., from the anode 

to the cathode in the water and from the cathode to the anode in the metal) as 

shown in Figure 1-13. 
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Figure 1-13:  Direction of Conventional Current 

  (positive charge flow) 

 

1.4.1 Corrosion Cell Components 
 

All corrosion activity takes place in the context of a corrosion cell that has the 

following four essential components: 

 

 An anode (where the oxidation reaction occurs) 

 A cathode (where the reduction reaction occurs) 

 An electronic path that allows electrons to flow from the anode 

to the cathode (inside the metal) 

 An electrolytic path that allows ions to flow between the anode 

and cathode (in the electrolyte) 

 

Any solution containing ions is an electrolyte. Soils typically contain water that 

has many different ions in solution, not just hydrogen and hydroxyl. In deaerated 

or non-aerated soils and waters the typical reduction reaction is the reduction of 

hydrogen as in Reaction 1-15. In aerated soils and waters, where dissolved 
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oxygen is present, the following reduction reaction also transfers electrons across 

the metal/electrolyte interface. 

 
 O2  +  2H2O  +  4e

–
        4OH

–
 [1-16] 

 
Oxygen atoms have an affinity for electrons because their outer electron shell has 

only 6 electrons. A more stable condition would result if there were 8 electrons.  

Hence an atom of oxygen will pick up 2 electrons at a cathode to fill its outer 

electron shell. This reduction reaction produces hydroxyl ions that change the pH 

at the cathode site in the alkaline direction. 

 

When a corrosion cell is established, other ions in solution will tend to migrate 

toward either the anode or cathode. Positively charged ions, such as Na
+
, K

+
, 

Ca
++

, and Mg
++

, migrate toward the cathode as do hydrogen ions.  Hence all 

positively charged ions are called cations because they move towards the cathode. 

 

Similarly, negatively charged ions, such as Cl
–
, SO4

=
, NO3

–
, CO3

=
, and HCO3

–
, 

migrate toward the anode as do hydroxyl ions. Therefore all negatively charged 

ions are called anions, because they move towards the anode. 

 

An operating corrosion cell showing direction of charge movement is shown in 

Figure 1-14. 

 

O
X
I
D
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N
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R
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D
U
C
T
I
O
N
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Electrolyte  
 

Figure 1-14:  Charge Movement in a Corrosion Cell 

 

Charge flow as illustrated in Figure 1-14 produces a corrosion current. The 

international convention adopted for the direction of current (i.e., conventional 

current direction) assumes current direction is the direction in which positive 

charges flow.  Hence the direction of corrosion current in a corrosion cell is from 

anode to cathode through the electrolyte and from cathode to anode in the 

external or metal paths as illustrated in Figure 1-15. 
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Figure 1-15:  Direction of Conventional Current (+ve Charges) in a Corrosion Cell 
 

1.4.2  Corrosion Cell Kinetics (Polarization) 
 

If the electronic path of the corrosion cell could be interrupted, the cell would be 

open-circuited and the corrosion current (Icorr) would be zero. After allowing time 

for equilibrium to be established at the anode and cathode interfaces, their open 

circuit potentials, Ea,oc and Ec,oc respectively, could be measured with respect to a 

reference electrode placed at the respective interfaces. This open circuit condition 

is illustrated in Figure 1-16. 
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Figure 1-16:  Open Circuit Corrosion Cell 
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The potential difference between the anode and the cathode is the cell EMF (Ecell) 

which equates to the Gibbs free energy ( G
o
) of the metal in the following 

relationship. 
 

 
F

G
       E

o

cell
n

 [1-17] 

 where: 

  Ecell = corrosion cell potential (volts or joules/coulomb) 

  n = number of charges transferred in the oxidation reaction 

  F = Faraday‘s constant – 96,500 coulombs of charge 

  G
o
 = Change in Gibbs free energy (joules) 

 

This cell voltage is the electrical energy source, which when the switch is closed, 

causes charges to flow in the corrosion cell circuit (i.e., the corrosion current). 

With the insertion of an ammeter and a variable resistor and with the switch 

closed as in Figure 1-17, the corrosion current (Icorr) can be measured as well as 

the potential at the anode (Ea,cc) and cathode (Ec,cc). 
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Figure 1-17:  Closed Circuit Corrosion Cell 

 

If the variable resistor is gradually reduced, the current will increase while the 

anode and cathode closed circuit potential will change. The change in potential 

can be expressed as follows: 

  



Mechanisms of Corrosion  1:19 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
  January 2009-April 2009 

 Ecc    =    Eoc   ±   Ep [1-18] 

 

 where: Ep  is the change in potential due to Icorr across the interface. 

 

The anode potential will become more electropositive (+ Ep) while the cathode 

potential will become more electronegative.  Hence the potential relationship can 

be expressed as follows: 

 

 For the anode: Ea,cc    =    Ea,oc   +   Ep,a [1-19] 

 

 For the cathode: Ec,cc    =    Ec,oc   –   Ep,c [1-20] 

 

The operation of the corrosion cell can be illustrated on an Evans diagram (named 

after U.R. Evans
7
), which compares the potential to the corrosion current. 
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Figure 1-18:  Evans Diagram for a Corrosion Cell Under Cathodic Control 
 

 

The change in potential Ep,c and Ep,a that occurs at the cathode and anode 

interface respectively is due to the electrical energy used up in the transfer of 

charge across the respective metal/electrolyte interfaces. This change is called 

polarization. Charge transfer processes, although described in a singular 

oxidation or reduction reaction, are usually multi-step processes. 

 

                                                 
7
 Evans, U.R., Metallic Corrosion, Passivity and Protection, Eduard Arnold & Co., 1948, p.343. 
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The slowest step in the process requires the most electrical energy and hence 

produces the most polarization. It can be seen from Figure 1-18 that there is 

greater polarization at the cathode than at the anode ( Ep,c  > Ep,a) even though 

the rate of charge transfer is the same (i.e., the corrosion current is the same). The 

slowest charge transfer step is, therefore, at the cathode site, and in these 

circumstances the corrosion cell is said to be under cathodic control (i.e., most 

polarization occurs at the cathode). 

 

A polarization analogy is the movement of people to and from work using public 

transit. The walk to the bus stop requires less energy per unit length traveled than 

does climbing up the steps into the bus. There may be an accumulation of people 

at the bus stop as well as inside the bus causing a wait to get on or off the bus. If 

the bus door is analogous to the metal/electrolyte interface, the slowest step in the 

flow of people to and from the office is at the bus stop. 

 

Furthermore, if people getting on the bus is analogous to cathodic polarization 

and people getting off the bus is analogous to anodic polarization, it is apparent 

that more energy is required to step up into the bus than down from the bus.  Also 

as the flow rate of people increases, as at rush hour, the increased accumulation of 

people waiting to get on and off the bus is analogous to an increase in current in a 

corrosion cell. Hence as the flow rate increases, the change in potential (i.e., 

people arriving at the bus stop) increases. 

 

Most corrosion cells on iron or steel structures in contact with soil or water are 

under cathodic control. In some specific environments, the corrosion cell can be 

under anodic or mixed control as illustrated in Figure 1-19. 
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Figure 1-19:  Evans Diagram for a Corrosion Cell Under Anodic Control and Mixed Control 

 

The corrosion cell depicted in Figure 1-17 forms a series electrical circuit as 

illustrated in the following simple DC circuit (Figure 1-20). 
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Figure 1-20:  Simple DC Circuit Representing a Corrosion Cell 
 

In a series circuit the sum of the voltage drops must equal the sum of the 

electrical sources (e.g., from Kirchhoff‘s law for series circuit). Since the two 

sources oppose each other, the difference in potential between the closed circuit 

anode and cathode potentials is equal to the total voltage drop in the circuit as 

shown in Equation 1-22 and Figure 1-21. 

 
  Ec,cc  –  Ea,cc =  Vm

 
 +  Ve     [1-21] 

 

   then: Ec,cc  –  Ea,cc =  Vt
 
 (total voltage drop)     

 

  substituting:  Equation 1-19 for Ea,cc and Equation 1-20 for Ec,cc  
 

   gives:  Ec,oc  –  Ep,c   –   (Ea,oc   +  Ep,a)   =  VT   
 

    Ec,oc  –  Ea,oc    =   VT  +  Ep,a  +   Ep,c  
 

  but: Ec,oc  –  Ea,oc =  Ecell
 
  [1-22] 

 

  therefore:  Ecell = VT   +  Ep,a   +  Ep,c [1-23] 
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Figure 1-21:   Polarization Diagram for a Corrosion Cell 
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This equation relates the original voltage (Ecell) arising from a change in Gibbs 

free energy to the total voltage drop in the circuit and the sum of the polarization 

potential changes occurring at the metal/electrolyte interface (i.e., the source 

energy is equal to the sum of the energy losses in the circuit).   

 

  Experiment 1-1:   
 To Demonstrate Polarization in a Corrosion Cell 

 
 
1.5 Faraday’s Law 
 

The amount of material lost at the anode or deposited at the cathode is a function 

of the atomic weight of the metal or substance, the number of charges transferred, 

and the corrosion current (Icorr). This relationship (Equation 1-24) was developed 

by Michael Faraday while working as Sir Humphry Davy‘s assistant at the Royal 

Institute in London, England in 1833.
8
 

 

   corrt I 
F

M
       W t

n
 [1-24] 

  

  where: 

  Wt  =  total weight loss at anode or weight of material produced at the 

cathode (g) 
 

  n =      number of charges transferred in the oxidation or reduction 

reaction 
 

  Icorr =   the corrosion current (A) 
 

  F =      Faraday‘s constant of approximately 96,500 coulombs 

   per equivalent weight of material (where equivalent weight =       ) 
 

  M =     the atomic weight of the metal which is corroding or the 

substance being produced at the cathode (g) 
 

  t =      the total time in which the corrosion cell has operated (s) 

 

 If Equation 1-24 is multiplied by  
t

1
  then the expression becomes: 

 

 
Wt

t
           

M

nF
 Icorr         KmIcorr [1-25] 

 where: 

  Km …………constant for each metal or substance. 

                                                 
8
 Thomas, John M., Michael Faraday and the Royal Institution, Institute of Physics Publishing, Bristol, 

UK, 1991, p.24. 

n

M
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This indicates that the weight loss per unit time (i.e., the consumption rate) for 

any metal is directly proportional to the corrosion current. Hence, the theoretical 

consumption rate of any metal can be calculated on an ampere-year (A-y) basis as 

listed in Table 1-4. 
            
Table 1-4:  Theoretical Consumption Rates of Various Metals and Substances on an Ampere-Year Basis 

Reduced 
Species 

Oxidized 
Species 

Molecular 
Weight, M 

(g) 

Electrons 
Transferred 

(n) 

Equivalent  
Weight, M/n 

(g) 

Theoretical 
Consumption Rate 

(Kg/A-y) 

Al Al
+++

 26.98 3 8.99 2.94 

Cd Cd
++

 112.4 2 56.2 18.4  

Be Be
++

 9.01 2 4.51    1.47 

Ca Ca
++

 40.08 2 20.04    6.55 

Cr Cr
+++

 52.00 3 17.3    5.65 

Cu Cu
++

 63.54 2 31.77  10.38 

H2 H
+
 2.00 2 1.00    0.33  

Fe Fe
++

 55.85 2 27.93    9.13 

Pb Pb
++

 207.19 2 103.6  33.9 

Mg Mg
++

 24.31 2 12.16    3.97 

Ni Ni
++

 58.71 2 29.36    9.59 

OH
-
 O2 32.00 4 8.00    2.61 

Zn Zn
++

 65.37 2 32.69  10.7 

 
 Example: Using Equation 1-24 to calculate the weight consumed by 1 ampere 

of stray DC current discharging from an iron structure in 1 year. 

  

corrt I        
nF

M
     W t  

  where: 

 t = 1 year  =  60 s/min  60 min/h  8,760 h/y  =  31.5  10
6 
s 

 M = 55.85 g (from Table 1-4) 

 n = 2 

 F = 96,500 coulombs 

 

  then:

 Wt      
55.85 g    31.5  10 6s    1 A

2    96, 500 coulombs
       9115 g      9.12 kg  

 

Note that the weight of hydrogen produced at the cathode of a corrosion cell or 

the weight of oxygen produced at an inert impressed current anode can also be 

calculated. 

 

Electric current is the flow rate of charge which can be expressed as 

 

 
t

Q
      I  [1-26] 
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where: 

  Q ........ charge in coulombs 

  t ......... time in seconds 

  I ......... electric current in amperes 

  

substituting Equation 1-26 into the Faraday relationship (Equation 1-24) yields  

the following relationship: 
 

 corr
n

Q 
F

M
        Wt  [1-27] 

 

This indicates that the total weight of material lost at the anode or produced at the 

cathode is directly proportional to the total charge passed in the corrosion cell. 

 

Similarly, if the Faraday equation is multiplied by the term: 

 

 
1

A  t
 [1-28] 

  

 where: 

  A ........ surface area of the anode or cathode 

  t ......... time in seconds 

 
 then the following relationship results: 

 

 
A

I
 

F

M
        

A

W corrt

nt
 [1-29] 

Because 
A

Icorr is equal to the corrosion current density (icorr ) then: 

 

 corr

t  
F

M
        

A

W
i

nt
 [1-30] 

 

Therefore the weight loss per unit time per unit area is directly proportional to 

corrosion current density, which is corrosion rate (rcorr) expressed in units such as 

mg/cm
2
/day. Therefore, corrosion rates for metals are often expressed in terms of 

the corrosion current density. 

 

If Equation 1-30 is divided by the density (d) of the alloy, then the corrosion 

penetration (rcorr) can be expressed as mm/y as in Equation 1-31. 

 

  
dF

M
       r corr

corr

i

n
 [1-31] 

where: 

  M = atomic weight (g) 
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  n = number of charges transferred in corrosion reaction 

  icorr = corrosion current density (A/cm
2
)  

  d = density (g/cm
3
) 

  rcorr = penetration rate in (cm/s) 

 
 Example: Using the Equation 1-31 to calculate the penetration rate for iron 

based on a current density of 1 A/m
2
.  

  

where: 

 M = 55.85 g icorr = 10
-4

 A/cm
2 

 n = 2 d = 7.87 g/cm
3 

 F = 96,500 coulombs  

 

  then:    
7.87g/cm    coulombs 96,500    2

A/cm10     55.85g
     r

3

2-4

corr
 

   

   
s

cm
xrcorr

91068.3  

Now, convert the units to the more common form of mm/yr by multiplying by the 

penetration rate by the number of seconds per year and by the number of mm per 

cm. 

 

 

 

 

The penetration rate in mpy (0.001 in/y or 25 10
-3

 mm/y) is equivalent to a 

current density of 1 A/cm
2
 for a number of common pure metals as given in 

Table 1-5. 

 
Table 1-5:  Electrochemical and Current Density Equivalence with Corrosion Rate 

 

 

Metal/Alloy 

Element/ 

Oxidation 

State 

Density 

(g/cm
3
) 

Equivalent 

Weight 

(gm) 

Penetration Rate 

Equivalent to 1 A/cm
2[1]

 

(mpy) 10
-3

 mm/y
[2]

 

Pure Metals      

 Iron Fe/2 7.87 27.93 0.463 11.5 

 Nickel Ni/2 8.90 29.36 0.431 10.8 

 Copper Cu/2 8.96 31.77 0.463 11.6 

 Aluminum Al/3 2.70 8.99 0.435 10.87 

 Lead Pb/2 11.3 103.6 1.20 29.9 

 Zinc Zn/2 7.14 32.7 0.598 14.95 

 Tin Sn/2 7.26 59.35 1.07 26.7 

 Titanium Ti/2 4.51 23.93 0.69 17.3 

 Zirconium Zr/4 6.52 22.81 0.457 11.4 
  

 Note: [1] A current density of 1 A/cm2 is approximately = 1 mA/ft2 
  [2] 1 mm = 40 mils 
 

yr

mm

cm

mm
x

yr

s
xx

s

cm
xrcorr 16.1101015.31068.3 79
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1.6 Corrosion Potential 
 

If the potential measurement in the previous corrosion cell was made to a single 

reference electrode placed remote from either the anode or cathode site as shown 

in Figure 1-22, the potential recorded is considered a ―corrosion‖ potential (Ecorr) 

or mixed potential. 
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Figure 1-22:  Corrosion Potential Measurement to a Remote Reference Electrode 

 

The measured potential is a weighted geometric and electrical average of the 

anode polarized potential (Ea,p) and the cathode polarized potential (Ec,p). The 

value of this potential will depend on the relative size of the anodes and cathodes, 

the location of the reference electrode with respect to the anode and cathode, and 

the resistance of the electrolyte path between the reference electrode and the 

anode and cathode. For the example in Figure 1-22, assuming equal anode and 

cathode surface areas and a very remote reference, the corrosion potential (Ecorr) 

would be about midway between Ec,p and Ea,p as illustrated in Figure 1-23. 
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Figure 1-23:  Corrosion Potential Indicated on the Polarization Diagram 

 

 

If the reference electrode were moved closer to the anode site, the measured 

corrosion potential would become more electronegative. Conversely, if it were 

moved closer to the cathode site, the measured corrosion potential would become 

more electropositive. 

 

The difference between Ec,p and Ea,p in a short circuited corrosion cell is simply 

the voltage drop in the electrolyte (Ve) since Vm = 0. Therefore the corrosion 

potential contains a voltage drop component. That is, the corrosion potential is 

more positive than the anode polarized potential by x millivolts and more 

negative than the cathode polarized potential by Ve – x millivolts.  

 

On an underground bare steel pipeline in the absence of a cathodic protection 

system, numerous corrosion cells will form, all having different anode and 

cathode polarized potentials. A potential measurement with the reference placed 

on grade will be a mixed potential of all the individual surface potentials within 

the influence of the reference electrode. The corrosion potential consists primarily 

(about 90%) of the polarized potentials on the pipe surface falling inside a 120° 

angle
9
 from the reference electrode as shown in Figure 1-24 plus a voltage drop 

component due to corrosion currents in the earth between the reference and the 

respective anodes and cathodes. 

                                                 
9
 Pearson, J.M., Concepts and Methods of Cathodic Protection Part 2, The Petroleum Engineer, April, 

1944, p.200. 
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Figure 1-24:  Measurement of Corrosion Potential (Mixed Potential) 

 
Measurement of the corrosion potential on a coated pipeline with holidays as 

illustrated in Figure 1-25 presents a more complex situation. 

 

Ecorr

holiday 1 holiday 2

Re,1
Re,2

Re,3
Eh,2Eh,1

Im

coated pipeline  
 

Figure 1-25:  Measurement of Corrosion Potential on a Pipeline with Two Holidays 

 

Assuming the coating is a perfect insulator (which it is not), the corrosion 

potential is given by the following expression: 

 

  R R  RR    RR  
R

E
    E      E e,3 e,2e,1 h2e,3e,2h2corr  [1-32]

 10
 

 where: E = Eh1  –  Eh2 

  Eh1 = potential of holiday 1 

  Eh2 = potential of holiday 2 

                                                 
10

 Barlo, T.J. and Fessler, R.R., Investigation of Techniques to Determine the True Pipe-to-Soil Potential 

of a Buried Pipeline, American Gas Association Catalog #L51394, May 1980, p.1-63. 
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  R  = (Rh1 + Rh2 + Re,3) (Re,1 + Re,2 + Re,3)  –  Re,3
2 

  Rh = resistance of soil in volume element of the holiday 

  Re = resistance in the electrolyte between the holiday 

      and reference electrode 

  Re,3 = resistance in the electrolyte between the holidays 
 

For a situation where the reference electrode is midway between two holidays 

Equation 1-32 reduces to 

 

  
T

1h2 2h1
corr

R

RE   RE
       E  [1-33] 

 

 where: R1 = Rh1  +  Re1 

  R2 = Rh2  +  Re2 

  RT = Re1  +  Re2  +  Rh1  +  Rh2 
 

If  R2  =  R1,  then the corrosion potential will be primarily influenced by the 

magnitude of the potential at each individual holiday. 
 

Example: 

 

(No holiday)

h2 Šdisbonded coating h1

V

(No holiday)

h2 Šdisbonded coating h1

V

 
 

Given: 

 

Eh1 = –900 mVCSE  dh1  =  1 cm tctg = 0.1 cm  

Eh2 = –500 mVCSE Ah2  =  1m
2
 = 10

4
 cm

2 
dref=2cm 

ρsoil  = 10
4 

Ω-cm ρctg  = 10
10 

Ω-cm  
 

Em = 
T

12h21h

R

RERE
 

where RT = Re1 + Re2 + Rh1 + Rh2 

 
3

4

s

1h
10x5

cm2

cm10

d2
R  
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1.7 Factors Affecting the Operation of a Corrosion Cell 
 
The primary factors affecting the magnitude of the corrosion current, and hence 

the corrosion rate are: 

 polarization characteristics at the anode and cathode interface 

 circuit resistances 

 cell EMF (driving voltage); and 

 time 
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E

0
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Figure 1-26:  Polarization Diagram Showing Charge Transfer Reactions 
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As illustrated in Figure 1-26, the polarization that occurs at the corrosion cell 

anode results from a slow step in the oxidation reaction (M
o
  M

n+
 + ne

–
) and at 

the cathode, from a slow step in either of the two reduction reactions (H
+
 + e

–
   

H
o
 or O2 + 2H2O + 4e

–
   40H

–
) that transfer charge across the interface. 

   

1.7.1 Depolarization in a Corrosion Cell 
 

If the charge transfer reactions are sped up, there will be less polarization for a 

given amount of current and therefore more driving voltage available to push 

charges through the circuit resistances, hence more current (I corr). This effect is 

termed depolarization and is illustrated in Figure 1-27. 
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Figure 1-27:  Effect of Depolarization at Both Anode and Cathode 

 

This figure shows the effect of depolarization at both the anode and cathode, 

although they can occur independently. Depolarization at both the anode and 

cathode results in increased corrosion current (I corr), a more electropositive 

cathode polarized potential (E c,p), and a more electronegative anode polarized 

potential (E a,p). Also, the open circuit potentials are often affected by the 

depolarization with a resultant increase in cell EMF. 

 

1.7.1(a)  Cathode Depolarization 
 

In general, factors that increase the rate of charge transfer across the interface 

result in depolarization. An increase in the concentration of reactants at the 

cathode interface increases the rate of charge transfer.  For instance, an increase 

in the dissolved oxygen concentration speed ups the oxygen reduction reaction 

(O2 + 2H2O + 4e
–
   4OH

–
). Also, an increase in hydrogen ion concentration 
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(H
+
) speeds up the hydrogen reduction reaction (H

+
 + e

–
   H

o
). These effects are 

shown in Figure 1-28. 
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Figure 1-28:  Cathode Depolarization in a Corrosion Cell 

 

Cathode depolarization can also be caused by the removal of reduction reaction 

products (i.e., OH
–
 and H

o
) as would occur if there were increased agitation in the 

electrolyte. As with most chemical reactions, an increase in temperature increases 

the reaction rate and therefore the rate of depolarization increases. If the cathode 

surface area increases, perhaps due to coating failure, charges can transfer more 

readily (i.e., with less energy required). Cathodic depolarization results in an 

increased corrosion current, an electropositive shift in both the open circuit and 

polarized potential at the cathode, and an electropositive shift in the anode 

polarized potential. This is assuming there is no depolarization effect at the 

anode. A superimposed alternating current density on the cathode can also cause 

depolarization.
11

 

 

1.7.1(b) Anode Depolarization 
 

Anything that increases the rate of the oxidation reaction will result in anode 

depolarization. One cause of anode depolarization is the removal of the oxidation 

products that are the dilution of the metal ion concentration or removal of the 

oxidation products formed on the surface. 

 

                                                 
11

 Bolzoni et al., Laboratory Testing on the Influence of Alternated Current on Steel Corrosion, 

CORROSION /2004,  paper no. 208 (Houston, TX: NACE, 2004). 
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For steel, a ferrous hydroxide corrosion product is formed over the anode surface.  

If the pH decreases, the ferrous hydroxide becomes more soluble thus exposing 

more surface. Similarly, chloride ions can attack corrosion films and depolarize 

anode surfaces. Increased temperature and agitation also will cause anode 

depolarization. The effect of anode depolarization is illustrated in Figure 1-29. 
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Figure 1-29:  Anode Depolarization in a Corrosion Cell 

 

Anode depolarization causes the corrosion current to increase to  I corr, the anode 

polarized potential to shift electronegatively to E a,p, the anode open circuit 

potential to shift electronegatively to Ea,oc and the cathode polarized potential to 

shift electronegatively to E c,p. Note that for an increase in temperature at the 

anode or an increase in anode surface area, the open circuit potential (Ea,oc) of the 

anode could shift electropositively instead of electronegatively. 

 

1.7.2 Increased Polarization in a Corrosion Cell 
 

If conditions at the anode and cathode interface cause the rate of charge transfer 

to slow down, this will increase the polarization since it will require more 

electrical energy to transfer the charge. An increase in polarization of both the 

anode and cathode is illustrated in Figure 1-30. 
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Figure 1-30:  Increased Polarization at Both the Anode and Cathode of a Corrosion Cell 

 

Increased polarization at both the anode and cathode results in less corrosion 

current, an electronegative shift in the cathode open circuit and polarized 

potential, and an electropositive shift in anode open circuit and polarized 

potential. 

 

A depletion of reactants, a lower temperature, less agitation, and a buildup of 

reaction products can cause this combined effect which results in less corrosion. 

Increased polarization can occur independently at the cathode or anode. 

 
1.7.2(a) Increased Polarization at the Cathode of a Corrosion Cell 
 

If only the speed of the reduction reaction is reduced, the resulting polarization 

characteristics will be as shown in Figure 1-31. 
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Figure 1-31:  Increased Polarization at the Cathode in a Corrosion Cell 

 

Such an increase in polarization can be due to a number of factors localized at the 

cathode such as an increase in the pH, decrease in aeration, decrease in agitation, 

decrease in temperature, and decrease in surface area. The result is less corrosion 

current, an electronegative shift in the cathode open circuit potential, and 

polarized potential, and the anode polarized potential. 

 

Note that an increase in pH would occur with time as the products of the oxygen 

reduction reaction (OH
–
 ions) build up. 

 

1.7.2(b) Increased Polarization at the Anode of a Corrosion Cell 
 

If the oxidation reaction at the anode is inhibited, it will require more electrical 

energy to transfer charge and thus a greater polarization shift in potential will be 

observed as depicted in Figure 1-32. 
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Figure 1-32:  Increased Polarization at the Anode in a Corrosion Cell 

 

An increase in polarization at the anode can result from an increase in the pH of 

the electrolyte if the anode metal is steel, a decrease in agitation, a decrease in 

temperature, a decrease in anode surface area, or an increase in ions that will form 

a passive film on the anode surface (e.g., nitrates, phosphates, etc.). 

 

If the anode polarizes due to localized conditions, then the corrosion current is 

reduced and the anode open circuit potential and polarized potential both shift 

electropositively as does the cathode polarized potential. 

 

Increased polarization at either the anode or cathode of a corrosion cell results in 

less corrosion. 

 

 

1.7.3 Circuit Resistance Changes 
 

As shown in Equation 1-21 the difference in potential between the polarized 

potential of the anode and cathode [Ec,p – Ea,p] is equal to the sum of the voltage 

drops in the metallic and electrolytic current paths. The operating driving voltage 

(that is, the driving voltage remaining after subtracting anode and cathode 

polarization) is therefore equal to the total voltage drop in the corrosion cell. 

 

The voltage drops are a product of the corrosion current multiplied by the path 

resistance, sometimes called the IR drop. If the resistance of either the metallic or 

electrolytic current paths changes and the corrosion cell open circuit driving 

voltage remains unchanged, from Ohm‘s Law the corrosion current will change. 
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1.7.3(a) Increase in Resistance in a Corrosion Cell 
 

Consider an increase in either the metallic or electrolytic path resistance on the 

corrosion cell operation as illustrated in Figure 1-33. 
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Figure 1-33:  Increase in Resistance in a Corrosion Cell 

 

As would be expected, an increase in resistance decreases the corrosion current, 

which results in a more electropositive cathode polarized potential and a more 

electronegative anode polarized potential. 

 

An increase in resistance of a soil is typically due to either a decrease in moisture 

or freezing of the soil, both of which can appreciably change the soil resistivity as 

illustrated in Figure 1-34 and Figure 1-35. 
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 Figure 1-34:  Soil Resistivity vs.  Figure 1-35: Typical Resistivity vs. Temperature 

 Moisture Concentration for Three Soil Types 
 

Source:  Earth Resistances, G.F. Tagg, Pitmann Publishing, 1964, p.5 

 

As shown in Figure 1-34 the resistivity of red clay increases from 20,000 Ω-cm to 

180,000 Ω-cm (a factor of 8 times) with only a 4% reduction in moisture content 

(16 to 12%). Moisture content greater than about 16% does not significantly 

change the resistivity of any of the soils. 

 

A decrease in temperature from 0 to –10°C results in at least an order of 

magnitude increase in resistivity for the three soil types shown in Figure 1-35.  

Yet above 0°C there is relatively little decrease in resistivity with increasing 

temperature. 

 

1.7.3(b) Decrease in Resistance in a Corrosion Cell 
 

A decrease in resistance of either the metallic or electrolytic path between the 

corrosion cell anode and cathode results in an increase of corrosion current as 

shown in Figure 1-36. 
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Figure 1-36: Decrease in Resistance in a Corrosion Cell 

 

 

Even though the corrosion current increases, the total IR drop in the circuit is less.  

Both the cathode and anode polarized potentials have moved closer to one 

another resulting in more anodic and cathodic polarization because of the larger 

corrosion current. 

 

Changes in electrolyte resistance are common in corrosion cells in contact with 

the earth due primarily to seasonal variations in moisture or temperature. 

 

 
1.7.4 Effect of Driving Voltage on a Corrosion Cell 
 

From Ohm‘s Law it is clear that the greater the driving voltage, the greater the 

corrosion current will be, as illustrated in Figure 1-37. 
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Figure 1-37:  Effect of Driving Voltage (EMF) on a Corrosion Cell 

 

 

Referring to Figure 1-24, the corrosion current would be greater in the  –620 mV/ 

–450 mV corrosion cell than the –550 mV/–500 mV corrosion cell, since the 

operating EMF of the former is 170 mV compared to 50 mV for the latter. 

 

 

1.7.5 Effect of Time on a Corrosion Cell 
 

As corrosion continues with time, where there is limited electrolyte agitation, 

oxidation and reduction reaction products will build up at their respective 

interfaces. In the case of the reduction reactions this means an increasing 

concentration of hydroxyl ions, and it is apparent from Figure 1-31 that an 

increase in pH will result in increased polarization. 

 

Similarly, as the metal corrodes at the anode, the metal ion concentration will 

increase anode polarization as indicated in Figure 1-32. Accordingly, polarization 

increases at both the anode and cathode and with time corrosion current will 

reduce as shown in Figure 1-38. 
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Figure 1-38:  Effect of Time on a Corrosion Cell 

 
Anything that increases polarization (i.e., slows down charge transfer reactions) 

in a corrosion cell will reduce the corrosion current and is therefore beneficial. 
 

 
1.7.6 Randle’s Circuit Model for an Electrode Interface in a 

Corrosion Cell 
 

The electrode/electrolyte interface can be modeled electrically as shown in Figure 

1-39. 

 

Cdl

Rp
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Eoc where:
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(1-200 F/cm )2
Cdl =

Re = resistance of steel surface
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(1-10 -cm )4 2

Eoc = potential difference (volts)

 
 

Figure 1-39:  Randle’s Electrical Circuit Model of a Metal/Electrolyte Interface 

 

 

This model shows that the interface is not simply a resistance but a parallel 

combination of the polarization resistance (Rp) and a capacitor (Cdl) called the 

double layer capacitance. The potential E across the parallel combination can be 
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considered the open circuit potential. Therefore the potential at more electro-

negative (anodic) sites on a structure will be greater than at cathodic (more 

electropositive) sites. When coupled, as shown in Figure 1-40, charges move 

from the most highly charged capacitor to the least highly charged capacitor, 

changing the potential of each in the process. The anode capacitor is being 

discharged while the cathode capacitor is being charged. These changes in 

potential ( E) as a result of charge transfer is polarization, and the resulting 

potential across the metal/electrolyte interface is called the polarized potential 

(Ea,p and Ec,p) for the anode and cathode site respectively. 
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Figure 1-40:  Randle’s Electrical Circuit Model for a Typical Corrosion Cell  

on an Unprotected Steel Surface 
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1.7.7 Types of Corrosion 
 

Corrosion always occurs in the form of a corrosion cell where an anode site, a 

cathode site, and an electronic and electrolytic current path between the anode 

and cathode sites exist. However the conditions of the metal and its environment 

may vary widely leading to the characterization of different types of corrosion 

activity as listed below. 

 

 

Uniform Corrosion – anodes and 

cathodes change locations resulting in 

general metal loss (e.g., atmospheric 

corrosion). 

 

 
 Figure 1-41a 

 

 

 

Pitting Corrosion – the anode site 

remains fixed and corrosion is localized 

(e.g., stainless steels in the presence of 

chlorides). 
 

 Figure 1-41b 
 

 

 

Crevice Corrosion – the surface area 

in the crevice is oxygen starved but the 

surrounding surfaces have access to 

dissolved oxygen (e.g., overlapping 

seams on surface storage tank floors). 
 

 Figure 1-41c 

 

 

Galvanic Corrosion – dissimilar metals 

are interconnected and exposed to a 

common environment (e.g., cast iron 

water main with copper services). 

 
 Figure 1-41d   
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Environmentally Induced Cracking 
– there is a brittle fracture of a ductile 

metal alloy in the presence of modest 

corrosion and a static or cyclic stress. 

This includes stress corrosion cracking 

(SCC), fatigue cracking, and hydrogen 

induced cracking (HIC). 
 Figure 1-41e 

  Typically the crack tips are anodic to 

the crack walls. 

 

 

Dealloying and Dezincification – one 

of the alloying elements is more active 

than another resulting in the selective 

corrosion (sometimes called leaching) 

of the more active element (e.g., 

graphitic corrosion of gray cast iron). 
 

  

 Figure 1-41f 
 

 

 

Erosion-Corrosion and Fretting –

corrosion product is removed from the 

metal surface by fluid flow or abrasion 

accelerating the corrosion reaction 

(e.g., pipelines transporting slurries). 

 

 
 Figure 1-41g 

 

 

Except for hydrogen-induced cracking and fatigue cracking, cathodic protection 

can be effective in mitigating all of these forms of corrosion if the structure is 

buried or immersed. 
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1.7.7(a) Galvanic Corrosion 
 

Galvanic corrosion is one of the more common forms of corrosion because of the 

many different materials of construction available for use. As shown in Figure 1-

42, not only can there be considerable corrosion potential difference between 

different alloys but also there is a range of possible corrosion potentials for each 

alloy, even in a relatively homogenous seawater environment. When any two 

metals are coupled, the more electronegative alloy will become the anode of a 

corrosion cell. Further, the greater the potential difference between these metals, 

the higher the corrosion current will be. 

 

A number of alloys such as the stainless steels, which depend on a passive film 

for their corrosion protection, have relatively noble (electropositive) potentials 

when passive but electronegative potentials if the passive film is damaged.  

Hence stainless steel is strongly cathodic to low-alloy steel when passive but only 

mildly cathodic when active. Magnesium, zinc, and aluminum are all more 

electronegative than low mild steel and cast iron, which makes them effective 

galvanic anode materials for the cathodic protection of ferrous structures. 
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Stainless steel - types 302, 304, 321, 347

Stainless steel-types 316, 317
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Nickel-iron-chromium alloy 825
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(Noble)
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Volts versus saturated calomel reference electrode

 
 

Figure 1-42:  Galvanic Series for Seawater 

 (Dark boxes indicate active behavior of active-passive alloys) 
 

Source:  ASM Handbook, Vol.13, Corrosion, 9th Ed. of Metals Handbook, p.234 
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Experiment 1-1 
To Demonstrate Polarization in a Corrosion Cell 

 

 

 

Ve

Vm

steelcopper

A

ECu EFe

x
 

 

Experiment Schematic 
 

 

Procedure 
 

Step: 
 

A. Fill plastic tub with cold water to a depth of 5cm, add a cap full of salt, and 

place copper and steel sheets along one side of tub, making sure they are 

not touching. 

 

B. Measure open circuit potential of steel and copper. 

 

C. Connect a milliammeter and a 10,000 ohm resistor in series with the 

copper and steel sheet as shown in the schematic. 

 

D. With the switch in the open position, measure and record the potential of 

the copper and steel sheets with respect to a copper-copper sulfate 

reference electrode (CSE) placed next to the surface of each sheet. 

 

E. Measure and record the potential difference between the steel and copper 

sheet (Vm). 

 

F. Measure and record the potential difference (Ve) between the two 

reference electrodes. 
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G. Close the switch and wait 2 minutes before repeating steps C, D, E, and F 

and measuring and recording the corrosion cell current (Icorr) and direction. 

 

H. Reduce resistance to 1,000 ohms and repeat Step F. 

 

I. Reduce resistance to 100 ohms and repeat Step F. 

 

J. Reduce resistance to 10 ohms and repeat Step F. 

 

K. Reduce resistance to 0 ohms and repeat Step F. 

 

L. Measure and record the potential of the corrosion cell (Ecorr) with reference 

placed at ―x.‖ 

 

M. Plot the cathodic and anodic polarization curves on the semi-log graph 

paper with potential on the ordinate and current on the abscissa (see Figure 

1-21). 

 

N. Leave current connected as in Step J in preparation for Experiment 2-1 and 

2-2. 
 

Results 
 

Step Status 
Potentials (mVcse) Voltage Drop (mV) Icorr Calc. Calc. 

EFe ECu Vm Ve (mA) EFe – ECu Vm + Ve 

C,D,E, 
F 

0C        

G 10 k         

H 1 k         

I 100         

J 10         

K 0        

L Ecorr        
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Conclusions 
 

1. The difference between the open circuit (OC) potentials of the steel and 

copper electrode equals the corrosion cell initial EMF (Vm). 

 

2. The difference between the closed circuit potentials of the steel and copper 

electrodes equals the sum of external and electrolyte voltage drops since 

Kirchhoff‘s voltage law applies to this series circuit (e.g., for Steps G through 

K). 

 
3. The corrosion potential (Ecorr) recorded in Step L is about midway between the 

polarized potential of the steel and copper. 

 

4. More polarization occurs at the cathode (copper electrode) than at the anode 

(steel electrode), i.e., Ep,Fe <  Ep,Cu. 

 

5. Both the cathodic and anodic polarization curves are nonlinear. 

 

6. As corrosion current (Icorr) increases, the amount of polarization increases. 

 

7. The operating EMF (Ep,Fe – Ep,Cu) is always less than the initial EMF and 

decreases with increasing current. 

 

8. The corrosion current (Icorr) direction is from copper to steel in the external 

circuit and from steel to copper in the electrolyte. 
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2.1  Definition 
 
Although the concept of cathodic protection finds its roots in the experiments and 

works of Sir Humphrey Davy and Michael Faraday, it was not until 1938 that 

Mears and Brown offered the following theory of cathodic protection: 

 

…in cases where corrosion is entirely electrochemical in nature it is 

necessary to polarize the cathodes in the corrosion cell to the open 

circuit potential of the local anodes in order to obtain complete 

cathodic protection.
1 

 

The theory of cathodic protection is best understood by first considering a simple 

corrosion cell consisting of one anode and one cathode on a structure. The driving 

force for corrosion current is the difference in potential between the anode and 

cathode. The magnitude of the corrosion current, as determined by Ohm’s law, is 

directly related to this potential difference and inversely related to the resistance of 

the current path. After the corrosion cell has reached a steady state condition, the 

driving potential is the potential difference between the polarized potential of the 

anode and the polarized potential of the cathode, as seen in Equation 2-1. 

 

  
   R R

  E E
      I

ca

pc,pa,

corr +

−
=  [2-1] 

 where:  

  Icorr = Corrosion current (A) 

 Ea,p  =  Potential of polarized anode (V) 

 Ec,p  =  Potential of polarized cathode (V) 

 Ra =   Resistance of anode to electrolyte (Ω) 

  Rc = Resistance of cathode to electrolyte (Ω) 
 

 

As seen in the electrical equivalent of this simple corrosion cell in Figure 2-1, the 

current discharged by the anode is exactly the same as the current collected at the 

cathode, Equation 2-2. 
 

 Ia   =   Ic   =   Icorr [2-2]

  

 where:  Ia  = Anode current (A) 

  Ic  =  Cathode current (A) 

                                                 
1
 R. B. Mears and R. H. Brown, “A Theory of Cathodic Protection,” Transactions of the Electrochemical 

Society, presented October 15, 1938, vol. 74, pp. 519-531. 
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Figure 2-1: Simple Corrosion Cell 

 

With the application of cathodic protection, positive charge flows from an external 

source toward the structure (single corrosion cell), as seen in Figure 2-2. Now, the 

corrosion current or anodic current is no longer equal to the cathodic current. From 

Kirchhoff’s current law, Equation 2-3 indicates that the anodic or corrosion current 

is equal to the cathodic current from the corrosion cell minus the applied current. 

 

RaRCP

Ic
Ea,p Ia

ICP

Ec,p

I = I - Ia c CP

ICP

ECP

 
 

Figure 2-2: Application of CP Current 

 

 Ia   =   Ic  –  ICP [2-3] 

  

 where:  ICP  = cathodic protection current (A) 

 

The corrosion cell must reach a new steady state condition. Since the cathode on 

the structure is at a more electropositive potential than the anode, the current 

collects at the cathode site first, assuming equal resistance paths. This collection of 
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current at the cathode site causes the cathode to polarize more in the 

electronegative direction (reduction). Because of the increased polarization of the 

cathode, the potential difference between the anode and cathode in the corrosion 

cell decreases. This causes a decrease in the magnitude of the corrosion current. 

With a smaller corrosion current discharging into the electrolyte at the anode, the 

anode depolarizes becoming less electropositive. A new steady state condition is 

reached with a smaller corrosion current due to the applied cathodic protection 

current.  

 

With each additional increment of applied cathodic protection, the corrosion 

current decreases further and the anode depolarizes more until the anode reaches 

its open circuit potential. At this point, the anode cannot depolarize further; 

therefore, the potential difference between the anode and cathode is zero. With 

zero potential difference, the anodic current becomes zero, the anode ceases to 

exist (i.e., ceases to function as an anode), and the cathodic current is equal to the 

applied cathodic protection current, as seen in Figure 2-3. Applying additional 

current serves only to polarize the two sites, which are now both cathodes, more 

electronegatively. 

 

           

 
 

Figure 2-3:  Corrosion Stopped 

 

Now consider a real corroding structure with many anodes and cathodes. As 

cathodic protection current is applied, the current enters the structure at the 

cathodes and causes polarization of the cathodes in the electronegative direction. 

As more and more cathodic protection current is applied, the potentials of the 

cathodes approach the potentials of the more active anodes. As the potential 

differences decrease, more and more anodes convert to cathodes. When the 

structure polarizes to the open circuit potential of the most negative (most active) 

anode, no further anodes exist on the structure, and complete cathodic protection is 

achieved. 
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Therefore, the true criterion for complete cathodic protection of a structure is 

the polarization of the cathodes on the structure to the open circuit potential 

of the most active anode on the structure.  
 

Since corrosion current ceases at this point, further addition of protective current is 

unnecessary and wasteful. Although the true criterion is relatively easy to 

understand, application of this criterion to real corrosion problems is not possible 

because the open circuit potential of the most active anode on a structure cannot be 

accurately calculated or measured in the field. Therefore, surrogate criteria are 

necessary. 
 
 

2.2 Criteria 
 

The effectiveness of cathodic protection can be determined by methods that show 

corrosion on the structure is not occurring. Many of these methods involve 

physically inspecting for corrosion on the surface of the structure, reviewing the 

environmental conditions and corrosion control operating parameters and/or a 

reduction in the rate of corrosion leaks. In most cases involving pipelines and other 

buried structures, it is not practical to routinely and frequently inspect the surface 

to verify that corrosion is not occurring. In the absence of this kind of specific data 

that adequate cathodic protection has been achieved, surrogate criteria based on 

cathodic polarization can be used. These criteria can be applied without waiting for 

evidence of corrosion. 

 

The purpose of a surrogate cathodic protection criterion is to provide a benchmark 

against which the level of cathodic protection applied to a specific structure can be 

compared. Some desirable characteristics of a good criterion include applicability 

to a wide range of structures and environments, ease of application, sound 

scientific basis, high probability of mitigation of corrosion to an acceptable level, 

and low probability of excessive protection. 
 

Although several criteria have been recognized in the past, current versions of 

NACE Standards SP0169 (pipelines), RP0193 (on-grade tanks), and RP0285 

(underground storage tanks) recognize three primary criteria for steel exposed to  

soil environments: 1) the -850 mVCSE potential criterion with current applied, 2) 

the –850 mVCSE polarized potential, and 3) the 100 mV polarization criterion. In 

this text we will refer to the first two criteria as the “potential criterion” and the 

third criterion as the “polarization shift criterion.” Since all three of these standards 

provide essentially the same criteria with slight variations in order and wording, 

we will concentrate on SP0169 in the following discussions. 
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2.2.1 Potential Criterion (–850 mVCSE) 
 
The current version of NACE Standard SP0169 provides two different statements 

of the potential criterion. In paragraph 6.2.2.1.1, the criterion is stated as: 
 

A negative (cathodic) potential of at least 850 mV with the cathodic 

protection applied. This potential is measured with respect to a 

saturated copper/copper sulfate reference electrode contacting the 

electrolyte. Voltage drops other than those across the structure-to-

electrolyte boundary must be considered for valid interpretation of 

this voltage measurement.
2
 

 

This statement of the criterion goes on to indicate that “Consideration is 

understood to mean the application of sound engineering practice in determining 

the significance of voltage drops by methods such as: 6.2.2.1.1.1 Measuring or 

calculating the voltage drop(s)….” The standard contains other approaches to 

considering voltage drop significance.
2
 

 

In paragraph 6.2.2.1.2, the potential criterion is stated as “A negative polarized 

potential (see definition in Section 2) of at least 850 mV relative to a saturated 

copper/copper sulfate reference electrode.” In Section 2, the definition of a 

polarized potential is given as “…the sum of the corrosion potential and the 

cathodic polarization.”
3
 

 

In measuring the structure-to-soil potential in the field, the potential measured is 

the algebraic sum of the corrosion potential, the cathodic polarization (ηc), and any 

IR drop present (Equation 2-4). 

 

 Emeas   =   Ecorr  +  ηc  + VIR [2-4] 

  

 where: Emeas   =  Measured potential (V) 

   Ecorr =  Corrosion potential (V) 

  ηc = Polarization (V) 

  VIR = Voltage drop (V) 

 

If the IR drops are removed from the measurement, through interruption of the 

current or any other valid means, the remaining value represents the polarized 

potential of the structure as defined by Section 2 in the standard. Since the 

                                                 
2
 NACE Standard SP0169, “Control of External Corrosion on Underground or Submerged Metallic Piping 

Systems,” (Houston, TX: NACE, 2002), pp. 12-17. 
3
 Ibid.2 
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potential criterion, as stated in paragraph 6.2.2.1.1, requires “consideration of 

voltage drops other than those across the structure-to-electrolyte boundary” and 

“consideration” is further defined as “measuring or calculating the voltage 

drop(s),” the two statements of the potential criterion are exactly the same with one 

exception. The potential criterion, as stated in paragraph 6.2.2.1.1, specifically 

allows the engineer to evaluate IR drop by methods other than actual 

measurement or current interruption within the confines of “sound 

engineering practice.” 
 

The –850 mVCSE criterion for the protection of steel in soil was first suggested by 

Kuhn in 1933 without scientific justification for this specific value.
4
 Over the next 

twelve years, the validity of this criterion was strengthened through actual field 

experience, as reported by Logan.
5
 Through laboratory experimentation Ewing 

and, at about the same time, Schwerdtfeger and McDorman added further validity 

to the potential criterion showing that in some cases the –850 mVCSE value was 

conservative.
6,7 

  

Schwerdtfeger and McDorman plotted the experimentally measured potentials of 

steel electrodes in different air free soils versus pH. By drawing a curve through 

this data and plotting the potential of a hydrogen electrode versus pH on the same 

graph, they observed that the intersection of the two curves occurred near a pH of 

9 and a potential of –770 mVSCE (–846 mVCSE). Based on this data and information 

from Holler, they concluded that since there would be no difference in potential 

between steel and a hydrogen electrode at this potential, corrosion would be 

negligible.
8,9 

 

The potential criterion was further enhanced by more recent experimental 

confirmation that the –850 mVCSE value provided adequate protection in a wide 

range of soil types, even with varying moisture levels (from approximately 4 % to 

saturation) and oxygen levels (aerated and deaerated).
10

 This research was 

followed up by field testing in a variety of natural environments to confirm the 

                                                 
4
 Robert J. Kuhn, “Cathodic Protection of Underground Pipe Lines from Soil Condition,” API 

Proceedings, vol. 14, sec. 4, November 1933, pp. 153-167. 
5
 Kirk Logan, “Underground Corrosion,” Circular C450, NBS, November 1945, pp. 250-279. 

6
 Scott Ewing, “Potential Measurements for Determining Cathodic Protection Requirements,” 

CORROSION, vol. 7, no. 12, (1951): pp. 410-418. 
7
 W. J. Schwerdtfeger and O. N. McDorman, “Potential and Current Requirements for the Cathodic 

Protection of Steel in Soils,” CORROSION, vol. 8, no. 11 (1952): pp. 391-400. 
8
 Ibid. 7. 

9
 H. D. Holler, “Studies on Galvanic Couples,” Journal of Electrochemical Society, vol. 97, (1950): pp. 

277-282. 
10

 Thomas J. Barlo and Warren E. Berry, “An Assessment of the Current Criteria for Cathodic Protection 

of Buried Steel Pipeline,” MP, vol. 23, no. 9 (1984): pp. 9-16. 
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laboratory results. The researcher selected eleven test sites in three different 

countries to test the validity of the criterion in varied field environments. Adequate 

corrosion mitigation assumed a corrosion rate of one mpy or less over the test 

period. Figure 2-4 shows the interim results for the eleven field test sites. As noted 

in Figure 2-4, this field testing further strengthened the validity of the –850 mVCSE 

criterion since all of the eleven sites tested were adequately protected according to 

the criterion.
11

 

 
 

Figure 2-4: Range of Polarized Potentials for Protection at Each Site 
Source:  Dr. Thomas J. Barlo, “Field Testing the Criteria for Cathodic Protection,” Research sponsored 

by Pipeline Research Committee of American Gas Association, SAIC Interim Report, Dec. 1987, Cat. No. L51546 

(Hoffman Estates, IL: AGA) 1988. 

 

 

Meanwhile, a number of investigators have attempted to calculate a specific value 

for the potential criterion based on thermodynamic considerations. Beginning with 

an assumption regarding what constituted “an acceptable corrosion rate,” they used 

the Nernst equation with solubility data in an attempt to calculate a potential value. 

The values determined varied around the previously established value of  

-850 mVCSE depending on the specific assumptions.
12,13,14,15,16,17,18 

                                                 
11

 Dr. Thomas J. Barlo, “Field Testing the Criteria for Cathodic Protection,” Research sponsored by 

Pipeline Research Committee of American Gas Association, SAIC Interim Report, Dec. 1987, Cat. No. 

L51546 (Hoffman Estates, IL: AGA) 1988. 
12

 M. Pourbaix, CORROSION, vol. 5, no. 4 (1949): p. 125. 
13

 C. Wagner, J Journal of Electrochemical Society, vol. 1, (1952). 
14

 L. P. Sudrabin, CORROSION, vol. 13, no. 5 (1957): p. 87. 
15

 M. H. Peterson, CORROSION, vol. 15, no. 9 (1959): p. 485t. 
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As indicated in NACE Standard SP0169 and other standards, the data interpreter 

must consider IR drop when evaluating the protection level of a cathodically 

protected structure. In the practical application of cathodic protection, Pearson 

noted as early as 1944 that IR drop in the electrolyte did not significantly reduce 

corrosion. He concluded, “It is clear that any measurement of the polarization of a 

buried structure must be made to differentiate between the effects of purely IR 

drop and the electrochemical results of the current flow. Only the latter is of any 

use in controlling the rate of corrosion.”
19

 This concern over elimination of the IR 

drop error was reiterated by Logan, Ewing, Schwerdtfeger, and McDorman along 

with many others.
20,21,22

 

 

Although the specific value of –850 mVCSE as a potential criterion for cathodic 

protection of steel in a soil or water environment is now widely accepted, this has 

not been the only value offered. Some argued that a more negative potential was 

required to mitigate corrosion fully. In fact, potential values as electronegative as 

–1000 mVCSE have been suggested.
23,24,25

 Also, a number of investigators report 

that a more electropositive potential criterion will provide adequate protection in 

special cases. This was found to be especially true for aerated, dry soils.
26,27,28,29,30

 

                                                 
16

 H. H. Uhlig, Corrosion and Corrosion Control, 2
nd

 Ed. (New York, NY: John Wiley & Sons, 1971), p. 

224. 
17

 U. R. Evans, The Corrosion and Oxidation of Metals (Edward Arnold Publishers, Ltd., 1960), p. 284. 
18

 J. A. Davis and J. D. Kellner, “Electrochemical Principles Applied to Operating Pipelines,: 

CORROSION/89 paper no. 412(Houston, TX: NACE, 1989). 
19

 J. M. Pearson, “Concepts and Methods of Cathodic Protection – Part I,” The Petroleum Engineer, 

(March 1944): pp. 216, 218, 220. 
20

 Kirk Logan, “Underground Corrosion,” Circular C450, NBS, November 1945, pp. 250-279. 
21

 Scott Ewing, “Potential Measurements for Determining Cathodic Protection Requirements,” 

CORROSION, vol. 7, no. 12, (1951): pp. 410-418. 
22

 W. J. Schwerdtfeger and O. N. McDorman, “Potential and Current Requirements for the Cathodic 

Protection of Steel in Soils,” CORROSION, vol. 8, no. 11 (1952): pp. 391-400. 
23

 Robert J. Kuhn, “Cathodic Protection on the 840-Mile Texas Gas Transmission Corporation 26-Inch 

Pipe Line from Texas to Ohio,” American Gas Association Annual Conference, Atlantic City, N.J., Oct. 

1950. 
24

 A. C. Toncre, “A Review of Cathodic Protection Criteria,” Proceedings of the 6
th

 European Congress on 

Metallic Corrosion, (London, England: Society of Chemical Industry, 1977). 
25

 Komei Kasahara, Taisaku Sato, and Haruhiko Adachi, “Results of Polarization Potential and Current 

Density Surveys on Existing Buried Pipelines,” MP, vol. 19, no. 9 (1980): pp. 49-51. 
26

 Scott Ewing, “Potential Measurements for Determining Cathodic Protection Requirements,” 

CORROSION, vol. 7, no. 12, (1951): pp. 410-418. 
27

 Thomas J. Barlo and Warren E. Berry, “An Assessment of the Current Criteria for Cathodic Protection 

of Buried Steel Pipelines,” MP, vol. 23, no. 9 (1984): pp. 9-16. 
28

 Kirk H. Logan, “Comparisons of Cathodic Protection Test Methods,” CORROSION, vol. 10, no. 7 

(1954): pp. 206-211. 
29

 T. J. Barlo et. al., “Investigation of Techniques to Determine the True-Pipe-to-Soil Potential of a Buried 

Pipeline,” Research sponsored by Pipeline Research Committee of American Gas Association, Battelle 

Annual Report, Feb. 1981. 
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Perhaps one of the primary reasons for the disagreement between various 

investigators regarding a specific potential criterion stems from the level of 

acceptable corrosion adopted by each. The acceptance of the –850 mVCSE potential 

is based on mitigating corrosion to an economically acceptable level, not stopping 

corrosion completely. 

 
2.2.2  Polarization Shift Criterion (100 mV) 

 
NACE Standard SP0169 also establishes a polarization shift criterion for 

determining adequate protection for steel structures in Section 6.2.2.1.3, as 

follows: 

 

A minimum of 100 mV of cathodic polarization between the structure 

surface and a stable reference electrode contacting the electrolyte. The 

formation or decay of polarization can be measured to satisfy this 

criterion.
31

 

 

The theoretical basis for understanding the polarization shift criterion begins with 

the assumption that the corrosion cell is operating under cathodic control. Further, 

it is assumed that the difference in the open circuit potential of the most active 

anode on the structure and the corrosion potential of the structure is 100 mV or 

less. Therefore, if the structure is cathodically polarized from an external source by 

at least 100 mV, there will be no potential difference between the anodes and 

cathodes on the structure, and corrosion will cease. 

 

In addition to his confirmation of the –850 mVCSE criterion, Ewing’s experimental 

work supported the 100 mV polarization shift criterion. He concluded “The change 

in potential or the polarization necessary for protection of pipe lines is probably 

always less than 0.1 volt.”
32

 von Baeckmann and Schwenk provided theoretical 

justification of the 100 mV polarization by applying the Nernst equation to 

experimentally determined corrosion rate potential plots.
33

 However, the 

comprehensive testing of various criteria by Barlo and Berry provided convincing 

support for the wide ranging validity of the 100 mV criterion. They concluded 

“The 100 mV polarization criterion appears to be the most generally valid and 

                                                 
30

 Standard DIN 30676, “Design and Application of Cathodic Protection of External Surfaces,” (October 

1985). 
31

 NACE Standard SP0169, “Control of External Corrosion on Underground or Submerged Metallic Piping 

Systems,” (Houston, TX: NACE, 2002), pp. 12-17. 
32

 Scott Ewing, “Potential Measurements for Determining Cathodic Protection Requirements,” 

CORROSION, vol. 7, no. 12, (1951): pp. 410-418. 
33

 W. von Baechmann and W. Schwenk, Handbook of Cathodic Protection, (Surrey, England: Portcullis 

Press Ltd., 1975), pp. 37-38, 58-59, 153-173, 185-198, and 208-217). 
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applicable criterion to prevent corrosion in various soils.”
34

 Again, they further 

investigated the potential shift criterion through field testing at eleven field sites. 

As shown in Figure 2-5, the 100 mV criterion was found to be valid for all the 

field test sites.
35
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Figure 2-5: Range of Polarization for Protection at Each Site 

Source:  Dr. Thomas J. Barlo, “Field Testing the Criteria for Cathodic Protection,” Research sponsored by Pipeline 

Research Committee of American Gas Association, SAIC Interim Report, Dec. 1987, Cat. No. L51546, 1988. 

 
2.2.3 Factors Affecting Validity of Criteria 
 

Both the potential criterion and the polarization shift criterion are based on soil and 

natural water environments at ambient temperatures. These criteria have 

decreasing validity as temperature increases or unusual conditions and chemistries 

are encountered. Some of the factors that can affect the validity and application of 

specific criteria include temperature, bacteria, alternating current (AC) 

interference, type of metal, presence of mixed metals, stress corrosion cracking 

(SCC), and disbonded coatings. 

 

 

 

 

                                                 
34

 Thomas J. Barlo and Warren E. Berry, “An Assessment of the Current Criteria for Cathodic Protection 

of Buried Steel Pipelines,” MP, vol. 23, no. 9 (1984): pp. 9-16. 
35

 Dr. Thomas J. Barlo, “Field Testing the Criteria for Cathodic Protection,” Research sponsored by 

Pipeline Research Committee of American Gas Association, SAIC Interim Report, Dec. 1987, Cat. No. 

L51546 (Hoffman Estates, IL: AGA) 1988. 
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2.2.3.1 Temperature 
 
The –850 mVCSE potential criterion and the 100 mV polarization shift criterion 

have been thoroughly investigated and validated under normal ambient 

temperature conditions (20 to 25 °C) for steel in soils and natural waters. However, 

a number of investigators have determined that these criteria become inadequate 

with increasing temperatures. Most agree that the potential criterion should 

be adjusted electronegatively to –950 mVCSE for temperatures above about 60 °C 

(140 °F).
36,37,38

 According to results reported by Barlo and Berry, the polarization 

shift criterion should be adjusted from 100 mV to 150 - 250 mV at temperatures of 

60 °C (140 °F), while Morgan suggested an adjustment of 2 mV/°C for high 

temperatures.
36,39

 

 
2.2.3.2  Sulfate Reducing Bacteria 
 
The presence of sulfate reducing bacteria (SRB) can affect the criteria necessary 

for adequate cathodic protection. SRB are anaerobic microbes often found in 

marine sediments, wet marshy areas, and clay soils. Since these bacteria can use 

hydrogen adsorbed on steel surfaces to convert sulfates into sulfides and the 

resultant sulfides react with the iron ion to form iron sulfide, depolarization of the 

anodes and cathodes on the steel surface results. In the presence of SRB the 

potential criterion recommended is –950 mVCSE, and the polarization shift criterion 

becomes 200 mV.
36,37,39,40

 Barlo and Berry further suggested the polarization shift 

criterion should be approximately 200 to 300 mV in the presence of SRB at 

temperatures of 60 °C (140 °F).
36

 

 
2.2.3.3  Alternating Current (AC) Density 
 
The significance of AC current in the corrosion of steel has been investigated since 

the early 1900s. Several studies in the 1960s concluded that for steel “the 

corrosiveness of an induced AC current is equal to approximately 0.1% of an 

equivalent value DC current.” Therefore, corrosion engineers ignored AC-induced 

                                                 
36

Thomas J. Barlo and Warren E. Berry, “An Assessment of the Current Criteria for Cathodic Protection of 

Buried Steel Pipelines,” MP, vol. 23, no. 9 (1984): pp. 9-16. 
37

Standard DIN 30676, “Design and Application of Cathodic Protection of External Surfaces,” (October 

1985). 
38

W. von Baechmann and W. Schwenk, Handbook of Cathodic Protection, (Surrey, England: Portcullis 

Press Ltd., 1975), pp. 37-38, 58-59, 153-173, 185-198, and 208-217. 
39

John Morgan, Cathodic Protection, 2
nd

 Ed. (Houston, TX: NACE, 1987), pp. 37, 152-175, 205, and 254-

258. 
40

Karl P. Fischer, “Cathodic Protection is Saline Mud Containing Sulfate Reducing Bacteria,” MP, vol. 20, 

no. 10 (1981): pp. 41-46. 
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corrosion as relatively insignificant for many years. However, the significance of 

AC corrosion re-emerged as the subject of numerous investigations into a pipeline 

failure in Germany in 1986 attributed to AC corrosion of a cathodically protected 

pipeline. Investigators have now determined that the presence of AC current at the 

metal/electrolyte interface of a steel structure can significantly affect the corrosion 

rate of the structure even with significant cathodic protection applied.
41,42

 

 

German investigators concluded that the risk of AC corrosion on a cathodically 

protected structure was a function of the AC current density at the 

metal/electrolyte interface. Up to an AC current density of 20 A/m
2
 (2 A/ft

2
), they 

concluded there was “probably no risk” of corrosion using conventional criteria for 

cathodic protection. At AC current densities greater than 20 A/m
2
 (2 A/ft

2
) and less 

than 100 A/m
2 

(10 A/ft
2
), they indicated conventional CP criteria were unreliable 

and corrosion was possible. However, with AC current densities greater than 100 

A/m
2
 (10 A/ft

2
), corrosion damage would be expected.

43
  

 

The level of cathodic protection current density does have a mitigating effect on 

the AC corrosion up to a point. According to Helm, et al., cathodic protection 

current densities up to 0.25 A/m
2
 (25 mA/ft

2
) had no mitigating effect; however, 

noticeable effect occurred at densities of 4 A/m
2
 (400 mA/ft

2
). Dévay, et al., 

reported that at AC current densities of 100 and 250 A/m
2
 (10 and 25 A/ft

2
) 

increasing DC current densities reduced the AC corrosion; however, AC corrosion 

was still significant with DC current densities as high as 10 A/m
2
 (1 A/ft

2
). 

Considering normal anticipated protective DC current densities of 10 to 30 mA/m
2
 

(1 to 3 mA/ft
2
) in soil without the presence of AC, the DC current densities 

required in the presence of AC currents are quite high.
43,44

 

 

Since AC current densities may not be known or easily measured, it is often 

desirable to convert to AC voltages, a more readily measurable quantity. This can 

be accomplished by considering the current at the interface of a circular disk 

holiday with a surface area of 1 cm
2
, worst case according to Prinz. By combining 

Ohm’s law with the equation for the resistance-to-earth of a circular disk and the 

equation for the surface area of the disk, Equation 2-5 results.
45,46

 

                                                 
41

R. A. Gummow, R. G. Wakelin, and S. M. Segall, “AC Corrosion – A New Challenge to Pipeline 

Integrity,” NACE CORROSION/98, paper 566, (Houston, TX: NACE). 

 
42

J. Dabkowski and A. Taflove, “Mutual Design Considerations for Overhead AC Transmission Lines and 

Gas Transmission Pipelines – Volume I: Engineering Analysis,” EPRI EL-904, (Chicago, IL: IIT 

Research Institute, 1978), pp. 7/1 – 7/10. 
43

G. Helm, H. Heinzen, and W. Schwenk, “Investigation of Corrosion of Cathodically Protected Steel 

Subjected to Alternating Currents,” 3R International, 32, Issue 5, pp. 246-249 (German). 
44

J. Devay, et. Al., “Electrolytic AC Corrosion of Iron,” Acta Chimica, 52 (1967), pp. 65-66. 
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8

d  – i
       V ac

ac

π
=   [2-5] 

  where:  Vac = AC voltage pipe-to-earth (V) 

  iac = AC current density (A/m
2
) 

  ρ  = soil resistivity (Ω-m) 

  d  = diameter of disk holiday (m)* 

   * (d = 0.0113 m for disk with 1 cm
2
 surface area) 

 

Equation [2-5] is derived as follows: 

 
  Ohm’s Law 

V = IR 

Current Density 

I = iA  

Resistance to Earth of a Circular Disk 

R = 
d2

ρ
 

Area 

A = 
4

d 2π
 

AC Pipe-to-Earth Voltage 

Vac = IR 

Vac = 
d2

Ai ac ρ
 

 Vac = 
( )d

diac

24

2 ρπ
 

Vac = 
8

di ac ρπ
 

 

For an AC current of 100 A/m
2
 (10 A/ft

2
), Figure 2-6 provides the threshold AC 

voltages for various soil resistivities and holiday sizes. This figure may be used to 

determine the likelihood of AC corrosion for a structure based on a specific AC 

voltage, soil resistivity, and holiday size.
45

 

 

                                                 
46

W. Prinz, “AC Induced Corrosion on Cathodically Protected Pipelines,” UK Corrosion 92, vol. 1, (1992). 
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Figure 2-6: AC Voltage vs Holiday Size for iAC = 100 A/m
2
 

 

Source:  R. A. Gummow, R. G. Wakelin, and S. M. Segall, “AC Corrosion – A New Challenge to Pipeline Integrity,” 

CORROSION/98, paper no. 566, (Houston, TX: NACE, 1998). 

 

2.2.3.4  Type of Metal 
 
Different metals exhibit different corrosion potentials. Since the corrosion 

potential of a metal is a mixed potential based on the weighted average of the 

polarized anodes and the polarized cathodes on the structure, the potential criterion 

must change depending on the specific metal involved. This is a result of the need 

to polarize the cathodes to the open circuit potential of the most active anode 

according to the true criterion for cathodic protection. Since the potential of the 

anodes is different for different metals, the potential criterion must be adjusted. 

However, assuming cathodic control of the corrosion cell, the polarization shift 

criterion as established for steel may be sufficient for other metals.  

 

Although NACE Standard SP0169 does not provide a specific potential criterion 

for aluminum or copper, it does indicate that a cathodic polarization shift criterion 

of 100 mV would apply. However, a caution is given for excessive potentials 

(more electronegative than –1200 mVCSE) in the case of aluminum, an amphoteric 

metal
47

 In general, caution should be exercised with any amphoteric metal 

                                                 
47

NACE Standard SP0169, “Control of External Corrosion on Underground or Submerged Metallic Piping 

Systems,” (Houston, TX: NACE, 2002), pp. 12-17. 
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(aluminum, cadmium, lead, tin, zinc) since these metals can undergo significant 

corrosion at the high pH values encountered with excessive cathodic potentials. 

 

Other standards, such as British standard BS 7361 (Table 2-1) and German 

standard DIN 30676 (Table 2-2), do provide specific potential criteria for various 

types of metals.
48

 

 
Table 2-1:   Potential Criteria from British Standard BS 7361 

 

Material 
Potential, CSE 

Soils and 
Fresh Water 

Potential, 
Silver-silver Chloride 

Seawater 

Iron and Steel 
Aerobic environment 

–850 mV –800 mV 

Iron and Steel  
Anaerobic environment 

–950 mV –900 mV 

Lead –600 mV –550 mV 

Aluminum 
Not to exceed 

–950mV 
–1200 mV 

–900 mV 
–1150 mV 

Copper Alloys –500 to –650 mV –450 to –600 mV 

 

                                                 
48

C. F. Schrieber and Reece W. Murray, “Effect of Hostile Marine Environments on the Al-Zn-In-Si 

Sacrificial Anode,”  CORROSION/88, paper no. 32, (Houston, TX: NACE, 1988). 



Cathodic Protection Systems  2:16 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             January 2010 
 

Table 2-2:  Potential Criteria from German Standard DIN 30676 

 

Material 
Temperature, °C or 

Electrolyte 
Potential 

 VCSE 

Unalloyed & low-alloy ferrous 
materials 

Below 40°C (104ºF) –850 mV 

Same Greater than 60°C (140ºF) –950 mV 

Same Anaerobic media –950 mV 

Same Sandy soil, ρ>500 Ω-m –750 mV 

Stainless steels with Cr≥16% 
Soil or fresh water and less 

than 40°C 
–100 mV 

Same 
Soil or fresh water and 

higher than 40°C 
–300 mV 

Same Salt water –300 mV 

Copper, copper-nickel alloys  –200 mV 

Lead  –650 mV 

Aluminum Fresh water –800 mV 

Same Salt water –900 mV 

Steel in contact with concrete  –750 mV 

Galvanized steel  –1200 mV 

 

International Standard ISO 15589-1 

Petroleum and Natural Gas Industries–Cathodic Protection of Pipeline 

Transportation Systems 

 

Part 1 On-land pipelines 

• Metal-to-electrolyte potential chosen for a corrosion rate less than 0.01 

mm/yr (0.39 mils/yr) 

• Polarized potential more negative than –850 mVCSE 

• Limiting critical potential not more negative than –1,200 mVCSE 

• Anaerobic soils or sulfate-reducing bacteria (SRB) more negative than  

–950 mVCSE  

• High soil resistivity 

� –750 mVCSE for 100 Ω-m < ρ < 1,000 Ω-m 

� –650 mVCSE for ρ > 1,000 Ω-m 

• Cathodic polarization of 100 mV 

Precautions: 

Avoid using 100 mV under conditions of high temperatures, SRB, 

interference current, equalizing current, telluric current, mixed metals or 

SCC conditions more positive than –850 mVCSE. 
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2.2.3.5  Mixed Metals 
 
When two different metals are electrically coupled, a macroscopic corrosion cell 

forms where one metal is anodic to the other. However, microscopic corrosion 

cells also exist on the surfaces of each of the individual metals. Although the 

corrosion cells on the surface of the cathodic metal may be suppressed by 

electrically coupling the metals, the corrosion cells on the anodic metal remain 

active. To mitigate all corrosion including the microscopic corrosion cells on the 

surface of the anodic metal, the metal couple must be cathodically polarized to the 

open circuit potential of the most anodic potential on the anodic metal.  

 

In other words, according to NACE Standard SP0169 for dissimilar metals the 

potential criterion becomes: “A negative voltage between all pipe surfaces and a 

stable reference electrode contacting the electrolyte equal to that required for the 

protection of the most anodic metal should be maintained.”
49

 

 

As indicated previously, the polarization shift criterion is based on cathodic control 

with 100 mV or less of potential difference between the structure corrosion 

potential and the open circuit potential of the most active anode. Although this 

assumption may be correct for an individual metal, when coupled to a more 

cathodic metal, the corrosion potential of the couple will shift electropositively. 

The magnitude of this potential shift is a function of the individual corrosion 

potentials and the surface areas of the two metals. Since validity of the polarization 

shift criterion requires shifting the potential of the structure from its corrosion 

potential, the criterion cannot be used unless the open circuit potential of the 

anodic metal is known, or the surface area of the cathodic metal is insignificant 

compared with the surface area for the anodic metal. That is, disconnecting the 

cathodic metal would not significantly change the measured corrosion potential. If 

this criterion is used, the polarization shift must be from the open circuit potential 

of the anodic metal. 

 
2.2.3.6  Stress Corrosion Cracking (SCC) 
 
Two different forms of stress corrosion cracking (SCC) of pipeline steels have 

been identified: high-pH (classical) SCC first reported in the mid-1960s and near-

neutral (low-pH) SCC identified in the 1980s.
50,51

  High-pH SCC is intergranular 

                                                 
49

NACE Standard SP0169, “Control of External Corrosion on Underground or Submerged Metallic Piping 

Systems,” (Houston, TX: NACE, 2002), p. 12-17. 
50

R. L. Wenk, “Field Investigation of Stress Corrosion Cracking,” 5
th

 Symposium on Line Pipe Research, 

Pipeline Research Committee of the American Gas Association, Catalog no. L30174, 1974, p. T-1. 
51

J. T. Justice and J. D. Mackenzie, “Progress in the Control of Stress Corrosion Cracking in a 914 mm OD 

Gas Transmission Pipeline,” Proceedings of the NG-18/EPRG Seventh Biennial Joint Technical Meeting 
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and identified with a carbonate-bicarbonate environment existing at the structure 

surface. This environment can exist at a metal surface in soil or water due to the 

chemical reaction of dissolved carbon dioxide with natural carbonates in the higher 

pH ground water created by the application of cathodic protection. The 

susceptibility of steel to high-pH SCC is potential-dependent. The application of 

cathodic protection can increase the susceptibility of a structure to high-pH SCC if 

the protective potentials are insufficiently electronegative. The range of possible 

cracking potentials is larger and becomes more electronegative with increasing 

temperatures; however, cracking has not been observed at potentials more negative 

than –850 mVCSE (although the cracking range approaches this potential at 

temperatures near 75 °C).
52,53 

 

Near-neutral pH SCC, which occurs within the pH range of 6 to 8, is transgranular 

and linked with corrosion occurring at the crack faces. Near-neutral pH SCC is 

much less dependent on the interface potential.
52,53 

 

Due to the potential dependence and the environment required for high-pH SCC, 

caution must be exercised in application of cathodic protection, especially with the 

application of the 100 mV polarization shift criterion.
52,53

 Under precautionary 

notes NACE SP0169 warns: “Caution is advised against using polarized potentials less 

negative than -850 mV for cathodic protection of pipelines when operating pressures 

and conditions are conducive to stress corrosion cracking….”
54

 

 
2.2.3.7  Disbonded Coatings 
 
Organic coatings adhere to a metallic substrate due to both mechanical and polar 

bonding. Mechanical bonding is a result of the anchoring pattern between the 

solidified coating and the irregular surface roughness of the metallic substrate. 

Polar bonding is due to the electrical attraction between polar molecules within the 

coating formulation and the metallic surface. 

 

For purposes of this discussion, a disbonded coating will mean a coating that does 

not adhere to the metallic structure surface. A number of other factors such as soil 

stress, changing soil and/or pipe temperatures, high operating temperatures, 

                                                 
on Line Pipe Research, Pipeline Research Committee of the American Gas Association, Paper no. 28, 

1988. 
52
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53
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(1993): p. 21-30. 
54
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tenting, blisters and cathodic (alkaline) disbondment may result in a disbonded 

coating. Cathodic disbondment is usually associated with areas having a holiday or 

damaged spot on the coating while blisters usually occur at holiday-free areas. 

 

Soil stress is typically a concern where the soil and pipe move in different 

directions and result in forces that try to shear the coating away from the pipe 

surface. This is not uncommon with clay soils that expand and contract when they 

go through wet-dry cycles. It can also happen due to typical seasonal changes in 

pipe and/or ground temperatures that cause the pipe to try to elongate or shrink as 

the temperature changes. High operating temperatures can soften some types of 

coating; especially those made from polyethylene and mastic, making them more 

susceptible to soil stress and water permeation. Tenting can occur at a longitudinal 

or circumferential weld and is a result of a coating that does not conform properly 

to the ‘hump’ in the steel surface. This results in a “tent”, or air gap, forming 

adjacent to the weld where dirt and/or water can collect. The problems described 

below that are associated with blisters and cathodic disbondment are also typical of 

these other causes of a disbonded coating. 

 

Blisters begin with poor coating adhesion caused by poor surface preparation, 

improper coating application, or poor coating properties. All organic coatings absorb 

and transmit moisture to some extent. If the coating does not adhere to the metallic 

substrate, the hydraulic gradient, osmotic pressure, and, in the case of a cathodically 

protected structure, electro-osmotic pressure will increase water transmission through 

the coating. When the coated structure is initially placed in water or water-saturated 

soil, a hydraulic gradient exists from the outer surface of the coating to the metal 

substrate. This gradient results in the transmission of water through the coating to the 

metal surface where it can accumulate between the coating and the metal surface. In 

addition, if the coating’s lack of adhesion is due to poor surface preparation, 

contaminating ions are likely to be present on the surface of the metal.  

 

Once moisture reaches the metal surface due to the hydraulic gradient, an osmotic 

pressure can initiate due to the greater ionic concentration at the metal surface. This 

osmotic pressure will increase the water transmission rate through the coating. Finally, 

if the structure receives cathodic protection current, electro-osmosis will result. 

Electro-osmosis moves water molecules through semipermeable membranes in the 

direction of charge flow. Because of all of these forces, water continues to accumulate 

between the coating and the metal surface resulting in the formation of a blister. 

Blister formation is minimized by proper surface preparation and coating 

application.
55,56
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W. von Baechmann and W. Schwenk, Handbook of Cathodic Protection, (Surrey, England: Portcullis Press 

Ltd., 1975), p. 34-38, 58-59, 153-173, 185-198, and 208-217. 
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Cathodic disbondment results from loss of adhesion between the coating and the 

metal substrate due to cathodic protection application. The cathodic reduction 

reactions generate hydroxyl ions at the metal surface. In this case, the hydroxyl 

ions (OH
–
) generated at pores or damaged spots in the coating can attack and 

destroy the polar bonds between the coating and the metal surface causing loss of 

coating adhesion. Some coatings are more susceptible to cathodic disbonding than 

others; therefore, proper coating selection is the first line of defense. Higher 

temperatures also promote cathodic disbondment. Finally, since the susceptibility 

to cathodic disbonding increases at higher polarization potentials due to the 

increased alkalinity, cathodic protection potential levels should be limited.
55

 

 

The validity of both the potential and the polarization shift criteria are questionable 

for metallic surfaces shielded by a disbonded coating regardless of the cause. It is 

not the criteria themselves that are in question but the ability to make 

measurements that allow the application of the criteria. Especially in the case of 

unruptured blisters, the coating electrically shields the environment at the pipeline 

surface from potential measurements with the reference electrode at ground level 

above the structure. In fact, to determine the true potential, the reference electrode 

would have to be on the inside of the disbonded coating. Therefore, surface 

potential measurements do not provide a true measurement of the potential at the 

metal surface and a shielded surface can be inadequately protected and undetected 

by surface potential profiles.
57

 

 

If both cathodic disbondment of the coating and SCC are concerns for a specific 

structure, what is the appropriate potential range for the steel structure? If 

susceptibility to SCC is a concern, the potential criterion (–850 mVCSE) should be 

applied in favor of the polarization shift criterion (100 mV) to avoid placing the 

structure within the potential range where susceptibility is increased. In applying 

the potential criterion to a structure, the corrosion engineer should avoid 

excessively negative potentials if cathodic disbonding of the coating is a concern.  

Therefore, what is an appropriate electronegative value for a steel structure? The 

answer to this question, as with many technical questions, is based on good 

engineering judgment balancing the needs of competing requirements. On one 

hand, more electronegative potentials near the power source offset the effects of 

attenuation resulting in fewer cathodic protection installations. But on the other 

hand, the maximum level of electronegative potentials must be limited to avoid 

excessive protection levels. 

                                                 
56
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To evaluate the most electronegative potential allowable, we must first determine 

what potential values are possible. As the potential becomes more electronegative, 

the most likely reduction reaction for structures buried in most soils becomes the 

electrolysis of water. As discussed later in this chapter, evidence suggests a 

theoretical limit of the most negative true polarized potential of a structure in the 

presence of sufficient moisture is approximately –1.15 VCSE.
57

 

 

To polarize deep crevices created by cathodic disbondment, some investigators 

suggest limiting the potential below levels where hydrogen generation becomes 

significant. They suggest that as hydrogen bubbles form at the coating defect, 

current flow down the narrow passage under the disbonded coating is inhibited. 

Although the potential where hydrogen gas generation occurs is variable 

depending on environmental factors such as temperature, pH, and surface 

condition, the suggested limit is approximately -1.0 to -1.10 VCSE.
58,59 

 
2.3  Typical Cathodic Polarization Characteristics 
 
2.3.1  Cathodic Polarization Curve 

 
As suggested by the definition of cathodic protection, the polarization 

characteristics of the cathode and the specific potential of the most active anode 

determine the current requirement necessary to achieve cathodic protection. 

Polarization, as defined in Chapter 1, is the potential change due to a charge 

transfer (current) across a reacting interface. This potential change always occurs 

with a polarity that opposes the current causing it. Therefore, the potential of a 

cathode must change in the electronegative direction due to current from the 

electrolyte.  

 

In Chapter 1, we illustrated the polarization or Evans diagrams plotting polarized 

potential versus current, E vs. I. Both the abscissa, X-axis, and the ordinate, Y-

axis, were drawn on linear scales. However, Evans diagrams are commonly plotted 

with the potential on a linear scale but the current on a logarithmic scale (E log I). 

As we will discover when we discuss types of polarization, the polarization 

potential is a function of the logarithm of the current. If E log I plots are 

constructed, the Evans diagram will often be a straight line. However, when we 

plot Evans diagrams with current on a logarithmic scale an interesting feature of a 

                                                 
58

R. R. Fessler, A. J. Markworth, and R. N. Parkins, “Cathodic-Protection Levels Under Disbonded 
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59
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logarithmic plot becomes obvious. There is no zero point on the logarithmic scale. 

As you move toward smaller numbers on the scale, the magnitude changes by a 

factor of 10 but never reaches zero.  

 

Investigating the types of polarization and the equations describing polarization, 

we will discover that as the corrosion current decreases a point is reached where it 

stops decreasing and reverses direction. At this point the Gibb’s free energy for a 

specific reaction to occur in either direction (anodic or cathodic) is equal. 

Therefore, there is an equal probability the reaction will occur in either direction. 

Since all atoms, ions, and molecules are constantly in motion due to thermal 

energy, the thermal (vibrational) energy results in the electrochemical reaction 

occurring in both directions at once. In other words, at an anode every time an 

atom loses electrons and begins to go into solution as an ion, a metallic ion 

captures electrons at the metal interface and becomes a metal atom (“plates out”). 

Therefore, there is no net reaction and no net charge flow in a specific direction. 

Both anodic and cathodic reactions occur simultaneously, and charge flow is in 

both directions at once resulting in zero net current. 

 

This point is the equilibrium condition for the specific reaction involved. At the 

equilibrium point, the polarization potential is the equilibrium potential for the 

reaction, as determined by the Nernst equation, and the current is the exchange 

current at equilibrium conditions. Therefore, on an E log I plot for a specific 

reaction, the beginning point is the equilibrium potential and the exchange current, 

as seen in Figure 2-7. In this figure polarization due to the oxidation and reduction 

reactions is shown for both hydrogen and iron emanating from their respective 

equilibrium points. The intersection of the oxidation curve for iron and the 

reduction curve for hydrogen establishes the corrosion potential and corrosion 

current for the corrosion of iron in a solution containing hydrogen ions (acid). On 

most polarization plots constructed to illustrate a specific corrosion cell, the 

polarization curve for oxidation of the reduced species and the polarization curve 

for the reduction of the oxidized species are not shown. Only the polarization 

curves determining the corrosion state are shown. However, each of the 

polarization curves begins at the equilibrium state. 
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Figure 2-7:  Polarization Curves for Iron Corrosion in Acid 

 

Considering a simplified corrosion cell involving one anode and one cathode on a 

reacting surface (Figure 2-8), the driving potential (Ecell) for current is the difference 

between the open circuit potentials of the cathode and anode (Ec,oc – Ea,oc) at the 

moment of immersion in an electrolyte. At this moment, a complete corrosion cell 

forms and charge begins to flow from anode to cathode within the electrolyte. As 

charge movement (current) begins, polarization of the reacting surfaces begins. This 

polarization results in opposing EMFs across the reacting interfaces thereby 

reducing the available driving potential. The decreased driving potential reduces the 

magnitude of current until finally a steady state condition is reached. The changes 

occurring at the anode and cathode stabilize through polarization to a specific, 

maintainable reaction rate.  
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Figure 2-8: Evans Diagram for Corrosion Cell 
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At this point the new driving potential (Ecc) for corrosion current is the difference 

between the polarized potentials of the cathode and the anode (Ec,p – Ea,p). The 

magnitude of current between the anode and cathode (Icorr) reflects the overall 

reaction rates determined at this steady state condition. This is the corrosion 

current for the cell. At this steady state operating point, the potential of the 

corrosion cell measured relative to a stable reference electrode is the corrosion 

potential (Ecorr). As previously indicated, this potential will be a weighted 

(geometrical and electrical) average somewhere between the final polarized 

potential of the anode and the final polarized potential of the cathode. The Evans 

diagram (E log I diagram), shown in Figure 2-8, shows the steady state operating 

condition of the corrosion cell. 

 

When cathodic protection current is applied to the corrosion cell, the current 

collects at the cathodic site resulting in an increase in the cathodic reaction rate 

beyond the steady state rate previously achieved by the corrosion cell. This upset 

(perturbation) to the steady state condition causes changes in current magnitudes 

(reaction rates) and polarization levels. The charge transfer rate at the cathode 

increases resulting in a greater level of polarization. Since the driving voltage for 

corrosion current decreases, the anode reaction rate (corrosion current) must 

decrease. With time, the corrosion cell reaches a new steady state condition where 

the polarization levels of the cathode and the anode have changed. These changes 

result in a new operation point for the corrosion cell with a reduced corrosion rate 

(magnitude of anodic current, I′corr) compared to the original cell. This new 

operating condition is shown in Figure 2-9. 
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Figure 2-9: Evans Diagram for Corrosion Cell with CP 
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The extent of the reduction in corrosion current relates directly to the 

characteristics of the cathodic polarization curve for the structure and the open 

circuit potential of the most active anode. Since nothing has occurred to change the 

polarization characteristics of the structure, the polarization curves will not change. 

Therefore, the increased cathode polarization is shown by extending the cathodic 

polarization slope of the corrosion cell to the new operating point, and the 

decreased anodic polarization is indicated by sliding the anode operating point 

back down the anodic polarization curve. As previously suggested by Equation 2-

3, the anodic current (I′corr) is now the total cathodic current (I′c) minus the 

cathodic protection current supplied (ICP). From Figure 2-9, it is apparent that 

complete cathodic protection has not been achieved because a residual corrosion 

current (I′corr) exists. Supplying additional cathodic protection current causes the 

polarized potential of the cathode to reach the open circuit potential of the anode. 

Evans diagrams show steady state conditions only. They do not show the transient 

changes that occur to reach the new operating point. The polarization curves 

shown on an Evans diagram represent the locus of operating points established at 

steady state conditions. 

 

The objective of applying cathodic protection to a corrosion cell is to slow 

significantly or stop the oxidation reaction occurring at the anode. This oxidation 

reaction results in the loss of the metal through the familiar generalized reaction 

shown in Equation 2-6, 

 

 M
o
   →   M

+n
  +  ne

−
 [2-6] 

 
or Equation 2-7 in the case of a steel structure. 

 

 Fe
o
   →   Fe

+2
  +  2e− [2-7] 

 

To accomplish this goal, the rate of the cathodic reactions must increase, as 

previously indicated. Although a number of different cathodic reactions are 

possible, the two most common reactions in soils and natural waters involve the 

reduction of oxygen or the evolution of hydrogen. For neutral or alkaline 

conditions, these cathodic reactions are as shown by Equations 2-8 and 2-9. 

 

  Oxygen reduction:  2H2O + O2 + 4e
−
  →  4OH

− 
[2-8] 

 or 

  Electrolysis of water:  2H2O + 2e
−
   →   H2 + 2OH

−
 [2-9] 

 

For acid conditions, the reactions are as provided in Equations 2-10 and 2-11. 

 

  Oxygen reduction:  4H
+
 + O2 + 4e

−
   →   2H2O [2-10] 
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 or 

  Hydrogen ion reduction:  2H
+
 + 2e

−
   →   H2  [2-11] 

 

The specific cathodic reaction dominating will depend on the pH, equilibrium 

potentials of the reactions, concentration of possible reactants, and exchange 

current densities for the possible reactions. Since the equilibrium potential for 

oxygen reduction is always more positive than the equilibrium potential for 

hydrogen evolution, oxygen reduction is always the favored reaction 

thermodynamically. However, the exchange current density (kinetics) must be 

considered. For low pH conditions, the exchange current density for the evolution 

of hydrogen is much higher than the exchange current density for oxygen 

reduction. However, this situation changes as the pH increases. Therefore, the pH 

will determine the dominant reaction due to the kinetics involved. For a low pH 

(acid) aerated environment, the hydrogen evolution reaction dominates. However, 

for a higher pH (neutral or alkaline) aerated environment, oxygen reduction will be 

the dominant cathodic reaction up to its limiting current density.
60,61,62

 

 

The air in the earth’s atmosphere supplies the oxygen available for the reduction 

process (20%). Since the solubility of oxygen in water is relatively low and the 

dissolved oxygen must diffuse to the structure surface, the limiting current density 

for oxygen reduction can be reached at relatively low current densities.
60,61

 

However, with the increasingly negative potentials, the electrolysis of water 

producing hydrogen gas becomes possible.
62

 This reaction is observed, at least in 

the laboratory, as the controlling reaction for a steel structure under cathodic 

protection and may explain the apparent limit to true polarization potential of 

around 1.15 VCSE observed in the field.
63

 

 
2.3.2  Activation and Concentration Polarization 

 
As increments of cathodic protection current are applied, the structure polarizes in 

the electronegative direction due to the increasing rate of the cathodic reactions on 

the structure. At a specific applied current density, the change in polarization 

potential and the shape of the polarization curve for the structure depends on the 

                                                 
60

 John O’M. Bockris and Amulya K. N. Reddy, Modern Electrochemistry vol. 2 (New York, NY: Plenum 

Press, 1970), p. 1298-1300. 
61

 E. E. Stansbury and R. A. Buchanan, Fundamentals of Electrochemical Corrosion, (Materials Park, OH: 

ASM International, 2000), p. 116-120 and 172-174. 
62

N. G. Thompson and T. J. Barlo, “Fundamental Processes of Cathodically Protecting Steel Pipelines,” 

Gas Research Conference Proceedings, presented 1983 (Rockville, MD: Government Institutes, Inc.). 
63

T. J. Barlo and R. R. Fessler, “Interpretation of True Pipe-to-Soil Potentials on Coated Pipelines with 

Holidays,” CORROSION/83, paper no. 292, (Houston, TX: NACE, 1983). 
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slowest step in the reaction process at that point. Two different mechanisms can 

account for these effects: activation polarization and concentration polarization. 

Activation polarization is the result of the reaction steps at the structure/electrolyte 

interface including the actual transfer of charge. These are the reaction steps 

occurring after all of the necessary reactants are in place at the interface and are 

ready to take place. The charge transfer reaction involves moving an electron from 

the metal surface to the reactant on the electrolyte side of the interface. If the 

charge transfer reaction or any reaction step on the metal surface is the slowest 

step in the overall reaction process, the process is under activation polarization 

control. Equation (2-12) describes activation polarization.
64 

 

 







±=

oi

i
 log  βηa  [2-12] 

 

 where:  ηa = activation polarization (V) 

  β  =  polarization slope (V) 

  i  = current density (mA/cm
2
) 

  io  = exchange current density (mA/cm
2
) 

 

The activation polarization equation is also known as the Tafel equation. When 

plotted on an Evans (E log I) diagram, activation polarization appears as a straight 

line with the slope of the line equal to the Tafel constant, β. The polarization slope 

of a cathodic reaction is negative while the slope of an anodic reaction is positive. 

The Tafel slope is a function of the specific reaction, the electrolyte chemistry, 

and the reacting surface. The exchange current density, i0, is the rate of the 

oxidation and reduction reactions at equilibrium and provides an indirect 

indication of the relative ease with which the reactions can take place.
64 

  

Concentration polarization is the result of reaction steps involving the diffusion of 

reactants up to or the reaction products away from the reaction surface (structure 

interface). Anything that causes a depletion of available reactants or a buildup of 

reaction products results in a decrease in the reaction rate and an increase in 

concentration polarization. If the slowest step in the overall reaction process 

involves waiting for arrival of reactants or the removal of reaction products, the 

reaction is under concentration polarization control. Equation 2-13 describes 

concentration polarization. 

 

                                                 
64

Mars G. Fontana, Corrosion Engineering, Third ed. (New York, NY: McGraw-Hill, 1986), p. 19-21 and 

454-462. 
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 






 −
=

L

L

c
i

ii

Fn

TR
 log 

3.2
    η  [2-13] 

 

where: ηc = concentration polarization (V) 

  R = universal gas constant (8.3145 J/mol °K) 

  T  =  temperature (°K) 

  n  =  number or electrons transferred 

  F  =  Faraday’s constant (96,500 coulombs/mol) 

  iL  =  limiting current density (A/cm
2
) 

  i  =  current density (A/cm
2
) 

 

A plot of the concentration polarization equation indicates very little change in 

polarization until the current density approaches the limiting current density. Since 

the limiting current density for a specific reaction cannot be exceeded, the 

polarization potential will become very large as this limit is approached. 

Concentration polarization is most commonly associated with cathodic reactions.
65

 

 

The ability of the reactants to reach the reacting surface and the reaction products 

to move away from the reacting surface determines the limiting current density. 

 

As seen in Equation 2-14, the limiting current density is a function of the 

concentration of reactants, the diffusion coefficient, and the thickness of the 
diffusion layer. The thickness of the diffusion layer is a function of the system 

geometry, the shape of the reacting surface, and the solution agitation and must be 

determined experimentally for a specific case.
65

 
 

 

 
x

CFnD
      i B

L =  [2-14] 

 

 where:  iL  =  limiting current density (A/cm
2
) 

   D  =  diffusion coefficient (cm
2
/s) 

  n   =  number of electrons transferred 

  F   =  Faraday’s constant (96,500 coulombs/mol) 

  CB =  reactant concentration in bulk soln. (mol/cm
3
) 

  x  =  thickness of diffusion layer (cm) 

 

The total polarization of a structure will be the sum of the activation and 

concentration polarization, as indicated in Equation 2-15. 

                                                 
65

Mars G. Fontana, Corrosion Engineering, Third ed. (New York, NY: McGraw-Hill, 1986), p. 19-21 and 

454-462. 
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 ηtotal   =    ηa  +  ηc [2-15] 

 

Consider what happens with the application of the first increments of cathodic 

protection current assuming a single cathodic reaction. At first, the reaction rate is 

relatively slow, the reactants are plentiful, and the reaction products can move 

away with sufficient speed to avoid blocking the reacting surface. Therefore, the 

cathodic reaction occurring on the structure is most likely under activation control. 

However, with increasing increments of cathodic protection current, the reaction 

rate continues to increase until the availability of reactants at the interface begins 

to decrease, and the reaction products begin to accumulate. At this point, 

concentration polarization is beginning to control, and the current approaches the 

limiting current density. As the current nears the limiting current density, the 

polarization potential at the interface becomes more negative very fast. Unless 

another cathodic reaction is possible at the more negative potentials, the reaction 

rate reaches the limit and the current density cannot increase further. 

 

However, if another cathodic reaction becomes possible, the current density can 

continue to increase with the availability of new reactants. This is the most likely 

scenario for steel under cathodic protection in a neutral, aerated soil environment 

where oxygen reduction occurs at first up to the limiting current density for this 

reaction, and then water electrolysis occurs as the potentials become more 

negative. This polarization response is shown by the 20% O2 line in Figure 2-10. 
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Figure 2-10: Polarization Curves in Aerated and Deaerated Solutions of pH 7 
 

Source:  N. G. Thompson and T. J. Barlo, “Fundamental Processes of Cathodically Protecting Steel Pipelines,” Gas 

Research Conference Proceedings, presented 1983 (Rockville, MD: Government Institutes, Inc.). 
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2.3.3  Factors Affecting Polarization 

 
Many factors can affect the polarization characteristics of a structure. To evaluate 

the polarization response to a specific change, we must evaluate the change based 

on its effect on the equilibrium potential, the exchange current density, the 

limiting current density, and the polarization slope, since these factors control 

the level of polarization (See Table 2-3). If a change involves variations in 

chemical concentrations, we first need to determine whether the species involved 

are reactants or reaction products for the type of reaction of interest (anodic or 

cathodic). 

 
Table 2-3: Factors Controlling Polarization Response 

 

Symbol Units Factor 

EM/M+ / Eoc Volts Equilibrium Potential 

i0 mA/cm
2
 Exchange Current Density 

iL mA/cm
2
 Limiting Current Density 

β Volts/decade Tafel Slope 

 

The arrow in a chemical reaction formula points in the direction the reaction is 

proceeding. Standard form for a reaction is with the reaction arrow pointing from 

left to right. Reactants are the components required for the reaction to occur, and 

reaction products are the components produced by the reaction. Per standard form, 

reactants are all of the components on the left side of the reaction formula. If the 

reaction is a cathodic or reduction reaction, one of the necessary reactants is one or 

more electrons. The reaction products always appear on the right side of the 

reaction arrow, according to standard form. For an oxidation or anodic reaction, 

one of the necessary reaction products is one or more electrons.  

 

As indicated in Chapter 1, the Nernst equation (Equation 1-10) determines the 

equilibrium potential for a specific reaction. The equilibrium potential varies with 

changes in the specific reaction occurring, the concentration ratios of the reactants 

and reaction products, and the temperature. The equilibrium potential shifts in the 

noble direction as the concentration of oxidized species (reaction product for 

anode/reactant for cathode) increases, as indicated in Table 2-4. It also shifts in the 

noble direction as the concentration of reduced species (reactant for anode/reaction 

product for cathode) decreases as indicated in Table 2-4. 

. 
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Table 2-4: Factors Controlling Equilibrium Potential, EM/M+ 

 

 
Factor 

 
Factor Change 

Direction of Potential 
Change 

Anodic Cathodic 

Specific reaction --- --- --- 

Concentration of 
reactants 

increase active noble 

Concentration of 
reaction products 

increase noble active 

Temperature increase variable variable 

 

 

The exchange current density is a function of the type of metal electrode, the 

specific reaction occurring, the ratio of oxidized and reduced species present 

(concentrations), temperature, surface roughness, and the presence of surface 

films, as indicated in Table 2-5. For a cathodic reaction, the exchange current 

density increases for increasing concentration of reactants, decreasing 

concentration of reaction products, increasing temperature, the absence of surface 

films and greater surface roughness. 

 
Table 2-5: Factors Controlling Exchange Current Density, i0 

 

 
Factor 

 
Factor Change 

Exchange Current 
Density Change 

Anodic Cathodic 

Type of metal --- --- --- 

Specific reaction --- --- --- 

Concentration of 
reactants 

increase increase increase 

Concentration of 
reaction products 

decrease increase increase 

Temperature increase increase increase 

Surface roughness increase increase increase 

Surface films increase decrease decrease 

     

As indicated by Equation 2-14, the limiting current density increases with greater 

reactant concentration in the bulk electrolyte. It also increases as the diffusion 

layer thickness, x, decreases. The diffusion layer thickness is at its maximum value 

under stagnant conditions and decreases with relative movement between the 

reaction interface and the electrolyte. Because the diffusion coefficient increases 

and the diffusion layer thickness decreases with increasing temperature, the 

limiting current density increases with increasing temperature. The effect of these 

variables on the limiting current density is summarized in Table 2-6. 
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Table 2-6: Factors Controlling Limiting Current Density, iL 

 

 
Factor 

 
Factor Change 

Limiting Current 
Density Change 

Anodic Cathodic 

Concentration of 
reactants 

increase increase increase 

Concentration of 
reaction products 

increase decrease decrease 

Diffusion coefficient increase increase increase 

Diffusion layer 
thickness 

increase decrease decrease 

Temperature increase increase increase 

Agitation increase increase increase 

    

As previously indicated and summarized in Table 2-7, the polarization slope (Tafel 

slope, β) depends on the specific reaction occurring and the temperature. The 

polarization slope is not a function of the concentration of the reactants or reaction 

products. The polarization slope is normally greater in the presence of surface 

films.
66,67

 
 

Table 2-7: Factors Controlling Polarization Slope, β 
 

 
Factor 

 
Factor Change 

Polarization Slope 
Change 

Anodic Cathodic 

Specific reaction --- --- --- 

Reacting surface --- --- --- 

Surface films increase increase increase 

Temperature increase decrease decrease 

 

 

With the above thoughts in mind, we will investigate the effects various changes 

might have on the polarization response of a structure under cathodic protection. 

To better understand the results of a specific change, it is necessary to compare the 

polarization response of the structure before and after the change. Since the 

important polarization response in the case of the application of cathodic 

protection is the cathodic polarization response of the structure, we will 

                                                 
66

John M. West, Basic Corrosion and Oxidation, Second ed. (Chichester, West Sussex, England: Ellis 

Horwood Ltd, 1986), p. 92-94. 
67

R. L. Bianchetti, ed., Control of Pipeline Corrosion, Second ed. (Houston, TX: NACE, 2001) p. 90, 166-

173, 308-310, and 315-317. 
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concentrate on this response. Because the structure surface area is constant in the 

following discussions, we can plot the polarization potential versus the log of the 

total current (E log I), rather than the current density.  
 
2.3.3.1  Aeration (Oxygen) 
 
Consider changes to the amount of oxygen present in the electrolyte. Oxygen is a 

cathodic reactant; therefore, increases in the quantity of oxygen present result in a 

noble shift in the equilibrium (open circuit) potential of the cathodic reaction on 

the structure. A larger exchange current density is also probable due to the oxygen 

increase. Because the solubility of oxygen in water is relatively low, as the reaction 

rate increases due to cathodic protection, concentration polarization will dominate. 

Figure 2-11 compares the operating conditions of a cathodically protected structure 

before and after the amount of oxygen in the electrolyte is increased. The primed 

values represent the new values with an increase in oxygen concentration. The 

increase in oxygen results in an increase in the corrosion current and the amount of 

cathodic protection current necessary. In fact, as shown in Figure 2-11, although 

the level of cathodic protection current has increased, the structure is no longer 

polarized sufficiently to meet the potential criterion. 
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Figure 2-11: Effect of Increasing Oxygen Concentration 

 

2.3.3.2  Agitation (Velocity) 
 
As the level of agitation or movement at the metal/electrolyte interface increases, 

more reactants are swept to the reaction surface, and the reaction products are 
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swept away. As a result, the effective diffusion layer thickness decreases, and the 

limiting current density increases. If the cathodic reaction is under concentration 

polarization control, the corrosion current will increase and the cathodic protection 

current will increase, but the overall protection level will decrease, as indicated in 

Figure 2-12.  

 

Agitation level is not a direct function of velocity, however. As the velocity is 

gradually increased, laminar flow conditions prevail until the fluid reaches some 

critical velocity. Beyond this critical velocity, the flow changes from laminar to 

turbulent flow. Turbulent flow conditions result in a significant increase in the 

agitation level at the reaction surface. This becomes more apparent if we consider 

some unit volume of the electrolyte flowing past the reaction surface, Figure 2-13.  

 

Under laminar flow conditions, the unit volume of electrolyte remains in contact 

with the reaction surface from one end of the flow stream to the other allowing 

time for depletion of the reactants within the unit volume. Under turbulent flow 

conditions, however, the unit volume would be swept up to the  

reaction surface momentarily, and then swept away only to be replaced by another 

unit volume. Under these conditions, the reactants near the reaction surface never 

have an opportunity to be depleted at all. Therefore, the agitation effect increases 

with increasing velocity up to the point of transition to turbulent flow conditions. 

At that point, the agitation effect increases significantly; however, beyond this 

point additional velocity has little effect. 
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Figure 2-12: Effect of Increasing Agitation 
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Figure 2-13:  Laminar Flow Versus Turbulent Flow 

 
2.3.3.3  Temperature 
 
Temperature changes can have a number of different effects on the polarization 

response of a structure.  Temperature effect on the equilibrium potential depends 

on the relative concentrations of the reactants/reaction products and the sign of the 

temperature coefficient of the equilibrium potential. Therefore, the change in the 

equilibrium potential with temperature is variable; however, the exchange current 

density increases with increasing temperature. Because a temperature increase 

adds more energy to the system, the activation energy barrier, which must be 

overcome for the reactions to occur, is effectively lowered increasing the reaction 

rate for activation polarization control. In other words, the polarization slope 

decreases. Although the concentration polarization equation appears to indicate 

increasing polarization at higher temperatures, the temperature effect is more 

complicated. A temperature increase also results in a greater degree of ionization 

and increased mobility of the ions in the electrolyte causing an increase in the 

limiting current density for concentration polarization control. All of these factors 

result in a depolarization of the structure and an increase in the current requirement 

for adequate cathodic protection as indicated in Figure 2-14. 
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Figure 2-14:  Effect of Increasing Temperature 

 
Increasing temperature can have the opposite results in some cases. As temperature 

increases, the solubility of oxygen in water decreases. Therefore, in cases where 

the concentration of oxygen in the bulk electrolyte is the controlling factor, 

increasing temperature can result in a decrease in the cathodic current requirement. 
 
 
2.3.3.4  pH 

 
As discussed in Chapter 1, one necessary condition for formation of a corrosion 

cell is the presence of an electrolyte. An electrolyte is a conductive medium 

(solution) where charge flow occurs by ion movement. Water is as an electrolyte; 

however, pure water is not very conductive (resistivity of distilled water > 

1,000,000 Ω-cm). Since pure water does not contain contaminating ions, water 

must dissociate (ionize) to a degree or no ions would be present for conduction to 

occur. However, since pure water is not a very good conductor, it is apparent that 

water does not ionize significantly. The ionization of water is described as follows: 

 

 H2O  ↔  H
+
 + OH

−
 [2-16] 

 

The ionization of water according to Equation 2-16 is a reversible reaction (reacts 

in both directions) that in time reaches a dynamic equilibrium where the rate of 

water dissociation is equal to the rate of ion recombination. Therefore, the law of 

chemical equilibrium, Equation 2-17, applies to this reaction. The law of chemical 

equilibrium states that at a constant temperature the ratio of the molar 

concentration of the reaction products to the molar concentration of the reactants, 
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each raised to the power of the number of moles reacting, is a constant, Ke. 

Therefore, for water the equation for the equilibrium constant, Ke, is as follows 

with the number of moles reacting for each of the species equal to one, as indicated 

in Equation 2-17. 

 

 

 
[ ][ ]

[ ]OH

OH H
    K

2

e

−+

=  [2-17] 

 

 where:    Ke  =  equilibrium constant 

   [H
+
]  =  hydrogen ion concentration (moles/liter) 

   [OH
−
]  =  hydroxyl ion concentration (moles/liter) 

   [H2O]  =  water molecule concentration (moles/liter) 

 

However, since the number of water molecules that dissociate is relatively small, 

the concentration of water molecules remains relatively unchanged. Therefore, we 

will define a new constant, Ki, by Equation 2-18. This constant is called the 

ionization constant or ion-product constant. 

 

 Ki   =   Ke [H2O]   =   [H
+
][OH

–
]  [2-18] 

  

The value of the ionization constant for water at 25° C is 1 × 10
−14

. At a 

temperature of 100° C, the ionization constant increases to 1 × 10
−12

. This means 

that ten times the number of water molecules ionize at the higher temperature. 

Since for every water molecule that dissociates, one hydrogen ion and one 

hydroxyl ion are created, the concentration of hydrogen ions and hydroxyl ions 

must be equal. From Equation 2-18, this means that at 25° C the concentration of 

hydrogen ions is equal to 1 × 10 
−7

. 

 

pH is defined as the negative logarithm of the hydrogen ion concentration (or more 

correctly, activity), as indicated in Equation 2-19. Therefore, the pH for pure water 

at 25° C is 7. This is neutral pH where the number of hydrogen ions is exactly 

equal to the number of hydroxyl ions.  

 

 [ ] 




=−= +
+

H

1
 logH logpH  [2-19] 

 

The ionization (ion-product) constant of water at a given temperature always 

remains constant. Therefore, if we add hydrogen ions to water, the number of 

hydroxyl ions in the solution must decrease. The relationship between the 
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concentration of hydrogen ions, hydroxyl ions, and pH is shown in Table 2-8. 

Remember, a pH change of one represents a concentration change of ten. 

 
Table 2-8: Relationship Between [H

+
], [OH

−−−−], and pH 
 

pH [H
+
] [OH−−−−]  

0 10 
0
 (1) 10 −14

 Strongly Acidic 

1 10 −1 
10 −13

  

2 10 −2
 10 −12

  

3 10 −3
 10 −11

  

4 10 −4
 10 −10

  

5 10 −5
 10 −9

  

6 10 −6
 10 −8

  

7 10 −7
 10 −7

 Neutral 

8 10 −8
 10 −6

  

9 10 −9
 10 −5

  

10 10 −10
 10 −4

  

11 10 −11
 10 −3

  

12 10 −12
 10 −2

  

13 10 −13
 10 −1

  

14 10 −14
 10 

0
 (1) Strongly Basic 

 

Hydrogen ions are cathodic reactants. Therefore, lowering the pH will increase the 

exchange current density and result in a noble shift in the equilibrium potential for 

the structure cathodes. Decreasing the pH increases the cathodic protection current 

requirement as shown in Figure 2-15. 
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Figure 2-15:  Effect of Decreasing pH 

 

 
2.3.3.5  Surface Area 
 
For a given applied cathodic protection current, increasing the surface area of the 

structure has the effect of reducing the current density on the structure. For all of 

the changes considered up to this point we have assumed that the surface area is 

constant and plotted the polarization potentials versus the logarithm of the total 

current rather than the current density as required by the Tafel equation (Equation 

2-12). To continue with our E log I plot analysis, we must consider how to show a 

change in surface area on this plot. Begin by replacing current density, i, with the 

total current, I/A, in Equation 2-12 for a cathodic polarization slope. 
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  Rearranging, we have 
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 Taking the logarithm of the numerator and denominator separately and 

multiplying by β, we have 

 

 ( ) A)(i βlog  Iβlog   η oa +−=  [2-22] 
 

 

Now, since everything in the last term on the right is a constant for a specific  

case, 
 

 ( ) k  I βlog   ηa +−=  [2-23] 

 

  where: ( )Ai logβ     k o=  [2-24] 

 

 

From the above analysis, it is apparent that if the area remains constant, the E log I 

polarization plot will be exactly the same as a plot of Equation 2-12 in terms of 

current density with the curve shifted in the noble direction by the value of the 

constant k. However, if the surface area is increased, the constant k will also 

increase; therefore, the E log I plot must shift upward. Because nothing has 

changed in this analysis except the surface area, the specific polarization slope, β, 

and exchange current density, i0, remain unchanged. However, since the exchange 

current density is constant, but the surface area has increased, the total exchange 

current, Io, must also increase. (Since the plot is in terms of current, not current 

density, we must also plot the total exchange current, I0, not the exchange current 

density, i0.) Therefore, as the surface area changes, the E log I plot must shift 

upward and to the right by a constant amount as seen in Figure 2-16. As seen from 

the figure, an increase in surface area results in a greater current requirement for 

cathodic protection. 

 

 



Cathodic Protection Systems  2:41 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             January 2010 
 

log I

Icorr

E
Es,p

Icorr' Icp'

'Es,p

incr.
area

Es,oc

Es,cp

'Es,cp

'Es,oc

Icp

Potential Criterion

 
 

 

Figure 2-16: Effect of Increasing Surface Area 

 
 

Consider the polarization curve plotted versus current density and the effect of 

increasing the surface area. As seen in Figure 2-17, the effect of increasing the 

surface area is to slide the operating point back up the same polarization curve. 

Whether considering Figure 2-16 or Figure 2-17, the results are the same. 

Increasing the surface area results in decreased overall polarization and a higher 

cathodic protection current requirement. 
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Figure 2-17: Effect of Increasing Surface Area (Current Density) 
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2.3.3.6  Effect of Time 
 
Polarization is an interface phenomenon driven by charge flow (current). Since the 

charge flow occurring within the electrolyte is ion movement and ions are massive 

particles, time is required for the mass movement to occur. Polarization requires 

time. Activation polarization requires time for charge separation at the interface 

(capacitance charging). Concentration polarization requires time for concentrations 

to adjust. In fact, a concentration gradient will establish itself from the reaction 

interface into the bulk solution. Therefore, whenever we switch a current on or 

change the level of current, the polarization level at the interface must change over 

time to a new steady state value. 

 

In addition to the corrosion rate reduction associated with cathodic activation 

polarization of the interface, a number of environmental changes (concentration 

polarization) occur near the reaction surface also reducing the corrosion rate. First, 

the most common cathodic reactions result in a pH increase at the structure surface 

due to hydroxyl ion production. The pH at the metal/electrolyte interface can be 

increased substantially over the pH of the bulk electrolyte because of cathodic 

reactions. With time, the cathodic reactions establish a pH gradient (concentration 

gradient) from the metal surface into the bulk electrolyte. The distance from the 

metal surface into the bulk electrolyte involved in the pH gradient depends on the 

diffusion coefficient, pH, and buffering capacity of the bulk electrolyte and on the 

thickness of the diffusion layer. Kobayashi reported a very steep pH gradient at the 

interface of a steel surface cathodically polarized at 38 µA/cm
2
 (35 mA/ft

2
) in an 

open water (3% NaCl solution) test. Figure 2-18 indicates the pH gradient in his 

test for five different solutions with various levels of bulk pH. It is interesting to 

note the magnitude of pH attained at the interface and the rate of gradient 

dissipation (within 1 mm of the steel surface) in this open container test.
68

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
68

Toyoji Kobayashi, “Effect of Environmental Factors on the Protective Potential of Steel,” Proceedings of 

the 5
th

 International Congress on Metallic Corrosion, (Houston, TX: NACE, 1974), p. 627-630. 
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Figure 2-18: Variation of pH with Distance 
 

Source:  Toyoji Kobayashi, “Effect of Environmental Factors on the Protective Potential of Steel,” Proceedings of the 

5th International Congress on Metallic Corrosion, (Houston, TX: NACE, 1974), p. 627-630. 

 

Investigators have shown that pH values can reach values of 10 and higher even in 

low pH soils.
69

 In fact, some investigators have reported pH values as high as 14.
70

 

An increase in pH at a steel interface increases the tendency for the steel surface to 

form passive films. The high pH values and associated passivation can 

significantly affect the anodic polarization behavior of the steel surface.
71,72

 

 

In addition to the beneficial pH changes that occur at the structure interface, the 

reduction reactions consume oxygen and water. Since oxygen is a primary oxidizer 

                                                 
69

N. G. Thompson and T. J. Barlo, “Fundamental Processes of Cathodically Protecting Steel Pipelines,” 

Gas Research Conference Proceedings, presented 1983 (Rockville, MD: Government Institutes, Inc.). 
70

Komei Kasahara, Taisaku Sato, and Haruhiko Adachi, “Results of Polarization Potential and Current 

Density Surveys on Existing Buried Pipelines,” MP, 19, 9 (1980): p. 49-51. 
71

R. L. Bianchetti, ed., Control of Pipeline Corrosion, Second ed. (Houston, TX: NACE, 2001), p. 90, 166-

173, 308-310, and 315-317. 
72

Neil G. Thompson, Kurt M. Lawson, and John A. Beavers, “Exploring the Complexity of the Mechanism 

of Cathodic Protection,” CORROSION/94, paper no. 580, (Houston, TX: NACE, 1994). 
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and moisture is a necessary component for electrochemical corrosion, the 

environment becomes less corrosive as these components decrease. The reduction 

in moisture content, especially in the case of a nonsaturated soil environment, can 

significantly affect the structure polarization behavior. Also, due to the electric 

field direction, chloride ions and other potentially harmful anions are forced away 

from the structure surface.
72

 

 

All of these changes occur over a significant time period until the environment 

near the structure reaches a new steady state condition. Because, unlike aqueous 

solutions, ionic movements in soils are more restricted soil environments tend to 

be stagnant with reaction products maintained near the structure surface. Due to 

the restricted, stagnant environment, the chemistry near the structure surface can 

be significantly different from the bulk electrolyte. As a result of the restricted 

movement, the final steady state chemical gradient can require weeks or even 

months to stabilize.
72

 

 

Another time-related, environmental change sometimes observed involves the 

deposition of calcareous films on steel surfaces. Although these calcareous 

deposits are commonly found in seawater environments, bicarbonates of calcium 

and magnesium may form deposits on steel surfaces in soil environments when 

cathodic protection increases the pH. Calcareous deposits increase oxygen 

concentration polarization by restricting oxygen access to the steel surface. The 

restriction of oxygen access is primarily due to a decrease in the diffusion 

coefficient, D, (See Equation 2-14) through the calcareous deposits. This reduces 

the limiting current density resulting in a significant reduction in the current 

required to maintain adequate polarization. In fact, designs of cathodic protection 

systems for seawater environments usually rely on the formation of these 

calcareous deposits to reduce the maintenance current requirement significantly. 

The primary constituents of the calcareous deposits found in seawater are calcium 

carbonate and magnesium hydroxide (CaCO3 and Mg(OH)2).
73,74,75,76

 

 

Carbon dioxide dissolves in seawater to produce carbonic acid, which dissociates 

into bicarbonate and carbonate ions in a two-step process. Equations 2-25 through 

2-27 show these equilibrium reactions. 

                                                 
73

John Morgan, Cathodic Protection, 2
nd

 Ed. (Houston, TX: NACE, 1987), p. 37, 152-175, 205, and 254-

258. 
74

R. L. Bianchetti, ed., Control of Pipeline Corrosion, Second ed. (Houston, TX: NACE, 2001), p. 90, 166-

173, 308-310, and 315-317. 
75

Francis L. LaQue, Marine Corrosion: Causes and Prevention, (New York, NY: John Wiley & Sons, 1975), 

p. 104-109. 
76

William H. Hartt, Charles H. Culberson, and Samuel W. Smith, “Calcareous Deposits on Metal Surfaces 

in Seawater – A Critical Review,” Corrosion, 40, 11 (1984): p. 609-618. 
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 CO2 + H2O  ↔  H2CO3  (carbonic acid) [2-25] 

 H2CO3  ↔  H
+
 + HCO3¯   (bicarbonate ion) [2-26] 

 

 HCO3¯   ↔  H
+
 + CO3

-2
  (carbonate ion) [2-27] 

 
 

This carbon dioxide system acts as a natural buffering system against pH changes 

in seawater. As cathodic reactions add hydroxyl ions to the system, equilibrium 

reactions (2-26) and (2-27) are shifted to the right opposing any pH change. The 

addition of hydroxyl ions results in the precipitation of calcium carbonate and 

magnesium hydroxyl according to Equations 2-28 through 2-30. A number of 

factors can influence the precipitation of calcareous deposits including 

temperature. Increased temperature increases the rate of precipitation. Therefore, 

calcareous deposits more readily form in warmer waters.
76 

 

 OH¯  + HCO3¯   →  H2O + CO3
–2

  (carbonate ion) [2-28] 

 

 CO3
–2

 + Ca
+2

 →  CaCO3 ↓ (calcium carbonate) [2-29] 

 

 Mg
+2

 + OH¯  →  Mg(OH)2 ↓  (magnesium hydroxide) [2-30] 

 

 

2.4  Types of Cathodic Protection Systems 
 
We can use either galvanic (sacrificial) anodes or semi-inert anodes plus a power 

supply to provide cathodic protection current to a structure. For galvanic anodes to 

supply current, the electrochemical potential of the galvanic anode must be more 

electronegative than the structure to be protected. In fact, sufficient potential 

difference must exist between the galvanic anode and the structure to overcome the 

circuit resistance and supply adequate current to achieve polarization of the 

structure. Since galvanic anodes provide protective current through the process of 

electrochemical corrosion, practical galvanic anodes must also be low cost and 

have sufficient current capacity to be cost effective. For the protection of steel, the 

three galvanic anodes commonly used are aluminum, magnesium, and zinc. 

 

Impressed current systems use semi-inert (semisoluble) anodes to supply 

protective current. Since these anodes are relatively inert, they exhibit relatively 

noble electrochemical potentials. To produce charge flow in the direction to 

cathodically polarize a steel structure, it is necessary to connect an external power 

supply in series between the semi-inert anode and steel structure. The power 

supply must overcome the galvanic potential difference between the noble anode 
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and steel structure before it can supply the first increments of protective current to 

the structure. The potential the power supply must first overcome is sometimes 

called “backvoltage.”  

 
2.4.1  Galvanic Anodes 
 

2.4.1.1  Aluminum Anodes 
 
Pure aluminum cannot function as a galvanic anode because the formation of 

stable oxide films causes the electrochemical potential to shift to a very noble 

potential (passivation). However, adding activators to the alloy to disrupt the oxide 

film formation can maintain an active electrochemical potential for the aluminum 

alloy. Therefore, by proper alloying we can use aluminum anodes to supply 

cathodic protection current. The aluminum alloy consists of a combination of zinc 

plus cadmium, indium, mercury, or tin to keep the anode active. The zinc initially 

activates the anode with the cadmium, indium, mercury, or tin maintaining long-

term activation. With the addition of these activators, the aluminum alloy 

experiences self-corrosion. Some formulations add manganese, silicon, or titanium 

to the alloy to optimize the balance between activation and self-corrosion. Both 

iron and copper can have detrimental effects on the current capacity and the 

driving potential of the anode. Small additions (up to 0.11%) of silicon can 

overcome some of the detrimental effects of iron. Table 2-9 provides information 

about two common aluminum anode alloys.
77,78,79,80,81
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78

CP 4–Cathodic Protection Specialist Course Manual, (Houston, TX: NACE, 2002), p. 1:25-1:27, 3:4-

3:14, 3:18-3:33, and 8:34-8:35. 
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Dissolution Mechanisms, and Performance,” CORROSION/2001, paper no. 1509, (Houston, TX: NACE, 

2001). 
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R. F. Crundwell, “Sacrificial Anodes – What is in Them and Why,” CORROSION/82, paper no. 166, 

(Houston, TX: NACE, 1982). 
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 DNV RP B401 Appendix A, “Recommended Practice for Accelerated Laboratory Testing of Sacrificial 

Anode Materials with the Objective of Quality Control,” Det Norske Veritas Industri Norge AS (1993), 

p.40-44. 
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Table 2-9:  Aluminum Anode Alloys 

 
Element Alloy I Alloy III 

Zn 0.35 - 0.50% 2.8 - 3.5% 

Si 0.14 - 0.21% max 0.08 - 0.2% max 

Hg 0.035 - 0.048% --- 

In --- 0.01 - 0.02% 

Cu <0.01% <0.01% 

Fe <0.12% <0.12% 

Al remainder remainder 

Use open seawater seawater/mud 

Nominal Potential -1.05 VSSC/sea -1.10 VSSC/sea 

Efficiency 95% 85% 

Capacity - sea 
2830 A-h/kg 
(1280 A-h/lb) 

2530 A-h/kg 
(1150 A-h/lb) 

Consumption – sea rate 
3.10 kg/A-y 
(6.83 lb/A-y) 

3.46 kg/A-y 
(7.63 lb/A-y) 

Capacity - mud --- 
2180 A-h/kg 
(990 A-h/lb) 

Consumption – mud rate --- 
4.02 kg/A-y 
(8.87 lb/A-y) 

 

 

Aluminum anodes generally require chloride ions in the electrolyte to function 

properly. As the quantity of chloride ions decreases below normal seawater 

concentrations (3.5% or 35,000 ppm), the current capacity of the anode decreases, 

and the anode potential becomes more noble. According to Schrieber and Murray, 

the type III aluminum alloy (indium activated) can function with a chloride 

concentration of only 1800-2000 ppm or about 5% of seawater concentration. 

However, the corrosion potential of the anode becomes more noble at chloride 

concentrations below about 33% of seawater, and at 12% seawater concentrations 

the potential reaches the minimally acceptable potential of –1.0 VSSC/sea. The 

capacity of the anode remains relatively constant down to the 12% seawater 

strength but deteriorates significantly below this level. Most investigators agree 

that the current capacity of aluminum anodes decreases with decreased current 

density. Figure 2-19 shows a plot of current capacity versus current density for 

aluminum anodes in seawater and saline mud.
82

 

 

                                                 
82

C. F. Schrieber and Reece W. Murray, “Effect of Hostile Marine Environments on the Al-Zn-In-Si 

Sacrificial Anode,” CORROSION/88, paper no. 32, (Houston, TX: NACE, 1988). 
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Figure 2-19: Current Capacity Versus Current Density for Aluminum 
 

Source:  C. F. Schrieber and Reece W. Murray, “Effect of Hostile Marine Environments on the Al-Zn-In-Si Sacrificial 

Anode,” CORROSION/88, paper no. 32, (Houston, TX: NACE, 1988). 

 

The potentials and current capacities in Table 2-9 are based on ambient 

temperatures of approximately 25ºC. As the temperature increases, the current 

capacity increases up to temperatures of approximately 70ºC. The current capacity 

begins to deteriorate rapidly beyond 70ºC. Meanwhile, the corrosion potential of 

aluminum anodes become less negative as the temperature increases from 25ºC to 

100ºC.
81

 

 

Due to the requirement for chloride ions to prevent passivation, aluminum anodes 

are used primarily in seawater applications. Because of their relatively high current 

capacity and light weight, aluminum anodes have virtually replaced zinc in 

seawater applications. Common applications for aluminum anodes include bracelet 

anodes for offshore pipelines, standoff anodes for platforms, eyebolt and threaded 

stud anodes for pier, piling, and heater-treater applications, and flush-mount 

anodes for hulls and special applications. 

 
2.4.1.2  Magnesium Anodes 
 
Pure magnesium exhibits a very electronegative potential, but the self-corrosion 

rate of unalloyed magnesium is excessive. The addition of about 6% aluminum and 

3% zinc results in a more electropositive corrosion potential but the self-corrosion 

rate is significantly improved. Zinc promotes a more uniform corrosion and 
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reduces the sensitivity of the anode to other impurities. However, small 

concentrations of copper, nickel, silicon, and iron can cause significant reductions 

in both the current capacity and the electronegative potential of magnesium 

anodes. Nickel concentrations must be kept below 0.001% due to the rapid loss in 

capacity above this concentration. Copper concentrations should be held below 

about 0.05% for the same reason. The addition of about 0.3 % manganese can 

reduce the negative effects of iron by sequestering the iron within the alloy. With 

the sequestering benefit of manganese, iron concentrations up to about 0.01% can 

be tolerated.
83,84,85

 

 

The two most common alloys are the high-potential magnesium alloy (M1) and the 

AZ-63 (H1) alloy as seen in Table 2-10. The high-potential alloy takes advantage 

of the very electronegative corrosion potential of pure magnesium by adding only 

a small percentage (about 1%) of manganese to improve the efficiency. The AZ-63 

(H1) alloy employs aluminum and zinc as primary alloying agents to improve the 

efficiency. Even after taking advantage of alloying improvements, the efficiency of 

magnesium is nominally around 50% under the best of environmental conditions. 

However, efficiencies have been reported of about 10 to 60% using standard test 

procedures.
83,84,86,87,88
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Table 2-10:  Magnesium Anode Alloys 

 

Element High-potential 
AZ-63 or H1 Alloy 

Grade A Grade B Grade C 

Al 0.010% max 5.3 - 6.7% 5.3 - 6.7%  5.0 - 7.0% 

Mn 0.50 - 1.30% 0.15% min 0.15% min 0.15% min 

Zn --- 2.5 - 3.5% 2.5 - 3.5% 2.0 - 4.0% 

Si 0.05% max 0.10% max 0.30% max  0.30% max  

Cu 0.02% max 0.02% max 0.05% max 0.10% max 

Ni 0.001% max 0.002% max 0.003% max 0.003% max 

Fe  0.03% max 0.003% max 0.003% max 0.003% max 

Other (total) 0.30% max 0.30% max 0.30% max 0.30% max 

Mg remainder remainder remainder remainder 

Use soil/fresh water 

Nominal potential -1.75 VCSE -1.55 VCSE 

Efficiency 50% 

Capacity 1100 A-h/kg  (500 A-h/lb) 

Consumption Rate 7.97 kg/A-y  (17.5 lb/A-y) 
 

 

Not only does the alloy composition affect the efficiency of magnesium but also 

the composition of the surrounding environment. The efficiency (current capacity) 

rapidly decreases as the pH of the environment decreases to the point that below a 

pH of about 5 using magnesium as an anode is no longer practical. In addition, 

increasing concentrations of chloride ions can have a detrimental affect on 

magnesium anode efficiency. On the other hand, the presence of the sulfate ion can 

increase the efficiency. Finally, as with all galvanic anodes, the efficiency of the 

anode is a function of the current density. Increasing the current density causes an 

increase in efficiency, as seen in Figure 2-20 for the AZ-63 alloy.
89,90,91
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Figure 2-20: Current Capacity of AZ63 Magnesium Alloy vs. Current Density 
 

Source:  R. A. Gummow, “Performance Efficiency of High Potential Magnesium Anodes for Cathodically  

Protection Iron Watermains,” Proceedings of Northern Area Eastern Conference, CD-ROM  

(Houston, TX: NACE, Sept. 15-17, 2003). 

 

Due to the very electronegative corrosion potential of magnesium, it is normally 

the galvanic anode of choice for higher resistivity environments such as soils and 

fresh water. For higher resistivity soil applications, we normally use long, 

cylindrical magnesium anodes because the increased length lowers the resistance-

to-earth of the anode. In fact, using very long extruded magnesium ribbons or rods 

we can obtain minimum resistance. However, magnesium anodes are available in 

spheres or blocks for use in vessels. Magnesium anodes are also available in flush-

mount designs. 

 

2.4.1.3  Zinc Anodes 
 
Zinc is one of the oldest galvanic anode materials, first used around 1824 by Sir 

Humphrey Davy. Early failures of zinc anodes were due to passivation of the zinc 

because of trace iron impurity. Researchers discovered that to prevent passivation 

in high-purity zinc anodes, they had to hold the iron content below 0.0014%. 

Alloys were subsequently developed containing about 0.5% aluminum  

and up to 0.15% cadmium. This addition allowed zinc anodes to tolerate iron 

impurities up to 0.005%. The most common formulations of the two primary zinc 
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alloys (high-purity and Al/Cd alloy) are listed in Table 2-11. Recent revisions to 

ASTM B-418 lowered the allowable cadmium content and raised the allowable 

lead content.
92,93,94,95,96,97 

 

 

Table 2-11:  Zinc Anode Alloys 

 

Element 
High 

Current 

Mil Spec ASTM B-418-01 
High-Purity 

A-18001K Type I Type II 

Al 0.1 - 0.4% 0.10 - 0.50% 0.10 - 0.50% 0.005% max --- 

Cd 0.025 - 0.06% 0.025 - 0.07% 0.025 -0.07% 0.003% max 0.003% max 

Fe 0.005% max 0.005% max 0.005% max 0.0014%max 0.0014% max 

Pb 0.006% max 0.006% max 0.006% max 0.003% max 0.003% max 

Cu --- 0.005% max 0.005% max 0.002% max --- 

Si --- 0.125% max --- --- --- 

Zn remainder remainder remainder remainder remainder 

Use seawater & brackish water (T<50ºC) [120°F] soil & fresh water 

Nominal potential -1.10 VCSE 

Efficiency 90% 

Capacity 738 A-h/kg  (335 A-h/lb) 

Consumption Rate 11.9 kg/A-y  (26.2 lb/A-y) 

 

 

The addition of aluminum and cadmium to zinc resulted in an alloy with a smaller 

grain structure improving the uniformity of the corrosion pattern on the zinc anode. 

However, with the addition of the aluminum the zinc alloy was susceptible to 

intergranular corrosion with increasing temperature. The addition of cadmium 

further aggravated the susceptibility to intergranular corrosion and resulted in a 
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3:18-3:33, and 8:34-8:35. 
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significantly decreased the anode efficiency. Use of the Al/Cd alloy is generally 

restricted to environmental temperatures below about 50ºC (120ºF).
98,99,100,101

 

 

Although zinc has a low current capacity compared with the other galvanic anodes, 

the capacity is relatively independent of current density. Even at a current density 

as low as 50 mA/m
2
 (5 mA/ft

2
) an efficiency of 90% or greater is anticipated. 

There is a slight decrease in current capacity at higher temperatures.
98,102,103 

 

The environment can adversely affect the corrosion potential of zinc. A noble shift 

in the corrosion potential of zinc occurs with increasing temperature. Also, in 

environments where carbonates, bicarbonates, or nitrates dominate, the potential of 

zinc can become very noble due to the presence of passivating surface films. 

Although passivation and the accompanying noble shift in potential can occur at 

room temperature in these environments, higher temperatures accelerate the 

passivation. Passivation of zinc does not occur when sulfates or chlorides 

predominate in the environment regardless of the temperature. In fact, it has been 

shown that zinc with passive potentials as noble as –0.50 VCSE established at room 

temperature in a bicarbonate-rich environment can be rapidly restored to the 

nominal corrosion potential (–1.1 VCSE) by adding sulfates in the form of 

gypsum.
98,100

 

 

We use high-purity zinc anodes in soil and fresh water environments in the form of 

ribbons and rods primarily. Grounding cells or structure grounding applications 

also commonly use high-purity zinc anodes. Applications requiring AC mitigation 

or safety grounding mats at test stations may use zinc ribbons. Zinc grounding 

cells employ two or four zinc rods spaced very close together, but insulated from 

physical contact, and placed in a special chemical backfill. The Al/Cd zinc alloy is 

used in seawater or chloride environments normally in the form of bracelets or 

flush-mounted shapes. 
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2.4.1.4  Polarization Diagram 
 
When discussing polarization diagram for a cathodic protection system, we must 

take care not to confuse the anodes and cathodes of the corrosion cells on the 

structure and the cathodic protection anode with the macroscopic anodes and 

cathodes of the cathodic protection system. Therefore, there are three sets of 

corrosion cells each with their respective anodes and cathodes to be considered. 

The polarization diagram for a galvanic cathodic protection system in Figure 2-21 

illustrates this point. 
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Figure 2-21: Polarization Diagram for Galvanic Anode System 

 

 

In Figure 2-21, each of the three separate corrosion cells has an associated 

operating point described by a corrosion current and a corrosion potential. Often 

when our primary concern is the cathodic protection cell, we ignore the corrosion 

cells existing on the structure and the cathodic protection anode and show only the 

corrosion cell representing the cathodic protection system. Figure 2-22 illustrates 

the cathodic protection system. 
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Figure 2-22:  Polarization of Structure and CP Anode 

 

 

From Figure 2-22, we see that the difference between the corrosion potential for 

the structure, Es,corr, and the polarized potential, Es,p, for the structure is equal to the 

polarization of the structure, ηS. The difference between the corrosion potential for 

the cathodic protection anode, Ea,corr, and the polarized potential of the cathodic 

protection anode, Ea,p, is equal to the polarization of the cathodic protection anode, 

ηA. The difference between the polarized potential of the structure, Es,p, and the 

polarized potential of the cathodic protection anode, Ea,p, is the driving potential 

for cathodic protection current, ECP. Since the IR drop within the cathodic 

protection circuit exactly balances the driving potential for cathodic protection 

current, the difference between the polarized potential of the structure and the 

polarized potential of the cathodic protection anode is also equal to the total IR 

drop in the cathodic protection circuit. 

 

2.4.1.5  Backfill 
 
A special chemical backfill is often used to surround galvanic anodes placed in a 

soil environment. To take advantage of the chemical energy stored in a galvanic 

anode, the electrochemical reaction producing cathodic protection current must 

occur on the surface of the galvanic anode. This reaction, oxidation, results in the 

conversion of the galvanic metal to metallic ions according to the generalized 

corrosion reaction shown in Equation 2-6. Therefore, one chemical backfill 

characteristic required for galvanic anodes is that it must be ionically, not 
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electronically, conductive. The primary purposes of the chemical backfill are to 

provide 1) a homogeneous, favorable environment to minimize self-corrosion of 

the anode, 2) a low resistivity fill to minimize earth contact resistance for the 

anode, 3) a chemical environment that will minimize anode polarization, and 4) a 

backfill that will absorb and retain the moisture necessary for ionic conduction. 

Table 2-12 provides the most common chemical backfills for magnesium and zinc. 

  
 

Table 2-12: Galvanic Anode Backfills 
 

MAGNESIUM ANODE BACKFILL 

75% Ground hydrated gypsum CaSO4 

20% Powdered bentonite clay 

5% Anhydrous sodium sulfate Na2SO4 

ZINC ANODE BACKFILL 

50% Ground hydrated gypsum CaSO4 

50% Powdered bentonite clay 

 

 

The primary purpose of the gypsum (calcium sulfate) is to supply an abundance of 

sulfate ions. When the galvanic anode corrodes to produce cathodic protection 

current, the metal ions (cations) release into the electrolyte adjacent to the anode 

surface. However, these cations will further react with anions available in the 

electrolyte to form stable compounds. If the primary anions available are 

carbonates, bicarbonates, or phosphates, relatively insoluble compounds form, 

which deposit on the anode surface causing polarization of the anode. However, if 

sulfate ions are available in abundance, relatively soluble magnesium sulfate and 

zinc sulfate compounds form. Because these compounds are relatively soluble, 

they can harmlessly migrate away from the anode surface in the electrolyte. 

 

The bentonite is present in the backfill to retain moisture at the anode surface and 

to provide a source of conductive ions. Bentonite, sodium montmorillonite, is a 

form of clay, which readily absorbs and retains moisture. Sodium and other cations 

adsorb and loosely bind to the surface of the clay particles; therefore, when 

moisture is present, the cations can readily move providing the means for ionic 

conduction. 

 

Finally, the sodium sulfate will readily ionize providing a source of conductive 

ions. Sodium sulfate lowers the resistivity of the backfill and, therefore, lowers the 

earth contact resistance of the anode. Sodium sulfate is not generally added to the 

zinc anode backfill because zinc anodes are primarily used in soils with low 

resistivity. 
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2.4.1.6  Typical Uses 
 
Since galvanic anodes have relatively small, fixed driving potentials and metal 

consumption is a necessary result of CP current discharge, a designer typically 

considers galvanic anodes as the first choice in designs where the environment 

resistivity is low and/or the current output is small. The higher the environment 

resistivity for a particular situation, the larger (longer) the galvanic anode must be 

to obtain useable current outputs. Also, the larger the current requirement for a 

specific structure, the greater the galvanic anode weight must be. 

 

Typical situations where galvanic anodes may be the best choice include: 

 

• Small isolated, coated structures 

• Small, isolated fittings such as valves, risers, or couplings 

• Structures where electrical continuity presents a problem 

• Internal surfaces of small vessels 

• Structures in seawater environments 

• Structures where geometry presents a current distribution problem 

• Environments where explosion hazards limit the use of power sources 

• Mitigation of AC and DC interference 

 
2.4.2  Impressed Current Anodes 
 
Since impressed current anodes are relatively inert, the anode material itself 

corrodes but at a very low rate. The metallic oxidation reaction shown in Equation 

2-6 represents corrosion of the anode. If we surround the impressed current anode 

with electronically conductive carbon backfill, the outer surface of the carbon 

backfill serves as the primary reaction surface. In this case, the anode functions 

simply as an electrical contact to the carbon backfill. The primary reactions 

occurring at the periphery of the carbon backfill are oxidation of the carbon or 

oxidation of species within the electrolyte. Other than metallic oxidation, 

Equations 2-31 to 2-34 are the most common oxidation reactions. 

 

 Electrolysis of water: 2H2O   →   4H
+
 + O2 ↑ + 4e

−
  [2-31] 

 

Oxidation of chloride ion: 2Cl
−
   →   Cl2 ↑ + 2e

−
 [2-32] 

 

  Oxidation of carbon: C + 2H2O   →   4H
+
 + CO2 ↑ + 4e

−
  [2-33] 

 or 

 C +  H2O   →   2H
+
 + CO ↑ + 2e

−
  [2-34] 
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Notice from the above common impressed current oxidation reactions that in all 

cases gases are produced at the reaction surface. The only exception where gases 

are not produced involves the metallic consumption reaction. Also, the pH at the 

reaction surface decreases as hydrogen ions are produced. This is obvious from all 

of the anodic reactions except the reactions involving metallic consumption of the 

anode and oxidation of chloride ions. However, the pH also decreases in these two 

cases due to secondary reactions. In the case of metallic consumption of the anode, 

the metal cation reacts with water to produce a metallic hydroxide and hydrogen 

ions as seen in reaction Equation 2-35. In the case of the chloride ion oxidation, the 

chlorine gas reacts with water to produce hydrochloric and hypochlorous acids as 

seen in reaction Equation 2-36. 

 

 M
+n

 + nH2O  → M(OH)n + nH
+
 [2-35] 

 

 Cl2 ↑ + H2O →  HCl + HOCl [2-36] 

 

Therefore, impressed current anode components and associated wiring must be 

resistant to oxidizing gases and acids for successful long-term operation. 

 

Impressed current anodes can be classified in two major groups based on corrosion 

behavior: massive anodes and dimensionally stable anodes (DSA). Massive anodes 

are large anodes such as graphite and high-silicon iron anodes that become shorter 

and smaller in diameter as they corrode. Dimensionally stable anodes such as 

mixed metal oxide, platinum, and polymer anodes do not change physical 

dimensions as they deteriorate. In fact, loss of the anode material is usually not 

obvious by visual inspection of DSAs. 

 
2.4.2.1  Massive (Large) Anodes 
 
The two primary types of massive (large) anodes are soluble and semisoluble. One 

of the first materials used as an impressed current anode, iron, is a soluble anode. 

This material consumes at a rate of approximately 9.1 kg/A-y (20 lb/A-y). 

Therefore, a relatively large quantity of material is necessary for a reasonable 

output capacity. Aluminum is another soluble anode material sometimes used as an 

impressed current anode in potable water tanks.  

 

Although soluble type anodes are not as commonly used today as in the past due to 

the need for large masses of material, one significant advantage to this type of 

anode can make it useful. Soluble anodes produce current through metal 

consumption reactions, not gas evolution reactions as with semisoluble anodes. 

This major difference can be useful in applications involving confined or restricted 

spacing. If the anode is very near the cathode, products of the anodic reaction, 
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oxygen and hydrogen ions, can interfere with the polarization of the cathode 

(cathodic depolarizers). Using a soluble anode would minimize the production of 

these depolarizers. 

 

Although several other massive type impressed current anodes are used, by far the 

two most common semi-soluble anodes in this classification are graphite and high-

silicon cast iron (HISI). Both anodes have a long history of use in the cathodic 

protection industry with graphite anodes first used in the 1940s and HISI anodes 

first introduced in 1954. Both anodes are generally available in long cylindrical 

shapes; HISI anodes are also commonly available in hollow, tubular forms. 

Diameters from 5 - 10 cm (2 - 4 in.) and lengths from 152 – 213 cm (60 - 84 in.) 

are the most common sizes for soil applications. Other sizes are available for 

special applications.
104,105

 

 

Graphite anodes perform well in environments where either oxygen or chlorine 

evolution occurs. However, the graphite consumption rate is higher when oxygen 

is evolved (fresh water and soil) due to the chemical reaction with oxygen 

producing carbon dioxide. In the case of chlorine evolution (sea or brackish water), 

hypochlorous acid is produced, which chemically reacts with graphite to produce 

carbon dioxide and hydrochloric acid. However, in this case the quantity of 

hypochlorous acid is generally small and easily moved away from the graphite 

surface without reacting.
106,107

 

 

When high-silicon iron anodes are alloyed with a minimum of 14.5% silicon, the 

anode forms a protective oxide film on its surface when anodically polarized. This 

oxide film lowers the consumption rate of the anode. The protective film consists 

of hydrated, silicon dioxide. Although silicon dioxide is normally very high in 

resistivity, when anodically formed under wet conditions the film becomes 

conductive. However, if the film is formed with insufficient moisture present, the 

film becomes high in resistivity and contact resistance of the anode-to-earth is 

high.
108,109,110 
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In 1959, chromium was added to the high-silicon iron alloy. The addition of 3 to 

5% chromium reduced pitting attack of high-silicon iron anodes in chloride 

environments, thus reducing the overall corrosion rate.
106

 

  

Table 2-13 provides a summary of helpful application information for massive 

type impressed current anodes. Current density and consumption rate information 

for these anodes varies considerably from source to source, due in part to lack of 

consideration of variations in different environments. In the case of HISI anodes, 

some of the variation is due to differences in alloy composition. The information 

provided in Table 2-13 represents an integration of the recommendations from a 

number of sources with extreme values eliminated. The current densities provided 

represent nominal recommended values, not maximum values.
105,106,107,111,112,113 
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Table 2-13:  Massive Type Impressed Current Anodes 
 

  Graphite HISI 

Nominal Current Density:   

 Soil/fresh water, A/m
2
 2 – 10 2 – 5 

  (A/ft
2
)  (0.2 – 1)  (0.2 – 0.5) 

 Carbon backfill, A/m
2
 5 – 10 5 – 10  

 (A/ft
2
) (0.5 – 1) (0.5 – 1) 

 Seawater A/m
2
 5 – 10  10 – 50 

  (A/ft
2
)  (0.5 – 1)  (1 – 5) 

Consumption Rate:   

 Soil/fresh water, kg/A-y 0.5 – 0.9 0.1 – 0.5 
 (lb/A-y) (1 – 2) (0.2 – 1.2) 
 Carbon backfill, kg/A-y 0.1 – 0.2 0.05 – 0.3 
  (lb/A-y)  (0.2 – 0.5) (0.1 – 0.7) 
 Seawater, kg/A-y 0.1 – 0.3 0.3 – 0.5 
 (lb/A-y) (0.2 – 0.7) (0.7 – 1) 

Comments / Limitations: Avoid: 
Low pH 

High sulfate 
Temp. > 50° C 

Consider: 
End effect 
Treatment 

Brittle 

Avoid: 
Dry soils 
High pH 

High sulfate 

Consider: 
End effect 

Brittle 
Chrome alloy - halides 

 

One major consideration in the application of impressed current anodes, especially 

massive type anodes, is end effect. End effect manifests itself as accelerated 

corrosion at the ends of long, cylindrical anodes often described as “penciling” of 

the anode. This accelerated corrosion is due to the increased current density 

discharged from the ends of long, cylindrically shaped anodes. The most 

significant result of end effect is the premature loss of electrical connection to the 

anode since the electrical connection is most often within about 15 cm (6 in.) of 

the end of the anode. One cost-effective solution is to place the electrical 

connection at the center of the anode. This step is recommended to increase the 

operational life of deep and horizontally buried anodes. Center connection is 

unnecessary if the top of the anode is located near the surface of the earth since the 

current density from the top of the anode is reduced due to the nonconducting 

plane (air) near the anode end.
114,115,116
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2.4.2.2  Dimensionally Stable Anodes 
 
Platinum, mixed metal oxide, and polymer anodes represent some common DSA 

options. Platinum-coated anodes were first introduced to the cathodic protection 

field in the early 1960s for offshore applications. Mixed metal oxide anodes, on the 

other hand, arrived on the cathodic protection scene in Europe in the early 1980s. 

Both of these have active anode surfaces covering an inactive substrate metal such 

as titanium or niobium. These substrate metals, known as “valve metals,” form thin, 

adherent, protective, self-healing, high-resistance oxide films when anodically 

polarized. These high-resistance surface films will not permit the passage of anodic 

current until a voltage sufficiently high to destroy the film is applied directly across 

the oxide interface. The magnitude of the breakdown voltage depends on the 

environment. In fresh waters, where chloride concentrations are low, the breakdown 

voltage of titanium is greater than 60 volts. However, in high-chloride environments 

the breakdown voltage is in the range of 8 to 10 volts. It is reduced even further in 

the presence of bromides or iodides, at higher temperatures, and with impurities 

present in the titanium, especially iron. The breakdown voltage for niobium, 

however, exceeds 100 volts even in the presence of high chloride concentrations. 

When the protective film is destroyed, the substrate metal corrodes and the anode 

surface is undercut.
117,118,119

 

 
2.4.2.2(a)  Platinum Anodes 
 

Platinum anodes are available with a very thin layer of platinum electroplated or 

clad onto the substrate metal. Common platinum thicknesses range from about 1.2 

to 7.5 microns (50 to 300 micro-inches). Platinum anodes are available in many 

different sizes and shapes, but wires, rods, and strips are the most common. The 

consumption rate for platinum in seawater, which is relatively constant at current 

densities from 540 to 5400 A/m
2 

(50 to 500 A/ft
2
), is in the range of 2.4 to 12 

mg/A-y with 8 mg/A-y most often quoted. In fresh water, the consumption rate is 

approximately two to five times higher, and in brackish water is even higher. At 

chloride concentrations of approximately 25% of seawater, the consumption rate 
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increases dramatically reaching values of ten times or more the consumption rate 

in undiluted seawater.
114,115,120,121,122

 

 

Some considerations and concerns when using platinum anodes are silting and 

deposits, abrasion damage, and attenuation problems. Platinum anodes do not 

perform well in environments where silting or deposits can cover the anode 

surface. Under these conditions, the anode life can be shortened to only 10% of the 

anticipated life in open seawater. The significantly increased platinum 

consumption rate and corrosion of the substrate occur because of the low pH 

environment created by the restricted mass flow. Abrasion can damage the active 

platinum surface; therefore, the installer must exercise care during installation and 

operation of these anodes. Attenuation of current along the length of the long, 

small diameter platinum wire anodes can prevent effective use of the entire anode 

surface. In these cases, copper-cored platinum anodes are often used to reduce 

attenuation effects.
123,124,125

 

 

Use of platinum anodes in soil environments has had mixed results. Even at 

relatively low current densities, platinum anodes have failed prematurely in both 

shallow and deep groundbed applications. The failures have primarily manifested 

as loss of the electrical connection due to corrosion of the titanium substrate, 

perhaps due to low pH. However, there are examples of good long-term 

performance of platinum when installed in a clean, conductive carbon backfill 

within a uniform, homogeneous soil stratum and operated at low current densities 

of  55 to 75 A/m
2
 (5 to 7 A/ft

2
).

120,122,126
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2.4.2.2(b)  Mixed Metal Oxide Anodes 
 

The active surface of mixed metal oxide anodes consists of a solid state solution of 

rare metal oxides (Group IV and Group VIII metals in the periodic table) with 

other nonprecious metal oxides. Some of the oxides often found in this application 

include iridium, ruthenium, tantalum, and titanium oxides. Since the active surface 

is preoxidized, the consumption rate of the surface coating is very low. In fact, 

anode failure is not attributed to consumption of the mixed metal oxide, but rather 

to the formation of a high-resistance, passive oxide film between the active surface 

coating and the titanium substrate blocking current between them. Formation of 

this nonconductive oxide film and, therefore, anode life are a function of the anode 

current density.
123,127

 

 

Because major characteristics of the oxide film, such as specific oxide formulation, 

application technique, and film thickness, may vary for a specific anode or 

manufacturer, it is important to use design information (recommended 

environment, current density, and anticipated life) supplied for a specific anode by 

the manufacturer. However, Table 2-14 provides general guidelines for current 

density ratings in various environments along with the specific design life based on 

information from several manufacturers. Mixed metal oxide anodes designed 

specifically for installation in carbon backfill generally have reduced film 

thickness to make the anode more economical. Consequently, the recommended 

current density for a specific design life is also reduced for this particular 

anode.
128,129,130

 
Table 2-14: Mixed Metal Oxide Anodes 

 

 Carbon Backfill 
Fresh 
Water 

Brackish 
Water 

Seawater 
Mud 

Saline 
High 

Current 
 

Special 

Current 
Density, A/m

2
 

 (A/ft
2
) 

 
83-140 
(7.7-13) 

 
35-40 

(3.3-3.8) 

 
83-170 
(7.7-16) 

 
83-260 
(7.7-24) 

 
480-610 
(45-57) 

 
83-240 
(7.7-22) 

Life, yrs 20 20 20 15 15 15 

Comments: Above ratings do not apply to expanded mesh anodes. 
Current densities must be dearated at temperatures below 5-10° C. 
Electrolyte impurities can affect ratings. 
Mixed metal oxide surface is susceptible to abrasion damage. 
Attenuation should be considered in long, thin wires & rods. 

                                                 
127
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130

Eltech Systems Corporation, Lida Products Catalogue, 

http.//www.lidaproducts.com/catalogue/catframe.htm (November 10, 2003). 
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Mixed metal oxide anodes are available in a number of different sizes and shapes 

including tubes, wires, rods, meshes, and strips. Wires and rods may also include 

copper cores to improve conductivity, thus reducing attenuation. However, as for 

any long, small diameter anode, the designer should evaluate attenuation for each 

specific case and carefully evaluate the effects of differing soil resistivities in soil 

applications. Significant variation in environmental resistivities can cause 

excessive discharge within the low resistivity areas resulting in premature anode 

failure.
125

 

 
2.4.2.2(c)  Polymer Anodes 
 

Polymer anodes, introduced in the early 1980s, are manufactured by extruding a 

semiconductive polymer coating over a copper wire. The active anode material 

consists of a polymer matrix loaded with conductive carbon. This anode is 

designed for use in carbon backfill where the backfill surface provides the primary 

oxidation reaction site. The polymer anode primarily serves as an electrical contact 

to the carbon backfill.
131

 

 

Currently only one size polymer anode is commercially available. This anode has 

an outside diameter of 13 mm (0.5 in.) and contains a #6 AWG stranded, copper 

conductor. When used with a high quality carbon backfill, the anode is rated for a 

20-year life at a current output of 52 mA/m (16 mA/ft) of length.
128,132 

 

The primary design concerns with long, polymer anodes are attenuation and 

variations in current discharge along the anode due to soil resistivity variations. In 

addition, abrasion or penetration by sharp surfaces can damage the anode. Polymer 

anodes are available either bare or prepackaged with carbon backfill.
128

 When 

packaged in carbon backfill, the anode must be centered in the backfill to prevent 

premature failure. 

 
2.4.3 Polarization Diagram 
 
In constructing a polarization curve for an impressed current system, note that the 

corrosion potential (open CP circuit) of the anode is more noble than the corrosion 

potential for the cathode (structure). Of course, the anode potential must become 

even more electropositive as the anode polarizes (positive polarization slope); 

therefore, the entire polarization curve for the anode must be more electropositive 

                                                 
131

NACE Publication 10A196, “Impressed Current Anodes for Underground Cathodic Protection Systems,” 

(Houston, TX: NACE International, May 1996). 
132

Tyco Adhesives, Reychem AnodeFlex 500, http://tycoadhesives.com/site/pdf/DCANODEFLEX_500.pdf 

(November 10, 2003). 
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than the cathode curve. Ignoring the corrosion cells on the cathodic protection 

anode and structure, Figure 2-23 is the polarization graph for an impressed current 

system. 

 

It is apparent from the polarization plot that the rectifier output voltage must be 

equal to the sum of the galvanic potential difference between the CP anode and the 

structure (Egal), the polarization of the anode (ηcpa), the IR drop at the anode 

(IRcpa), the polarization of the structure (ηs), and the IR drop at the structure (IRs) 

as indicated in Equation 2-37. The polarization curves for both the anode and 

cathode are straight lines on the E log I plot due the logarithmic relationship 

between the current and polarization potential (Tafel equation). Since the IR drop 

associated with each electrode has a linear relationship with the current, this plot 

must be curvilinear on a logarithmic scale as seen in Figure 2-23. 
 

log I

E
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Erect
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Figure 2-23:  Polarization Diagram for Impressed Current CP System 

  

 ERECT   =    Egal  +  ηS   +  IRS  +  ηcpa  +  IRcpa [2-37] 

 

 

2.4.4  Carbon Backfill 
 
The previous section on impressed current anodes indicated that the oxidation 

reactions would occur on the periphery of the carbon backfill rather than at the 

anode surface. Further exploring the contact interface between the primary 

cathodic protection anode and the carbon backfill, we realize that this view is too 

simplistic since there are two possible conduction paths present at the anode 

interface. First, there is the electronic path from the anode surface through the 

particles of carbon backfill; however, there is also an ionic conduction path from 
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the anode surface into the pore water between the carbon particles, as indicated in 

Figure 2-24. 

 

 

   

Anode
Surface

carbon
particle

Electrolyte

Ionic Current

Electronic Current

 
 

Figure 2-24:  Current Discharge Paths from Anode Surface 

 

If current transfers from the anode surface through the carbon particles, no 

electrochemical reaction will occur at the anode surface. However, if current 

leaves the anode surface through the pore water, an electrochemical reaction must 

occur to allow the charge transportation to change from electronic to ionic. In the 

case of electronic transfer of current through the carbon, the periphery of the 

carbon backfill becomes the reaction surface . In the case of ionic transfer into the 

pore water, the reaction surface is the anode surface itself. Since the carbon 

backfill surface is much larger than the anode surface, the current density at this 

surface must necessarily be much smaller than at the anode surface. Therefore, the 

opportunity for polarization is reduced significantly. 

 

Since the two paths for current discharge from the anode surface are in parallel, 

some charge must flow through each path. If the ionic discharge is minimized, the 

anode life is increased, and the electrochemical reactions occur primarily at the 

periphery of the backfill reducing the possibility of anode operational problems. 

Therefore, the ratio of the resistances of each path, one through the pore water and 

one through the carbon backfill, is the determining factor in improving anode life 

and long-term system operation. The resistivities of the water and the carbon 

backfill control the resistance through each path. Since the water resistivity is 

generally outside of our control, minimizing the carbon backfill resistivity 

becomes the critical control factor. The in-situ bulk resistivity of the carbon is the 

important factor. 
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The resistivity of the carbon backfill is a function of the specific resistivity of the 

carbon particles, particle size, and the contact resistances between individual 

particles. Contaminants within the unprocessed carbon (green coke) and the carbon 

heat treatment determine the specific resistivity of the carbon. Selection of a very 

pure carbon (coke) and optimal calcination (heat treatment) of the carbon with 

electrical conduction as the desired characteristic minimize the specific resistivity 

of the final product. 

 

Carbon backfill for impressed current anodes begins as a form of hydrocarbon. The 

two primary raw hydrocarbons used to produce carbon backfill are coal, used to 

produce metallurgical coke, and petroleum (oil), used to produce petroleum coke. 

Metallurgical coke is produced by heating coal in the absence of oxygen in large 

coking ovens. This process drives gases and liquids out of the coal leaving a 

porous, solid carbon residue (coke). Due to the variability of the naturally 

produced coal and the lack of temperature controls with the coking ovens, the final 

product varies considerably. Petroleum cokes produced for their electrical 

characteristics begin with the selection of heavy crude oils carefully chosen for 

specific properties and heat-treated to exacting standards.  

 

Since coke has many different end uses, it is important to select cokes produced 

specifically for electrical conduction properties. The single largest use for coke is 

as a boiler fuel where BTU content is the important characteristic. Another major 

application of coke is chemical carbon raising for steel production. Unlike 

impressed current carbons, the electrical properties of the coke are not important in 

either of these major applications. 

 

The output of the coker for petroleum coke production is called “green” or “raw 

coke” and is not electrically conductive. The raw coke must be calcined to become 

conductive. As the raw petroleum coke is heated, the remaining hydrocarbon 

chains are broken burning off the gaseous hydrogen, increasing the density of the 

particles, reducing the resistivity of the particles, and beginning the carbon 

crystallization process (graphitization). At the optimal point of calcination, the 

carbon particles have minimal specific resistivity while maintaining a high density. 

At this stage, the carbon is a semi-graphitized, surface-activated coke. 

 

Since the bulk, in-situ resistivity is the major concern, the particle-to-particle 

contact resistance must also be minimized. This contact resistance is a function of 

applied pressure and the carbon surface properties. The pressure pushing the 

carbon particles together is due to the weight of the particles within the carbon 

column after settling underwater. Therefore, to maximize this pressure we must 

enhance the weight of the particles underwater. By maximizing the specific gravity 

(weight of carbon particle relative to water) and releasing tiny air pockets trapped 
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on the particle surface by treating with surface tension reducers (surfactants), the 

pressure forcing the particles together increases. The final reduction in in-situ 

resistivity is achieved through surface treatment of the carbon particles.
133

 

 

Sizing of the carbon particles is also important. The average size of the carbon 

particles must be small when compared to the diameter of the anode to ensure 

maximum contact points per unit surface area of the anode. This will maximize the 

contact surface area to the anode and promote electronic current transfer from the 

anode surface. However, there is a limit to how small the carbon particles should 

be since particles less than about 75 microns become high in ash content, higher in 

resistivity, and dusty. 

 

Finally, in the application of carbon backfills it is important to ensure that the 

carbon surrounding the anode surface is as clean as possible. Any soil or mud 

contaminating the anode surface or carbon particles will hinder electronic current 

transfer. In addition, the installer should completely surround the anode with 

carbon on all sides to minimize the possibility of ionic current transfer from the 

anode surface. This is especially true for polymer-type anodes. If current transfers 

directly into the soil waters from a polymer anode, the polymer will become brittle 

and crack. This will result in attack of the internal copper conductor resulting in 

loss of anode continuity. 

 
2.4.5  Typical Uses 
 
Since the output current and voltage available from an impressed current system 

are limited only by the power supply and groundbed design ratings, designers 

typically select impressed current systems for high current requirements and/or 

high resistivity environments. Because of the requirement for an external power 

supply, impressed current systems lend themselves to electronic monitoring and 

control. Within the limits of the specific design, output current and voltage can be 

adjusted as necessary to accommodate changes in the protection requirements of 

the structure. 

 

Impressed current systems have the disadvantage of increased maintenance and 

power costs due to the required external power supply. Designers must carefully 

evaluate safety matters related to electrochemical oxidation products at the anode 

and any step and/or touch potentials associated with the groundbed or power 

supply. Also, because higher currents are normally associated with impressed 
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current systems, electrical interference with other metallic structures becomes 

more important. 

 
2.4.6  Impressed Current Power Supplies 
 
2.4.6.1(a)   Standard Transformer/Rectifiers 
 
The most common type of power supply used for impressed current cathodic 

protection is a transformer/rectifier, commonly referred to simply as a rectifier. 

The rectifier input is an AC voltage from the commercial electrical power grid. A 

transformer with tap adjustments in the secondary side provides a method to 

reduce and adjust the output voltage level and to isolate the DC circuit from the 

input power system. A rectifying circuit next converts the adjusted AC voltage to 

produce a DC voltage output.  

 

Rectifiers are available for either single-phase or three-phase input power. Although 

single-phase rectifiers are available in half-wave (1 diode), center-tapped (2 diodes), 

and full-wave (4 diodes) bridges, the full-wave bridge is the standard most often 

used, as shown in Figure 2-25. Three-phase rectifiers are available in wye (3 diodes) 

or full-wave (6 diodes) bridges with full-wave bridges (shown in Figure 2-26) most 

commonly used. Three-phase units are more efficient than single-phase units, but 

the initial investment costs are higher. The theoretical maximum efficiency for a 

three-phase, full-wave bridge rectifier is 96.5% compared to 81% for a single-phase, 

full-wave bridge rectifier. The actual operating efficiency depends on the specific 

output of the unit. The type of power available and the economic comparison of 

overall costs are the primary considerations in selecting a single-phase or three-

phase rectifier.
134 
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Figure 2-25: Single-Phase Bridge Rectifier Circuit 

Source:  CP 2–Cathodic Protection Technician Course Manual,, (Houston, TX:  NACE, 2002), pp. 2:18 and 2:20. 
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Figure 2-26: Three-Phase Bridge Rectifier Circuit 

Source:  CP 2–Cathodic Protection Technician Course Manual,  

    (Houston, TX:  NACE, 2002), p. 2:18 and 2:20. 
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Modern rectifiers employ either selenium or silicon diodes to provide the 

rectifying action. Diodes are electrical devices that allow current to pass in one 

direction but block current in the opposite direction. A PN junction accomplishes 

this with a semiconductor boundary with one side of the junction doped with 

positive charge carriers and the other side doped with negative charge carriers. If 

we apply a positive potential to the P or positive-doped semiconductor, the diode is 

forward biased and conduction can occur. However, if we apply a positive 

potential to the N junction or negative-doped semiconductor, the diode is reverse 

biased and current is blocked. In this manner, an AC voltage applied across a diode 

results in the diode alternating between being forward biased and conducting for 

one-half cycle and being reverse biased and blocking for the other half cycle. By 

proper interconnection of four diodes in the case of a single-phase rectifier, a 

complete AC current cycle can pass through the bridge, but with the positive 

portion of the cycle directed to the positive DC output terminal and the negative 

portion of the cycle directed to the negative DC output terminal. The result is full 

rectification of the complete AC cycle. However, this is not true DC in the sense 

that the signal output is completely constant, but rather a varying, single-

directional output is produced.
135

 

 

We can illustrate the rectification process by considering the bridge circuit shown 

in Figure 2-27. The two AC input terminals to the rectifying bridge are I1 and I2. 

The two DC output terminals are O1 and O2. During the portion of the AC cycle 

when I1 becomes positive relative to I2, diodes 1 and 4 are forward biased 

(conducting). During this interval, the positive potential at I1 passes to output 

terminal O1, and the negative potential at I2 passes to output terminal O2. During 

the portion of the AC cycle when I1 becomes negative relative to I2, diodes 2 and 

3 are forward biased (conducting). During this interval, the negative potential at I1 

passes to output terminal O2, and the positive potential at I2 passes to output 

terminal O1. As indicated, the positive potentials always transfer to output terminal 

O1, and the negative potentials transfer to output terminal O2. Therefore, output 

terminal O1 is always positive relative to terminal O2. The top portion of Figure 2-

28 shows the input signal between terminals I1 and I2, and the bottom portion of 

Figure 2-28 shows the resulting output signal between terminals O1 and O2.  
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Figure 2-27:  Single-Phase Diode Bridge 
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Figure 2-28:  Input and Output Signals from Single-Phase Diode Bridge 

 

Although the standard transformer/rectifier is by far the most common power 

supply used for impressed current cathodic protection systems due to economics, 

variations of the standard transformer/rectifier are available such as silicon-

controlled rectifiers, switching-mode rectifiers, and pulse type rectifiers. Also, 

other alternative power supplies are available when the AC power grid is 

unavailable. The more common alternate power supplies include solar panels, 
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wind driven generators, batteries, thermoelectric generators, and more recently, 

fuel cells.  

 

2.4.6.1(b) Silicon Controlled Rectifiers (SCR) 

 
Silicon controlled rectifiers (SCR) are sometimes added to provide additional 

control of the rectification process for some types of cathodic protection rectifiers. 

SCRs are three-junction PN devices, as shown in the top of Figure 2-29. An SCR, 

much like a diode, is a rectifying device, which will permit current conduction in 

only one direction. However, unlike a diode, applying proper voltage polarity 

between the anode and cathode will not cause the SCR to conduct (fire). In order 

for the SCR to be forward biased and begin conducting, a positive potential (VAC) 

must be applied between anode (P side) and cathode (N side), and a positive 

voltage pulse must also be applied between the gate and the cathode (VGC) as seen 

in the center of Figure 2-29. At the instant the gate pulse is applied, the SCR fires 

and begins to conduct current from the anode to the cathode. Regardless of the gate 

current, the SCR continues to conduct until the applied voltage (VAC) goes to zero 

and the current returns to zero. 
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Figure 2-29:  Silicon Controlled Rectifier (SCR) 
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If we apply an AC voltage across the SCR, we can control the output voltage 

waveform by controlling the timing for the gate pulse, which fires the SCR. For 

example, if the gate pulse arrives at the same time the applied voltage crossed the 

zero axis and begins to move in the positive direction, the SCR will conduct 

through a complete half cycle (180°) of the input waveform. If the gate pulse is 

delayed for one quarter of a cycle from the time the applied voltage crosses the 

zero axis and moves in the positive direction, one-half of the half cycle (90°) 

waveform will be allowed to pass. If the gate pulse is never applied, none of the 

half cycle waveform will pass (0°). 

 

1 2
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O2O1

I2

G

G

 
 
 

Figure 2-30: Single-Phase SCR Controlled Bridge 

 

 

If we construct a full-wave bridge by replacing diodes 1 and 3 with SCRs as 

shown in Figure 2-30, we can control the full-wave rectified output by controlling 

the timing of the gate pulses for the two SCRs. If the gate pulses are applied at the 

zero crossing of the input waveform (180° conduction angle), the output waveform 

is a fully rectified version of the input waveform, as shown in Figure 2-31. If we 

delay application of the gate pulse for one-third of the half-cycle (120° conduction 

angle), we block one-third of each half cycle at the output. The result is a reduction 

in the average DC voltage output. Therefore, by controlling the timing of the gate 

pulses we can continuously vary the level of the DC voltage output. However, the 

output waveform is not a continuous DC voltage, but rather a pulsing DC with 

ripple. The longer the control circuit delays the gate pulse, the greater the ripple in 

the output waveform will be. To improve efficiency and reduce ripple, 

manufacturers normally add filters to the output terminals. 
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Figure 2-31:  Full-Wave SCR Bridge Output Waveforms 
 

 

The above explanation of the full-wave SCR controlled rectifier operation assumes 

a pure resistance load at the output terminals. However, if the rectifier contains an 

output filter (energy storage), the SCRs may not be able to turn off when the input 

waveform crosses the zero axis due to the energy released from the filter. This 

condition is known as “latching” of the SCR. If we add a “free-wheeling” diode 

across the output terminals, the SCRs can again turn off normally at the end of 

each half-cycle. 
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2.4.6.1(c)  Switching-Mode Rectifiers 

 
A different type of rectifier began to emerge in the late 1970s when switching-

mode technology became commercially available. Rather than adjusting the output 

voltage level using a large, laminated steel core transformer, switching-mode 

rectifiers control the DC output voltage level by producing a series of high 

frequency (typically 50 to 500k Hz) DC pulses and adjusting the timing of DC 

pulses to produce the required output DC voltage level. Although switching-mode 

rectifiers use transformers for energy storage and for isolation of the output circuit, 

the transformer is a much smaller, high frequency, ferrite-core transformer. The 

block diagram for a typical switching-mode rectifier is shown in the bottom half of 

Figure 2-32. This diagram can be compared to the block diagram for a standard 

transformer/rectifier shown in the top of Figure 2-32.   
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Figure 2-32:  Block Diagrams for Switching-Mode and Standard Rectifiers 

 

Source:  Redrawn from Emerson Network Power, Switching Power Supplies, 

http://www.emersonnetworkpower-medical.com (January 7, 2004). 
 

As indicated in Figure 2-32, the switching-mode rectifier first converts and filters 

the input AC voltage to a DC voltage. The solid state switch next converts the DC 

to high frequency DC pulses. The DC pluses are fed through a high frequency 

transformer to isolate the output. Because the high frequency signal contains 

significant noise (positive and negative spikes), it is necessary to provide 

secondary rectification of the signal along with filtering. Finally, the sensing/ 

switching control circuit provides feedback control to the solid state switch to 
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control the “on” and “off” timing (pulse width) of the switch. Therefore, using 

pulse width control, the magnitude of the output voltage is adjusted and 

controlled.
136

 

 

The primary advantages of a switching-mode rectifier over a standard transformer/ 

rectifier are:  
 

• Small size and weight 

• Output voltage regulation 

• High efficiency at low rated output 

• Current-limiting features available 

• Modular design for ease of repair 

• Multiple modes of operation possible (constant voltage, constant 

potential, constant current, IR free constant potential) 

 

The disadvantages are: 
 

• Can be significant source of high frequency noise (EMI/RFI) 

• Reliability less due to number of components 

• Prone to higher ripple (more filtering required) 

• Repair of individual modules not practical
133

 

 
2.4.6.2  Solar Power Supplies 
 

Figure 2-33 shows a solar power supply consisting of a solar panel, a charge 

controller, and a battery system. Specially designed doped silicon semiconductors, 

which are photosensitive, convert solar energy to electrical energy. These 

semiconducting devices (photovoltaic cells) produce a voltage by absorbing energy 

from light photons striking the semiconductor and freeing electrons within the 

semiconductor. The conversion efficiencies for silicon-based photovoltaic cells are 

in the range of 8 to 14%. Research and development teams continue to improve the 

conversion efficiency and lower the production costs for photovoltaic technology. 

Recent innovations in thin film modules using a fine layer of copper indium 

diselenide (CuInSe2 or CIS) on a glass backing can potentially lower productions 

costs significantly in the future. Research is currently under way combining the 

amorphous silicon with CIS producing a double layer, thin film photovoltaic cell 

with a conversion efficiency of 15.6%.
137,138,139
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A single photovoltaic cell produces a very small voltage and current. By 

connecting a number of cells in series, the output voltage available increases. By 

connecting cells in parallel, the current output available increases. Therefore, 

manufacturers produce standard solar panels consisting of a number of 

photovoltaic cells connected in a series/parallel arrangement to produce a specific 

output voltage and current. Solar panels are available in output voltages of 6, 12, 

and 24 volts with power outputs ranging from 5 to 160 watts. Designers can also 

connect solar panels in series or parallel, as necessary, to produce an even larger 

output current or voltage.
140 

 

A backup battery system is necessary with a solar power supply to produce the 

required current output when solar energy is unavailable (night and overcast days). 

The designer must size the solar panel to produce the required current output plus 

additional current to charge the battery system when solar energy is available. 

Whenever the solar energy available is insufficient, the battery system supplies the 

current required for cathodic protection. A charge controller is an electronic 

monitor to determine the state-of-charge of the battery allowing charging current to 

the batteries when needed and preventing overcharging of the batteries. 
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Figure 2-33: Solar Power Supply System 
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2.4.6.3  Wind-Driven Generators 
 

If a sufficient, steady source of wind is available, wind-driven generators are 

another possible alternate energy source for cathodic protection. These DC 

generators generally begin producing useable current outputs at wind speeds of 

about 16 km/h (10 mph) with maximum output achieved at speeds of 40-55 km/h 

(25-35 mi/h). Since the output varies with wind speed, a battery system is required 

not only as a backup when the wind is flat, but also to provide a constant DC 

output for the cathodic protection system. The generator output charges a battery 

system, and the battery system supplies the output cathodic protection current. 

 

Due to the high maintenance requirements of wind-driven generators, these power 

sources are now used less frequently especially with the continuing development 

of other more cost competitive alternate power sources. Wind-driven generators 

are available in 400 to 3000 watt sizes with voltage outputs ranging from 12 to 240 

volts.
141

 

 
2.4.6.4  Batteries 
 

If the current requirement for a specific cathodic protection system is relatively 

small, it is possible to use batteries to supply the output current. A small, isolated, 

well coated structure in a high resistivity environment might use a battery power 

supply, perhaps in conjunction with galvanic anodes, to supply the required current 

output. Batteries used in cathodic protection applications should be deep-cycle 

batteries designed for many charge/discharge cycles. 

 

Battery manufacturers rate batteries in terms of ampere-hour capacity. Simply 

stated, this is the amount of current in amps a battery can supply for a specific time 

interval, hours. Temperature can have a significant effect on output capacity of 

batteries, especially lead-acid batteries. At a temperature of 0° F, the capacity of a 

lead-acid battery drops to about 50% of rated output. A successfully designed 

battery system must be able to supply the output current required for a relatively 

long time before battery replacement is necessary.
142

 

 

Whether batteries are the primary power supply or a backup for another primary 

power source, regular maintenance is required to ensure the batteries operate 

successfully over the long term. If batteries are the primary power supply, they 

must be replaced with new fully charged batteries on a regular schedule. Due to the 
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maintenance and regular replacement schedule requirement, the cost associated 

with battery systems can be relatively high. 

 

2.4.6.5  Thermoelectric Generators (TEG) 
 
Another alternative energy power supply available for cathodic protection 

applications is the thermoelectric generator (TEG). This power supply uses the 

Seebeck effect to generate small potentials across a dissimilar metal junction. 

Thomas Seebeck discovered that if a junction made up of two different metals is 

heated on one side and cooled on the other, a potential difference develops across 

the junction and charge flow will occur. Thermoelectric generators require only 

three primary components: a heat source, a thermopile, and cooling fins.
143 

 

Modern thermoelectric generators employ semiconducting PN junctions rather 

than dissimilar metal junctions. A burner applies heat to one side of the PN 

junction while a heat transfer system cools the other side of the junction. The 

thermoelectric couple is a low voltage, high current power source. Although the 

potential generated across an individual PN junction is very small, approximately 

90 mV, the manufacturer increases the output voltage level by connecting many 

junctions in series modules (thermopiles). They can also connect several 

thermopiles in parallel to increase the current output. Burning of a fuel such as 

propane, butane, or natural gas produces the heat for one side of the junction. 

Temperatures on the hot side of the junction are approximately 535°C (1,000°F), 

while a heat transfer and elimination system maintains the temperatures of the cool 

side at about 165°C (325°F). The power produced by the unit is a direct function of 

the temperature difference across the junction. Some semi-conducting designs 

cannot be operated in the no-load condition since current output is necessary to 

cool the PN junction.
144,145

 

 

Since thermoelectric generators use no moving parts, no significant maintenance is 

required. Normally, only annual cleaning or replacing the fuel filter and fuel 

orifice is required. Units are available with output voltages of up to 48 volts and 

power ratings of over 500 watts. Manufacturers design and rate thermoelectric 

generators on a power output basis. For efficient application, TEGs should be 

matched to a specific load resistance (usually 1 ohm). The operator can make 

limited adjustment to the current output by adjusting the input fuel supply; 
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however, a variable power resistor in series with the output or other type of voltage 

control is required to adjust output.
146

 

 

2.4.6.6  Fuel Cells 
 
One of the newer and currently emerging alternative energy power supplies 

available is the fuel cell. Although NASA originally developed this technology for 

the space program, only recently have commercial applications exploited the 

technology. A fuel cell requires three parts: an anode, a cathode, and an electrolyte. 

The fuel, hydrogen, passes through a porous anode catalyst, which causes the 

hydrogen to release its electron into the metal electrode. The hydrogen ion moves 

through the electrolyte where it combines with oxygen gas passing through the 

porous cathode and the electrons from the anode to produce heat and water.
153,147

 

 

Depending on the specific design of the fuel cell, fuel may be in many forms 

including gaseous hydrogen, methane, propane, and even gasoline. Air from the 

atmosphere usually provides the oxygen required at the cathode. The fuel cell 

produces current electrochemically; therefore, no moving parts are required, and 

maintenance is minimal. Fuel cells are more efficient than any other form of 

energy conversion and free of polluting emissions.
154,155

 

 
2.4.6.7  Modes of Operation 
 
The power supply for a cathodic protection system can operate in any one of three 

possible modes: constant voltage, constant current, or constant potential. Constant 

voltage is the most common mode of operation since a standard rectifier is 

basically a constant voltage output device. For a standard rectifier the variation in 

output voltage with a change in the load resistance is relatively minor and caused 

by changes in IR voltage drops within the unit. If the external load resistance 

increases, the current output must decrease. The voltage output only changes when 

the transformer tap adjustment is manually changed. 

 

In the constant current mode of operation, the output voltage from the power 

supply automatically adjusts with changes in the external load resistance to supply 

a constant current output. This change in voltage to maintain constant current can 

only occur within the design limits of the unit. Either a saturable reactor, a silicon 

controlled rectifier, or a switch-mode design can achieve the constant current 

output. A designer normally selects a constant current mode for applications where 
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the current requirement is not expected to change but the anode or structure 

resistance will vary. An example of this application is a dock structure where the 

chloride ion concentration varies enough to affect the dock and anode resistances, 

but the current requirement is relatively constant. 

 

The constant potential mode is really a constant structure potential mode of 

operation. In this mode of operation, the rectifier maintains the potential of the 

cathodically protected structure within specific limits. The power supply control 

circuit monitors the potential of the structure using a permanent reference cell. The 

control circuit compares this potential with internal set potential limits. When the 

structure potential is outside the set potential limits, the control circuit adjusts the 

rectifier output voltage until it is within the set limits. Either a silicon control 

rectifier or a switch-mode rectifier accomplishes the automatic output voltage 

adjustment necessary. An example of an application using this mode of operation 

is a coated, potable water storage tank. As the water level within the tank changes, 

the current requirement changes resulting in an automatic adjustment to the output 

voltage.  
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Experiment 2-1 
Demonstrate the Use of a Galvanic Anode to Mitigate 

Corrosion in a Local-Action Cell 
 

 
 

Figure 2-34:  Experiment to Demonstrate Corrosion Mitigation of Local- 

Action Cells by Galvanic Anode Cathodic Protection 

 

 

PROCEDURE 

Part A 
1.   This experiment is a continuation of Experiment 1-1 from Chapter 1. The 

copper and steel sheets should have been connected directly together 

through an ammeter at the conclusion of Experiment 1-1. 

2.  Using the data from Experiment 1-1, record the previously measured static 

potentials of the copper and steel in the following Results Table. 

3.  Record the polarized potential of the copper and steel and the corrosion 

current. 

4. Measure the pH at the steel and copper surfaces. 

 

 

 

 

steelcopper EFe Ecu

AA  

Magnesium 
Anode 

Icorr 

ICP 

A 
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Part B 
1.   Place the magnesium anode in the tray on the opposite side from the steel 

and copper sheets. Connect the magnesium anode to the copper sheet 

through an ammeter and a 10,000-ohm resistor. 

2.   After stabilization of current (approx. 1-2 min.). Measure the corrosion 

current (Icorr). 

3.   Measure the cathodic protection current (Ic,p). 

4.   Measure the polarized potentials of steel and copper with the reference cell 

in the same location as before. 

 

Part C 
1. Repeat Part B using resistors listed in Results Table. 

 

Part D 
1. Connect the magnesium anode directly through the ammeter to the copper 

sheet (zero resistance in series).  

2. Allow the CP current to polarize the corrosion cell overnight. 

 

PART E 
1. Measure the CP current first thing in the morning. 

2. Measure pH at steel and copper surfaces (directly on surface) with CP 

current on. 

3. Measure the polarized potentials of the steel and copper with the reference 

cell in the same location as before with CP current on. 

4. Disconnect the magnesium anode and record the potentials over time as the 

steel and copper depolarize. 

5. Note the condition of the steel and copper surfaces. 

 

RESULTS 
 

pH(steel) ____ pH(copper)          

Circuit 
Conditions 

Esteel Ecopper 
Corrosion Current 

Icorr (mA) 
CP Current 

ICP (mA) 

Static (OC)     

Polarized     

10,000 ohms     

1,000 ohms     

   800 ohms     

   600 ohms     

   400 ohms     
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   200 ohms     

   100 ohms     

     10 ohms     

       0 ohms     

 

NEXT MORNING:  ______Hours with CP current on pH (steel)_____ pH (copper) ___ 

 
Circuit 
Conditions 

Esteel Ecopper 
CP Current 

ICP (mA) 

Polarized 
Condition 

   

After Disconnecting Magnesium Anode 

Time Esteel Ecopper X 

Instant Off   X 

15 seconds   X 

30 seconds   X 

1 minute   X 

5 minutes   X 

10 minutes   X 

 

CONCLUSIONS 
 

1.   Corrosion current decreases as cathodic protection current increases. 

 

2.   Corrosion current decreases as polarized potential of cathode is made more 

electronegative. 

 

3.   Polarized potential of the structure shifts electronegatively with time. 

 

4.   Cathodic protection current decreases with time. 

 

5.   pH at the cathode increases with the application of CP and increasing time. 
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3.1 Introduction 
  

In cathodic protection, the term interference refers to electrical interference as 

opposed to physical or chemical interference. Hence interference can be defined 

as any detectable electrical disturbance on a structure caused by a stray current. 

Stray current is defined as a current in an unintended path. 

 

Many electrical systems rely on the earth as a conducting medium, either for the 

main transmission of electrical energy as with cathodic protection systems or as 

an electrical ground. Still other systems such as electrified transit systems may 

not be adequately isolated from ground. Regardless, any electrical system in 

contact with the earth is a possible source of stray currents. As illustrated in 

Figure 3-1, a current entering the earth at point A has many parallel paths 

available to point B. 

 

Rn

BA
R4

R3

R2

R1

I2

I1

In

I3

I4

 
 

Figure 3-1:  Parallel Current Paths in the Earth 

 

The amount of current in each path is inversely proportional to the resistance of 

each path. It can be argued therefore that current will take all available paths. If 

point A is considered an impressed current groundbed connected to the positive 

terminal of a transformer-rectifier and point B is a pipeline connected to the 

negative terminal, then the parallel current paths may all be similar in resistance 

in which case all the currents are the same. This is only possible in homogeneous 

soil where points A and B are far apart and the pipe has no lineal resistance. 

 

However if the soil resistivity varies or the pipe has lineal resistance, then the 

current paths will have unequal resistances as illustrated in Figure 3-2. 
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Figure 3-2:  Parallel Current Paths in a Pipeline Cathodic Protection System 
 

 

It is apparent that each current path is composed of resistance through the earth 

(Re) plus a resistance through the pipe (Rp) from the point of current pick-up back 

to the drain point. Therefore the total resistance (Rt,i) of each parallel path is 

different and given by Equation 3-1. 

 

  Ri   =   Ri,e  +  Ri,p [3-1] 

 

Because the length of each current path is different, both in the earth and in the 

pipe in any direction away from the drain point, the total resistance of each 

current path will increase with distance from the drain point. The amount of 

current in each path is given by Equation 3-2 

 

  t

t I 
R

R
       I
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i =  [3-2] 
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and: 

 It    =    I1  +  I2  +  I3  +  I4   …  In 

 

 

In stratified soil conditions where the soil resistivity or cross-sectional area of 

each stratum is different, even current paths of equal length will not have equal 

resistances as illustrated in Figures 3-3 and 3-4. 
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Figure 3-3:  Parallel Current Paths in Vertically Stratified Soil Conditions 

 

 

R4,e
R3,e

R2,e

R1,e

I2I1 I3 I4

drain point

T/R

R1,p

R2,p R3,p

R4,p

ρ
highρ

low

 
Figure 3-4:  Parallel Current Paths in Horizontally Stratified Soil Conditions 

 

It is more common than not for soil geology to be stratified both vertically and 

horizontally and for the current in the low resistivity soils to be proportionately 

greater than in the high or moderate resistivity soils. The stratification need not be 

caused by different soils but can be due to similar soils with different moisture 

content.  

 

In the vertically stratified soils, the resistance of the current paths is not only a 

function of the soil resistivity but is also dependent on the cross-sectional area of 

the current path as in Equation 3-3. 

  
sx,

sei,
A

L
 ρ       R =  [3-3] 
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where: 

  Ri,e = resistance of the current path (ohm) 

  ρs = resistivity of the soil 

  L = length of current path 

  Ax,s = cross-sectional area of soil path 

 

From a point source electrode like a cathodic protection groundbed, the cross-

sectional area of the soil increases exponentially with distance from the electrode, 

and therefore the resistance of each current path is not linear with distance from 

the source. 

 

Soil resistivities (ρs) are typically in the range of 10
3
 to 10

6
 Ω-cm, whereas metal 

resistivities (ρm) are in the range of 10
-5

 to 10
-6

 Ω-cm. Hence the ratio of 

metal/soil resistivity can range from: 

 

  
6

-6

3

-5

s

m

10

10
      to

10

10
      

ρ

ρ
=  

 

  12-8-

s

m 10      to10       
ρ

ρ
=  

   

Put in perspective, for high soil resistivity (e.g., 10
6
 ohm-cm) a metal object in the 

earth having a cross-sectional area of 100 cm
2
 or 10

-2 
m

2
 is equivalent in 

resistance to a cross section of soil given by Equation 3-4. 

 

   
sx,

mx,

s

m

A

A
       

ρ

ρ
=  [3-4] 

  

 substituting: 12-

s

m 10      
ρ

ρ
=  

 

 then: 
12-

mx,

sx,
10

A
       A =  

 

  210

12-

-2

sx, m 10        
10

10
       A ==  

 

That is, a metal conductor having a 0.01 m
2
 cross-sectional area is equal to a soil 

cross-sectional area of 10
10

 m
2
 if the soil resistivity is 10

6
 Ω-cm. This means  that 
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when a metallic structure is present in the earth, it can be a very attractive current 

path thus resulting in a stray current (Is) in the metallic structure as illustrated in 

Figure 3-5. 
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Figure 3-5:  Stray Current in a Metallic Structure Parallel to a Cathodically Protected Structure 

 

 

The stray current is picked up on the foreign metallic structure where it is being 

impacted by the groundbed anodic voltage gradient. If there is no direct electronic 

path between the foreign structure and the pipeline, the current will discharge 

from the metallic structure remote from the pick-up area. 

 

The amount of stray current in the metallic structure is a function of the resistance 

of the stray current paths and the driving voltage left at the location where the 

foreign metallic structure intersects the anodic voltage gradient. 

 

Currents from a single electrode, placed vertically in the earth, produce a voltage 

drop in the soil near the electrode forming equipotential surfaces perpendicular to 

the current paths as illustrated in Figure 3-6. 
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Figure 3-6:  Voltage vs. Distance from a Vertically Oriented Anode 

 

An equipotential surface has the same voltage difference between the anode and 

any place on its surface. Projection of each equipotential surface at grade and 

denoting its voltage and distance produces the voltage drop (Va,x) profile in the 

earth with distance from the anode, as illustrated. 

 

The voltage rise (Vx,re) in the earth with respect to remote earth can be calculated 

using Equation 3-5. 
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       V
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s

rex,
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 [3-5] 

 where: 

  Vx,re = voltage rise in earth with respect to remote earth at  

    a distance (x) from the anode 

  I = anode current output (A) 

  ρs = soil resistivity 

  L =  length of anode 
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For example, for a 10 m long anode in 3000 Ω-cm soil having an output of 10A, 

the voltage rise at 100 m is: 
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   = 4.77 [ln 1.105] 

  Vx,re = 4.77 [0.1] 

   = 0.48 V 

 

If a metallic structure was present 100 m from this anode, it would be subjected to 

about 0.5 V between that point and remote earth. This is the driving voltage that 

would produce a stray current in the structure. 

 

A similar voltage drop occurs in the earth around a bare pipeline as indicated in 

Figure 3-7. 

 

 

current path

equipotential
surface

 
 

Figure 3-7:  Voltage Gradient in the Earth around a Cathodically Protected Bare Pipeline 
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The typical cathodic protection circuit can then be modeled as a series circuit 

shown in Figure 3-8. 

 

remote
earth

Ra,re

Rp,re

Rc,p

Rc,a

where:

= cable resistancesRc,pRc,a &

Ra,re = anode resistance to remote earth

Rp,re = pipe resistance to remote earth  
 

Figure 3-8:  Cathodic Protection Circuit Model 

 

 

If a metallic structure is located in the earth as shown in Figure 3-5, it will 

intercept the anode voltage gradient such that there will be a parallel path inserted 

into the model as illustrated in Figure 3-9. 

 

remote
earth

Ra,re

Rp,re

Rc,p

Rc,a

where:

= cable resistancesRc,pRc,a &

Ra,re = anode resistance to remote earth

Rp,re = pipe resistance to remote earth

Icp

Icp

Rs,e

Rs
Rs,re

Is

Icp'A

B

Rs,re = foreign structure resistance to remote earth

= resistance of foreign pipe to earth in
a stray current pick-up area

Rs,e

= longitudinal resistance of foreign structure
between pick-up and discharge sites

Rs

 
 

Figure 3-9:  Cathodic Protection Circuit Model with Foreign Structure  

Intercepting the Anode Gradient 
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The presence of the foreign structure has introduced a parallel circuit into the 

model where the voltage drop between point A and remote earth is applied to the 

foreign structure. This will lower the overall resistance of the anode to remote 

earth and diminish the cathodic protection current beyond point A to I′cp by the 

amount of Is. 

 

If the foreign structure also crosses the pipeline, as shown in Figure 3-10, then the 

foreign structure resistance to the pipeline will be lowered because of the close 

proximity of the two pipelines at the crossing. This would result in a larger stray 

current because the driving voltage between A and B will be greater (per Figure 

3-11). 
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Figure 3-10:  Stray Current in a Foreign Metallic Structure that Intercepts  

both the Anodic and Cathodic Voltage Gradient 
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Figure 3-11:  Cathodic Protection Circuit Model with Foreign Structure Intercepting 

 both Anodic and Cathodic Voltage Gradient 
 

 

A metallic foreign structure can also be subject to a stray current even if it only 

intersects the cathodic voltage gradient as illustrated in Figures 3-12 and 3-13. 
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Figure 3-12:  Stray Current in a Foreign Metallic Structure that Intercepts  

the Cathodic Protection Gradient 

 

In this situation the affected pipeline picks up stray current at remote earth A and 

transports it to the crossing where it discharges back to the interfering structure. 

This means that any pipeline protected by impressed current systems can cause 

interference on crossing metallic structures that are otherwise remote from the 

impressed current groundbeds. Also, the stray current discharge need not be to the 

interfering structure but rather to a third party structure acting as an intermediate 

current path. 
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Figure 3-13:  Cathodic Protection Circuit Model for Foreign Structure Intercepting  

the Cathodic Voltage Gradient 

 

 

As demonstrated, a stray current can occur in a foreign metallic structure if it is 

impacted by either the anodic or cathodic voltage gradient produced by a pipeline 

impressed current system. The magnitude of the stray current is directly 

proportional to the voltage between the current pick-up and discharge location 

and inversely proportional to the resistance of the interference current path. 

 

3.2 Detecting Stray Current 
 

There will be potential and current changes on and near a metallic structure due to 

any stray current. These electrical disturbances are as follows: 

 

• structure-to-soil potential changes at both stray current pick-up and 

discharge locations 

• current changes in the structure between the current pick-up and discharge 

locations 

• current changes in the earth near the structure at the current pick-up and 

discharge locations. 

If the output of the transformer-rectifier shown in Figure 3-10 is cyclically 

interrupted and a close interval potential survey is conducted over the foreign 
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structure from left to right, the potential profile as illustrated in Figure 3-14 would 

be typical. 

 

A B

Distance

ES/S

- E

+ E

Eoff

Eon

 
 

Figure 3-14:  Typical Potential Profile on an Interfered-with Structure that Intersects both Anodic 

and Cathodic Voltage Gradient with the Current Source Interrupted 

 

Point A is the location on the structure immediately opposite the groundbed 

location and point B is at the pipeline crossing. When the current source is on 

there is a negative shift at the pick-up region (point A) and a positive shift at the 

discharge location (point B). 

 

Detection of current magnitude changes involved in the stray current situation in 

Figures 3-5, 3-10, and 3-12 are illustrated in Figure 3-15. 

 

 
 

  Figure 3-15:  Current Changes In and Near an Interfered-with Structure 

Current changes are detected by measuring the voltage drop in the earth adjacent 

to the interfered-with structure and over a length of the structure with the stray 

current source cyclically interrupted. Therefore there is a change in the earth 

voltage drop (Ve,g) at both A and B due to the stray current Is. At A ∆Ve,g will be 

positive since the stray current is toward the structure, and at B it will be negative 
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indicating a current away from the structure. The change in structure voltage drop 

will be in the positive direction for the meter polarity shown. 
 

 

3.2.1  Effects of Stray Current on Metallic Structures 
 

The effects of stray current on metallic structures as illustrated in Figure 3-10 can 

be harmful, beneficial, or innocuous depending on the magnitude of the current 

density, type of structure, and location of current pick-up and discharge areas. 

 

3.2.1(a) At Area of Current Pick-Up 
 

At the area of current pick-up, a negative shift will result in cathodic polarization, 

and if the foreign structure is mild steel then there is a beneficial effect as the 

structure is receiving some measure of cathodic protection. If the structure is 

coated and has its own cathodic protection system, the additional polarization 

from the stray current pick-up may result in cathodic blistering of the coating. 

 

If the foreign structure is not mild steel but is made of an amphoteric metal such 

as aluminum, lead, or zinc, then the high pH developed at the structure/earth 

interface due to the reduction reaction can cause “cathodic” corrosion. 

Amphoteric metals are susceptible to corrosion at both high and low pH as shown 

in Figure 3-16 for aluminum and zinc. 
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Figure 3-16:  Comparison of Zn and Al  for Corrosion Resistance as Functions of pH 

 

Aluminum is particularly sensitive to high pH attack. It is often used underground for 

water irrigation systems, gas distribution piping in rural areas, AC secondary 

distribution conductors, and the sheathing on communication cables. Lead sheathing 

was commonly used on below ground AC power cables. 
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Prestressed concrete cylinder pipe (PCCP) used for both water and sewage 

transmission is composed of a mild steel inner cylinder over which a highly 

stressed steel wire is wound to give the concrete/steel cylinder strength. Typical cross 

sections of the two types of PCCP pipe are shown in Figures 3-17a and 3-17b. 
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Grout Joint
After Installation
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a. Lined Cylinder Pipe 
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b. Embedded Cylinder Pipe 

 

Figure 3-17:  Typical Section through a Joint in Two Types of PCCP Pipe 
Source: Prestressed Concrete Pressure Pipe-Steel Cylinder Type for Water and Other Liquids, AWWA Standard C301, 

American Water Works Association, Denver, CO 

 

The prestressing wire in these pipes is normally cold drawn steel with a yield 

strength in the order of 200 ksi. The cold-worked hardened surface of the wire 

makes it susceptible to hydrogen embrittlement. It is recommended that the 

polarized potential be limited to –970 mVcse or less negative to minimize the 

production of atomic hydrogen. If a stray current causes excessive cathodic 

polarization, a catastrophic failure could occur. 
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If the foreign structure is coated at the stray current pick-up site, then coating 

blistering or disbondment can occur. Coating blistering is caused by the pressure 

buildup beneath the coating due to the electro-osmotic movement of water 

through the coating (Figure 3-18). The high pH produced by the reduction 

reaction at the metal surface can attack the coating adhesion bonds or a surface 

oxide layer resulting in coating disbondment. 
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Figure 3-18:  Cathodic Blistering/Disbondment of Protective Coating 

 
 
3.2.1(b)  Along the Structure 
 

Stray current in a metallic structure does not usually cause damage between the 

stray current pick-up and discharge locations unless the current is very large or 

the structure is not electrically continuous. If the structure is electrically 

discontinuous, such as is often the case with cast iron water distribution piping or 

PCCP transmission piping, the structure resistance (Rs) is greater than if it were 

electrically continuous. This reduces the magnitude of Is, but creates a current 

discharge/current pick-up pattern at each electrical discontinuity as illustrated in 

Figure 3-19a and 3-19b. 
 

In many of these structures not every joint is discontinuous, but localized 

corrosion will occur on the discharge side of the discontinuous joints. On water 

and sewer piping, there is not only a soil path for the stray current but also an 

internal path through the aqueous medium as illustrated in Figure 3-19b.  
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Figure 3-19a:  Stray Current Discharge and Pick-Up Around an  

Electrically Discontinuous Joint Through the Earth 

 

 
rubber seal

aqueous medium

 
 

Figure 3-19b:  Stray Current Discharge and Pick-Up Through the Internal Aqueous Medium 

Around an Electrically Discontinuous Bell and Spigot Joint on Cast Iron Piping 

 

 

Current in an AC distribution system can also affect the transformation 

characteristics in distribution transformers. At the AC distribution transformer 

which supplies the AC service for an impressed current transformer-rectifier, a 

ground cable is normally run from the AC neutral to a ground rod at the base of 

the service pole. The ground rod, being relatively close to the groundbed, will 

pick up stray current which will be carried by the distribution neutral and the AC 

phase conductor to ground at remote transformers since DC does not see a high 

resistance through the primary winding. This circuit is illustrated schematically in 

Figure 3-20. 
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Figure 3-20:  Stray Current Circuit in an AC Electrical Distribution System 
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A DC current in the primary or secondary windings of a transformer will produce 

a magnetic flux in the transformer core that will tend to saturate the core and thus 

spoil its voltage transformation properties. This is a harmful effect in addition to 

the corrosion damage that results from the stray current discharging off the 

ground rod at the remote distribution transformer. 
 

 

3.2.1(c) Effects at the Stray Current Discharge Location 
 

Considerable attention is given to identifying the site of current discharge in stray 

current investigations because this is where corrosion damage is most likely to 

occur on all metallic structures. When a current transfers from a metallic structure 

to earth, as depicted in Figure 3-21, it must do so via an oxidation reaction which 

converts electronic current to ionic current. 
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Figure 3-21:  Current Discharge from a Metal Structure to Earth via an Oxidation Reaction 
 

 

The generic oxidation reaction is the corrosion of the metal as in Equation 3-6. 
 

  M
o
   �   M

n+
  +  ne

–
 [3-6]  

 

For steel, the oxidation reaction is  
 

  Fe
o
   �   Fe

++
  +  2e

–
 [3-7]  

 

Stray current discharge from a metallic structure may not cause corrosion attack if 

the structure is receiving cathodic protection as in Figure 3-22. 
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Figure 3-22:  Current Discharge from a Cathodically Protected Metal Structure to  

Earth via an Oxidation Reaction 

 

Cathodic protection current transfers across the metal/earth interface via a 

reduction reaction that produces hydroxyl ions in either of the two following 

reactions: 
 

  O2  +  2H2O  +  4e
–
   �   4OH

–
 [3-8]  

 

  2H2O  +  4e
–
   �   H2� +  2OH

–
 [3-9]  

 

In the presence of a high concentration of hydroxyl ions a possible oxidation reaction 

is given in Equation 3-10 involving the oxidation of hydroxyl ions to oxygen and 

water. 

  4OH
–
   �   O2  +  2H2O  +  4e

–
 [3-10] 

  

This latter reaction does not consume metal atoms and therefore there is no corrosion 

damage. Hence as long as the polarized potential at the structure/electrolyte interface 

is not driven more electropositive than the cathodic protection criterion (e.g.,  

–850 mVcse), then corrosion would not be expected. 

 

If the metal has a surface passive film or is a relatively inert material, as are some of 

the impressed current anode materials, not all the stray current need transfer through 

a corrosion reaction. If the stray current polarizes the metal surface electropositively 

to the oxygen line on the Pourbaix diagram, hydrolysis
1
 of water molecules by the 

reaction in Equation 3-11 is likely. 

 

  2H2O   �   4H
+
  +  O2�  +  4e

–
 [3-11]  

 

This oxidation reaction does not result in the consumption of the metal surface, but it 

does produce an acidic pH because of the generation of hydrogen ions. 

                                                 
1
 Hydrolysis is defined as a double decomposition reaction involving the splitting of water into its ions 

and the formation of a weak acid or base or both.  CRC Handbook of Chemistry and Physics, CRC 

Press, 53
rd

 Edition, 1972-1973, PF-83. 
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3.2.2 Mitigation of Interference Effects from Impressed Current 
Cathodic Protection Systems 

 

A number of methods can be used to lessen the harmful effects of cathodic 

protection system stray currents, as listed below: 

 

• Remove the source or reduce its output. 

• Install electrical isolating fittings in the interfered-with structure. 

• Bury a metallic shield parallel to the interfered-with structure at the stray 

current pick-up zone. 

• Install additional cathodic protection at current discharge locations on the 

interfered-with structure. 

• Install a bond between the interfered-with and interfering structure. 

• Apply a coating to the interfered-with structure in the area of stray current 

pick-up or to the interfering structure where it picks up the returning stray 

current. 

 

Before any mitigation activity can begin, conduct mutual interference tests where the 

output of the suspected source is cyclically interrupted and field measurements are 

taken in the presence of representatives of the interfering and interfered-with 

companies involved. Interference cases are often reported through local electrolysis 

committees, especially where there may be more than one interfered-with party. 

 

Presuming a need for mitigation is determined, the mutually acceptable 

mitigation technique(s) depend on the location and severity of the interference, on 

the cathodic protection operational preferences of each party, and on the relative 

capital and maintenance costs of the mitigation options. 

 

 

3.2.2(a)  Source Removal or Output Reduction 
 

It is a difficult proposition to have a source removed if the interfering system was 

present before the interfered-with structure was installed. However, in the opposite 

situation, where the interfering source is newly installed, this method has greater 

appeal. 

 

If the interference is caused primarily by the proximity of the interfered-with 

structure to the interfering groundbed, it may not be necessary to remove the 

transformer-rectifier but simply relocate the groundbed or reduce the current output. 
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Equation 3-5 or similar equations
2
 can be used to estimate how remote a particular 

groundbed needs to be from a foreign structure to minimize the interference effects. 

 

It should be noted however that the voltage rise at any point distance x from the 

groundbed is a percentage of the total voltage drop to remote earth (Vx,re/Vgb,re × 

100). It is a function only of the geometry of the groundbed (i.e., its length, L) since 

the groundbed current output and soil resistivity would not change. Therefore, only 

the length parameter in the equation significantly affects the percentage. 

 

Reducing the current output of the source is also a viable option as long as there are 

safeguards to prevent the output from being raised inadvertently. 
 

 

3.2.2(b)  Installation of Isolating Fittings 

 

Installation of isolating fittings as a stray current mitigation measure is an attempt to 

increase the path resistance (Rs) of the interfered-with structure thus decreasing the 

stray current (Is). This is seldom adequate as a standalone method. 

 

The stray current will certainly be reduced but the lesser amount of stray current will 

bypass each isolating fitting in the soil path thus creating several points of interference 

as previously shown in Figure 3-19a. Consequently, additional cathodic protection 

may be needed at each isolating joint to compensate for the residual stray current. 
 

The installation of isolating fittings to electrically sectionalize piping systems as 

illustrated in Figure 3-23 is a common practice. 

 

 

 
 

                                                 
2
Von Baekmann, Schwenk, and Prinz, Cathodic Corrosion Protection, 3

rd
 Edition Gulf Publishing, 1997, 

p.538-539. 
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Figure 3-23:  Stray Current Arising from Installation of Isolating Fittings 
 

Unfortunately, inserting electrical isolation often produces a stray current 

condition at the isolating fitting. Therefore, on piping networks protected with 

impressed current systems, electrical isolation should be used sparingly and, 

when used, facilities to mitigate the expected interference should be provided at 

each point of electrical isolation. 

 
3.2.2(c) Burying a Metallic Shield Next to the Affected Structure 
 

The intent of a buried metallic conductor is to intercept the stray current and thus 

provide an alternative low resistance path for the stray current compared to the 

metallic structure path. Connecting the metallic shield, which could be a bare cable 

or pipe, directly to the negative terminal of the offending transformer-rectifier, as 

shown in Figure 3-24 and modeled in Figure 3-25, would be more effective than 

connecting it to the interfered-with structure. 

 
Interfered-with Structure

Icp
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Bare Shield

Cathodically Protected Structure

T/R

 
Figure 3-24:  Using a Buried Metallic Cable or Pipe as a Shield to Reduce Stray Current Interference 
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Figure 3-25:  Cathodic Protection Current Model for a Buried Metallic Shield Connected  

to the Negative Terminal of the Transformer-Rectifier 

 

 

The alternative approach, which would be to connect the buried metallic shield to the 

interfered-with structure, would increase the stray current discharge at point B. 

 

This buried metallic shield method has the most merit where the interfered-with 

structure is either made of an amphoteric material or where there is a concern about 

coating blistering or cathodic disbondment. 

 

This technique puts the interfering system at a considerable disadvantage. It can 

seriously disrupt the current distribution pattern to the cathodically protected 

structure, perhaps even necessitating the installation of additional cathodic 

protection units to make up for the poorer current distribution. 

 
3.2.2(d) Installation of Galvanic Anodes on the Interfered-with 

Structure at Point of Stray Current Discharge 

 

When the area of stray current discharge is very localized, such as at a crossing with 

the interfering structure and where the total stray current (Is) is typically less than an 

ampere, the installation of galvanic anodes as depicted in Figure 3-26 has 

considerable benefit.   
 

With the anodes placed alongside the interfering structure, the resistance through 

the anodes (Rp,g) is minimized and hence the stray current(Is’) in this path is 

maximized. Unfortunately, the galvanic anodes may also more closely couple the 

interfering structure’s cathodic potential gradient, thus increasing the magnitude 

of the interference current. The anodes can also be arranged parallel with the 
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interfered-with structure which minimizes the anode circuit resistance and 

therefore maximizes the cathodic protection current (Icp.g) Less coupling 

between the anodes and interfering structure also results with this arrangement. 
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Figure 3-26:  Interference Mitigation using Galvanic Anodes at Stray Current Discharge Location 
 

If the interfered-with structure is coated at the crossing, the path resistance (Ra,p) 

through the galvanic anodes will be substantially less than the interfered-with 

structure resistance (Rs1,p) (depicted in the electrical circuit model in Figure 3-27). 

Although there can still be a residual stray current (Is′′), the total cathodic protection 

current (∑Icp) is expected to be greater, thus assuring total remediation of the 

interference. 
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Figure 3-27:  Electrical Circuit Model for Mitigating Stray Current Interference at a  

Stray Current Discharge Site Using Galvanic Anodes 

 

Ideally, the galvanic anodes are distributed alongside the interfering structure to 

minimize the path resistance (Ra,p) so the stray current (I′s) is a large percentage of 

the total stray current (Is,t). The design life of the galvanic anodes must take into 

account the additional consumption by the stray current (I′s) component of its total 

output. 

 

There are several advantages of this method as follows:  
 

• The interfered-with structure can maintain cathodic protection 

independence. 

• The galvanic anode cathodic protection current output boosts the level 

of protection at the crossing as an added buffer should the interference 

current (Is,t) increase. 

• Maintenance requirements are low compared to a direct bond. 

 

The disadvantages are that it is relatively expensive compared to a direct bond, and 

the interference current mitigation capacity is somewhat limited. To mitigate large 

interference currents an impressed current system can be used with the drain point at 

the crossing but the groundbed remote from both piping systems. 

 
 
 
 
 

galvanic anode CP current 
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3.2.2(e) Installation of an Impressed Current Distribution System  
  on the Affected Structure at Point of Stray Current Discharge 

 
The stray current situation depicted in Figure 3-5 results in a typical potential 

profile along the interfered-with structure where the stray current discharge (+∆E) 

occurs in an end-wise fashion as illustrated in Figure 3-28. 
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Figure 3-28:  Potential Profile Changes on a Pipeline Where Stray Current  

is Discharging in an End-Wise Pattern 

 

Although the positive potential shift may be modest, the length of the discharge 

can be extensive. Under these conditions the installation of an impressed current 

system at the discharge locations (A and B) can be an effective means of 

compensating for the stray current interference. Care must be taken to ensure that 

the impressed current systems do not create interference on the original 

interfering structure. 

 
 
3.2.2(f) Installing a Bond Between the Interfered-with and  
 Interfering Structures 
 

Perhaps the most common stray current mitigation method is installation of a bond, 

usually having some resistance between the two structures and usually at the point of 

maximum stray current discharge such as at a crossing as shown in Figure 3-29. 
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Figure 3-29:  Interference Mitigation Using a Resistance Bond 

 

The electrical circuit model is similar to Figure 3-27 except with the bond resistance 

(Rb) replacing the galvanic anode resistance (Ra,p) in the circuit. Typically, the bond 

resistance is determined by monitoring the potential of the interfered-with structure 

while adjusting the resistance until the interfered-with structure is returned to its 

cathodic protection criterion or native potential on a structure having no cathodic 

protection. A zinc reference installed between the two structures at the crossing is an 

optional but worthwhile feature. 

 

A resistance bond will not eliminate all the current discharge at the crossing as there 

will still be a residual stray current discharge (Is′′) that must be countered by the 

interfered-with structure’s cathodic protection system. 

 

The major advantages of resistance bonds over other mitigation methods are: 
 

• relatively inexpensive installation 

• easy to adjust if stray current magnitude changes 

• high current capacity 
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Disadvantages of resistance bonds include: 
 

• resistance bonds are vulnerable to AC fault current transients that can burn 

out the resistor unless protected with fault current devices 

• connecting two structures through a resistance bond means that cathodic 

protection changes on either structure will affect protection levels on the other 

structure 

• surveys to measure true polarized potentials on either structure may require 

the synchronous interruption of the bond or impressed current systems on 

both structures 

• resistance bonds are considered critical components and by regulation require 

frequent inspection. 
 

 

3.2.2(g) Using Coatings to Mitigate Interference Effects 
 

Applying a coating is an attempt to increase the resistance of the stray current path 

thus decreasing the stray current magnitude. As a standalone method, coating should 

only be applied at current pick-up locations. If the discharge area of a structure is 

coated, there is a risk of corrosion failure due to a high discharge current density at a 

holiday in the coating. 

 

There are two current pick-up regions—one on the interfered-with structure and one 

on the interfering structure in the vicinity of the stray current discharge as shown in 

Figure 3-30. 
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Figure 3-30:  Use of a Dielectric Coating to Mitigate Interference 
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This technique is easy to implement on a new structure where a higher quality 

coating can be used in areas where stray current pick-up is anticipated, but it may be 

impractical for existing facilities. 
 

 

3.2.3  Other Sources of DC Stray Current 
 

Besides impressed current cathodic protection systems, other sources of DC stray 

current are as follows: 
 

• DC transit systems 

• DC welding equipment 

• high voltage DC transmission systems (HVDC) 

• DC rail systems in mines 

 

Due to the variable loading nature of these sources, the resulting stray current activity 

is dynamic (i.e., effects vary in magnitude and often location with time). Another 

source of dynamic stray current, telluric currents, is discussed in Section 3.4. 
 

 

3.2.3(a) DC Transit Systems 
 

The electrification of transit systems in the late 1800s throughout North America 

resulted in considerable interference corrosion on gray cast iron water mains. Much 

of the early attempts to mitigate this interference led eventually to the development 

of cathodic protection technology.
3
 

 
 

                                                 
3
 Kuhn, R.J., Cathodic Protection of Underground Pipelines from Soil Corrosion, API Proceedings, Nov. 

1933, Vol. 14, p.164. 
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Figure 3-31:  Typical Stray Current Paths Around a DC Transit System 

 

 

The load current (IL), after passing through the trolley motor, divides into a number 

of current paths depending on the resistance of each path. 

 

 therefore: IL   =    IR  +  Is  +  Ie 

 

Despite the rails being a relatively low resistance path, the current leakage off the 

rails can be 5-10% of the load current. While this seems a small percentage, the stray 

currents can be substantial since the start-up load current can be several hundred 

amperes for a single trolley and several thousand amperes for a subway train. 

 

Not only will the magnitude of the stray current vary with time of day and whether 

or not the vehicle is accelerating or decelerating, but the location of stray current 

pick-up on the metallic structure will change as the trolley moves along the rail. 

Thus, a structure-to-soil potential recording will have a dynamic appearance as 

shown in Figure 3-32. 
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Figure 3-32:  Typical Structure-to-Soil Potential Recording with Time Caused by  

Interference from a DC Transit System 

 

 

The potential-time recording of stray current effects from a DC transit system has 

a distinctive pattern. There are considerable potential fluctuations during the 

morning and evening rush-hour periods, light activity in the middle of the day and 

late evening, and virtually no changes during the early morning hours. 

 

Although the stray current pick-up locations change with time, the discharge sites 

are usually close to the substation ground. In urban areas, localized stray current 

can discharge from water piping around electrically discontinuous joints and from 

crossings with other utilities remote from the substation ground. 

 

Determining the impact of transit-caused stray current on metallic facilities in 

urban areas requires considerable potential and current recording, starting in the 

vicinity of the substation grounds and along the transit system route. 

 

A comprehensive method of analyzing dynamic stray current activity involves the 

construction of “beta” curves from current and potential measurements. This 

technique is not covered in this course but is discussed extensively in the NACE 

CP Interference Course. 
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3.2.3(a)(i) Mitigation of Transit System Stray Currents 
 

Mitigation methods for minimizing the harmful effects of DC transit system stray 

currents are similar to those used for mitigating cathodic protection stray currents 

and include: 

 

• electrical isolation of rails and substation 

• electrical bonds 

• reverse current switches 

• forced drainage bonds 

• cathodic protection 

On existing transit systems, stray current has been reduced significantly by 

improving the isolation between the rail and ballast. This is accomplished by 

installing insulating pads between the rail and ties, between the hold-down plates 

and the rail, and ensuring that the ballast is well drained. These measures coupled 

with disconnecting the negative rails from electrical grounds have proved 

relatively successful in many instances. Disconnecting the DC substation from 

electrical ground allows the rails and transit vehicles to electrically float. This 

then requires switching devices be installed connecting the rails to earth if a 

specific rail voltage-to-ground potential is exceeded. The effectiveness of 

substation isolation in minimizing stray current activity is therefore lost when 

switches are activated. 

 

For new transit systems, it has become commonplace to electrically isolate the 

entire rail pocket if the rail is embedded in the road surface (Figure 3-33a) or to 

isolate the rail from ties (Figure 3-33b). 

 

 

 

 

 

 

 

 
  Figure 3-33b:  Typical Direct-Fixation  

  Isolating Fastener 
 

   Source: Fitzgerald J.H. and Lauber, M.D., 
  Stray Current Control for the St. Louis Metrolink Rail  
  System, MP, 34, 1, (1995): p.22. 

 

Figure 3-33a:  Typical Embedded Track Installation 
Source:  Sidoriak, W., Rail Isolation on the Baltimore Central Light Rail Line, MP, 32, 7, (1993): p.36.   
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Some transit systems use a separate isolated rail (or “fourth rail”) as a current return 

path which negates the need to isolate the running rails. 

 

The earliest attempts to mitigate the corrosive effects of transit stray currents simply 

involved running bonds from the utilities to the negative bus at each substation. This 

provided an electronic path for the stray current to return thus reducing the amount of 

stray current in the electrolytic path as shown in Figure 3-34. 

 

shunt

Is,2

to 3rd rail

dc
sub-

station

negative buspositive bus

rails
Is,1

metallic structures
 

 

Figure 3-34:  Typical Utilities Drainage System at a Transit Substation 

 

Facilities such as lead sheathed power cables, steel gas piping, telephone grounds, 

and iron water piping would be connected in series with a switch and a shunt to the 

negative bus. The shunt provides a means of recording the stray current magnitude 

and direction. 

One weakness of this drainage arrangement is that providing a direct low resistance 

path for the stray current results in the underground structures picking up more 

current than they would otherwise. For structures with electrical discontinuities, such 

as iron water mains, this can result in more severe corrosion at the isolating joints. 

 

A second disadvantage of the direct bond drainage system is that where there are 

multiple substations and many trains, the utilities represent an alternative path to the 

rails between substations and the stray currents can actually reverse. This situation is 

depicted in Figure 3-35. 
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Figure 3-35:  Schematic Showing Circulating Current between Transit Substations  

Through Direct Bonds to Utilities 

 

With the transit load located between substation A and B, it will draw some of the 

load current from each station. Each substation’s load current has an alternative path 

through the utility bonds back to its respective source. 

 

To prevent circulating currents, reverse current switches can be installed in each 

bond. These devices present a high resistance in one direction (the reverse 

direction) and a low resistance in the other (direction of intended drainage). There 

are several types of reverse current switches,
4 

as listed in Table 3-1, each with 

differing operational characteristics. 

 
 

Table 3-1:  Types of Reverse Current Switches 

 

Type Characteristics 

Electromagnetic (relay) 
Requires AC power to operate the relay, relay must conduct 
all current, may be slow to open 

Diodes (germanium, 
silicon) 

Requires a minimum of 0.4V to conduct, have resistance, 
subject to surge failures and reverse voltage breakdown 

Hybrid (relay in parallel 
with diodes) 

Smaller relay required since diodes carry most current and are 
subject to reverse voltage breakdown. 

Potential Controlled 
Rectifier (Figure 3-36) 

Can drain all the stray current but are relatively expensive. 

 

 

Although cathodic protection is beneficial in mitigating transit system stray current, 

the stray currents are often so large that it precludes mitigation with galvanic anodes. 

Moreover, large capacity impressed current systems in an urban area are likely to 

create interference on other facilities. Hence, cathodic protection has limited 

effectiveness. 

                                                 
4
 Munro, J. I., Comparison and Optimization of Reverse Current Switches, CORROSION/80, paper no. 

142, (Houston, TX: NACE, 1980). 
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One the most successful measures is the use of a forced drainage bond. As shown in 

Figure 3-36, a forced drainage bond is a bond with a potential controlled rectifier 

connected in series with the bond. 

 
 

Potential
Controlled
Rectifier

structure

Is

buried reference
electrode

Is

 
 

 

Figure 3-36:  Forced Drainage Bond Using a Potential Controlled Rectifier 

 

 

The voltage output of the auto-potential rectifier varies depending on the potential 

measured between the structure and a buried reference electrode. If the measured 

potential is more positive than the potential set on the controller, the rectifier output 

voltage increases to force more current through the bond. With a DC voltage source 

in series with the bond, the bond resistance is negative ensuring that all the stray 

current is drained from the structure and there is no residual stray current in the soil 

path. But the controller must be adjusted so there is no bond current during periods 

of no stray current activity, otherwise the transit system rails and grounding system 

will be corroded. 

 

To be completely effective, the forced drainage bond must be located at the point of 

maximum discharge. Just as with a resistance bond, if the structure is not electrically 

continuous a forced drainage system will aggravate corrosion at any isolating joints. 
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3.2.3(b) High Voltage Direct Current (HVDC) Electrical Transmission 
Systems 

 

HVDC systems for transmitting large blocks of electrical power over long 

distances have operating cost advantages over high voltage alternating current 

(HVAC) transmission. Unlike HVAC systems, there are no inductive or 

capacitive losses on HVDC, and for lengths greater than about 800 km, the power 

savings easily justify the extra capital costs to build the AC/DC converter stations 

and their extensive electrical grounding systems. 

 

HVDC systems are built to operate in bipolar mode; that is, there is both a 

positive and negative circuit with large grounding electrodes at each terminus as 

illustrated in Figure 3-37. 
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Figure 3-37:  Electrical Schematic for a HVDC System 
 

 

The DC line currents are typically in the 1000 A range and imbalance currents, 

under normal operating conditions, are varying and about 1-2% of the line 

currents. Such small currents do not pose a significant stray current risk on 

underground metallic structures since the electrodes are intentionally located 

remote from other utilities. 

 

During emergency operating conditions where either the positive or negative 

cable networks are faulted or de-energized for maintenance, the line current 

passes through the earth via the grounding electrodes. Under these circumstances 

the system is operating in monopolar mode. 

 

HVDC grounding electrodes are large compared to impressed current 

groundbeds, although cathodic protection anode materials such as high silicon 

iron and coke are often used. The electrode is typically in the shape of a ring with 

about 100 m diameter and a depth of 1-2 m. Despite the large size and relative 

remoteness, the voltage gradient around the electrode can be appreciable even a 
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long distance away when the electrode is passing hundreds of amperes. For 

example, the voltage rise in earth at some distance x from such an electrode can 

be estimated using Equation 3-12. 

 

     
x2

ρ I
       V se

xg,
π

=  [3-12] 

 

  
where: 

  Vg,x = voltage rise with respect to remote earth at a 

    distance x from the electrode 

  Ie = electrode current 

  ρs = soil resistivity 

  x =  distance from the electrode 

 

 given: Ie = 500 A 

  ρs = 50 Ω-m 

  x =  1000 m 

 

 then:  4V         
m 1000    6.28

m- 50  A  500
       V km 1 @x g, ≈

×

Ω×
=  

   

Hence a metallic structure located 1 km from the electrode would be exposed to 

4V during monopolar operation under these conditions. It is claimed that the 

HVDC system will operate in monopolar mode a small percentage of time. 

Nevertheless the rather large voltage gradients can present a serious corrosion 

risk on some structures on a cumulative basis. 

 

Also, the effect can be either a positive or negative potential shift on the structure 

as shown in Figure 3-38 depending on which of the power circuits has the outage. 
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Figure 3-38:  Potential-Time Plot for a Metallic Structure being Interfered-with by a HVDC System 
 

 

Assume that the potential plot in this figure was from a structure located near the 

supply end groundbed. Then the negative shift from t1 � t2 would result from a 

failure on the positive circuit and the positive shift from t3 � t4 would result from 

a failure on the negative circuit. Note that the potential shifts are not necessarily 

equal, even if the stray current is the same, since the cathodic and anodic 

polarization characteristic can be different. 

 

Most structures would not extend the full 800 km nor be close enough to the 

electrode to make it economical to install a bond. Because of the large voltage 

shifts, galvanic anodes many not adequately compensate. The most practical 

mitigation method is to use an impressed current system powered by a potential 

controlled rectifier. Not only would the cathodic protection power supply be able 

to counteract the large positive potential shifts, but during the negative shift 

periods it would shut down, thus minimizing the stress on the coating if the 

structure was a coated steel pipeline. 

 

3.2.3(c) DC Welding Operations 
 

Welding operations on ships and barges have been known to create stray current 

interference, sometimes so severe that it has resulted in the sinking of the vessel. 

Interference arises where the negative of the welding generator is connected to 

electrical ground on the dock and there is no electrical bond between the dock and 

the vessel. Under these circumstances, the welding current, which can be 

hundreds of amperes, discharges from the vessel to the dock as illustrated in 

Figure 3-39. 
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Figure 3-39:  Stray Current Caused by DC Welding Operations 

 

The interference is mitigated by bonding the vessel to the dock or by attaching the 

negative of the welding generator directly to the vessel. 

 

  Experiment 3-1:   
 To Demonstrate DC Interference and Its Mitigation 

 
3.3 AC Interference 

 

3.3.1 Introduction 
 
Electrical energy from an overhead power line can be transferred to a pipeline by 

three possible mechanisms—conductive coupling (during fault conditions), 

electrostatic or capacitive coupling, and electromagnetic or inductive coupling. 

How each of these affect a pipeline and how these effects can be predicted and 

mitigated is discussed in this chapter.  

 

It should be noted that predicting AC interference effects is a complex matter 

requiring fairly sophisticated mathematics. This course discusses methods of 

estimating the effects for a few very simple cases, but most problems can only be 

solved using either complicated analytical techniques
5 

or specialized software.
6
 

 

A pipeline can experience AC interference as a result of being near any AC 

power line. However, the vast majority of interference problems are created by 

                                                 
5
“Power Line-Induced AC Potentials on Natural Gas Pipelines for Complex Rights-of-Way 

Configurations,” Electric Power Research Institute, EPRI Report Nº EL-3106.  
6
“AC Predictive and Mitigation Techniques,” Pipeline Research Council International, Inc., PRCI Report 

Nº PR-200-9414, May 1999. 
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three-phase power transmission systems, since these involve both high currents 

(steady-state and fault conditions) and high voltages and are more likely to 

parallel pipelines for long distances than are low voltage distribution systems, for 

instance. 

 

A three-phase (3φ) power transmission system consists of three power lines, each 

having the same voltage to ground and each carrying approximately the same 

amount of current. One or two additional conductors, known as shield wires, may 

also be present, running between the tops of the power line support structures 

(Figure 3-40). Although their purpose is to protect the power line from lightning 

strikes rather than to transmit power, shield wires (as well as any other paralleling 

conductors) nevertheless affect how electrical energy is transferred to a pipeline. 

 

In a three-phase circuit, the AC waveforms for each of the three phases are 120 

degrees apart from one another (Figure 3-41). Waveforms that have the same 

frequency but start and end at different times are said to be “out of phase 

with one another.” The point at which a waveform begins along the x-axis (in 

degrees) is known as the waveform’s phase angle. When AC waveforms are 

discussed, phasor notation is used to indicate both the magnitude and the phase 

angle of the waveform. For instance, in Figure 3-41, the three voltage waveforms 

would be represented as 0.7∠0°, 0.7 ∠120°, and 0.7 ∠240° in phasor notation.
7
 

 

 
 

Figure 3-40:  Typical Three-Phase AC Power Line 

(Horizontal Configuration with Two Shield Wires) 
 

 

                                                 
7
Note that the peak voltage shown in Figure 3-41 is 1.0 V, but the voltage magnitude shown in phasor 

notation is 0.7V.  This is because, when discussing the magnitudes of AC waveforms, ”rms” (root mean 

square) values rather than peak values are generally used.  For a sinusoidal waveform, the rms value of 

a voltage or current is 21  (approximately 0.7) times its peak value. 
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Figure 3-41:  AC Voltage Waveforms in a Three-Phase Circuit 
 

 

3.3.2  Conductive Coupling Due to Faults 
 

3.3.2(a) Description 
 

Conductive coupling can occur when there is a line-to-ground short circuit or 

fault on the power line. On high-voltage power lines, faults are most likely to 

occur as the result of lightning, which can ionize the air in the vicinity of an 

insulator. Typically, a high-voltage transmission line experiences less than one 

lightning related fault per 100 km per year. Faults can also occur as the result of 

high winds, failure of the power line structures or insulators, or accidental 

contacts between the power line and other structures, such as cranes and other 

construction equipment. 

 

Under fault conditions, the current leaving the power line will return to its source 

using all paths available to it, including power line shield wires, the earth, and 

metallic structures in the earth such as pipelines. The amount of current 

transferred to a pipeline is dependant on the relative impedances of all parallel 

paths available to the fault current. It is also a function of the separation distance 

between the faulted structure and the pipeline, the available fault current, the 

impedance of the faulted structure to ground, and the impedance of the pipeline to 

ground. 

 

Fault current is conducted to the pipeline through its coating. The better the 

coating quality (i.e., the fewer the holidays) and the higher the coating’s dielectric 

strength (i.e., breakdown voltage), the lower the current transfer to the pipeline. 
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Figure 3-42: Conductive Coupling During Line-to-Ground Fault Conditions 

 
 

3.3.2(b) Deleterious Effects 
 

Fault currents (a transient condition) are much greater in magnitude than steady-

state power line currents, so conductive coupling can result in very high pipeline 

voltages; however, the length of time these voltages are present on the pipeline is 

limited to a fraction of a second (typically 0.1 second) due to power system 

protection devices. Even over such a short time period, large amounts of energy 

can be transferred to the pipeline, resulting in coating damage or even pipeline 

failure due to melting or cracking of the pipe wall. 

 

The high pipeline voltages resulting from conductive coupling represent a safety 

hazard to pipeline personnel and perhaps the general public in cases where test 

leads and pipeline appurtenances are accessible. While electric shocks can be 

painful and can result in the loss of muscular control at body currents of less than 

50 mA, the primary concern for short duration (transient) shocks resulting from 

fault currents is ventricular fibrillation, which may occur at body currents of 

greater than 50 mA and certainly occurs at body currents of greater than 100 mA. 

Ventricular fibrillation results in the total loss of coordination of the heart due to 

the disruption of its electrical signals and will result in death without 

defibrillation (i.e., a strong electrical pulse to restore the heart to its normal 

beating pattern). The maximum current that can be tolerated before the onset of 

ventricular fibrillation is a function of body weight and duration of current flow, 

as indicated by Equation 3-14. 
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An electric shock can occur when a person touches an energized structure or even 

when a person is simply standing in the vicinity of an energized structure in 

contact with the earth. As an example, the structure in Figure 3-43 is energized to 

a voltage of 10 kV. The fault current IF passes from the structure to the earth, 

creating a voltage gradient. A person touching the structure will be exposed to 2 

kV, since this is the potential difference between the structure and the point on 

the earth where the person is standing. A second person, who is not touching the 

structure, is exposed to 1 kV, since this is the potential difference between the 

two points on the earth where the person is standing. In general, ”touch voltage” is 

defined as the potential difference between a grounded metallic structure and a 

point on the earth’s surface separated by a distance equal to the normal maximum 

horizontal reach (approximately 1 m). ”Step voltage” is the potential difference 

between two points on the earth’s surface separated by a distance of one pace 

(approximately 1 m) in the direction of maximum potential gradient. 

 

IF

10 kV

7 kV

8 kV

9 kV

Step Potential = 1 kVTouch Potential = 2 kV

 
Figure 3-43:  Example of Touch and Step Voltages at an Energized Grounded Structure 

 
 
3.3.2(c) Prediction and Mitigation 
 

The greatest concern regarding the transfer of fault current between a faulted 

power line structure and a pipeline is whether or not there is enough energy 

available to create an electric arc through the soil. If this should occur, the current 

path through the soil to the pipeline becomes ionized resulting in much higher 

currents and current densities than would be the case during normal conditions of  

soil conduction leading to a greater risk of pipeline damage. 
 



Interference  3:43 

 

  NACE International, 2005                                            CP 3–Cathodic Protection Technologist  
  January 2010 

 

The most effective means of preventing arcs during fault conditions is to maintain 

a safe separation distance between the power line structures and the pipeline. 

Minimum separation distances are usually specified by both the power company 

and the pipeline company; however, safe separation distances specifically to 

prevent arcing must either be calculated or determined from research reports. One 

such calculation is provided by Sunde,
8

 who provided the following equations for 

the distance r (m) over which an arc could occur, based on soil resistivity ρ (Ω-m) 

and fault current magnitude If (kA). 

 

  m)- 1000  (ρ   ρ I0.047 r    m);- 100  (ρ   ρ I0.08 r ff Ω≥⋅=Ω≤⋅=  [3-13] 

 

If safe separation distances are unattainable, then screening electrodes can be 

used to intercept the fault current. These would typically consist of either lengths 

of zinc ribbon or banks of packaged sacrificial anodes connected directly to the 

pipeline, installed between the pipeline and the power line structure. While 

screening electrodes may prevent damage to the pipe at the location of fault 

current pick-up, they lower the resistance between the pipeline and the power line 

structure, thereby encouraging fault current to use the pipeline as a current path. 

Since this could possibly increase the risk of pipeline damage at locations of fault 

current discharge, screening electrodes should be used with caution. 

 

It is not possible to know when, where, or how a fault will occur, so it is difficult 

to predict the effects of a fault and the mitigation required to protect both the 

pipeline and personnel. When the probability of a fault is much higher than 

normal (e.g., electrical storms, ice storms, high winds), it is common sense to 

avoid activities involving pipe contact (e.g., CP surveys, CP installations, pipeline 

maintenance) to minimize the chance of an electrical shock. Pipeline companies 

should also take extra precautions with pipelines located in power line corridors 

to ensure that the public does not have access to pipeline appurtenances and 

cathodic protection test leads where hazardous voltages could possibly be 

contacted. The use of lockable test stations (Figure 3-44) and test stations with 

dead-front construction (Figure 3-45) should be considered. 
 

 

                                                 
8
 Sunde, E.M., “Earth Conduction Effects,” Dover Publications, 1968, p.296-298. 
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 Figure 3-44:  Lockable Test Station  Figure 3-45:  “Dead-Front” Test Station 

 

 

Should a transient electrical shock hazard occur, the goal of a mitigation system is 

to limit the current through a person’s body to a value that can be tolerated (i.e., a 

value that will not result in ventricular fibrillation). This can be done by either 

minimizing the voltage to which a person might be exposed or by raising the 

person’s body resistance. 

 

The maximum transient (short term) current IB a human body can tolerate 

depends on shock duration tS (seconds) and body weight and is calculated as 

follows:
9 

 

 body) kg 70 afor  (  
t

0.157
      I

S

B =  body) kg 50 a(for    
t

0.116
      I

S

B =  [3-14] 

 

(The above equations have been developed and tested for a transient shock hazard 

within the time interval of from 0.03 to 3 seconds in duration.) 

 

Considering the resistance of a human body and the contact resistance between 

the feet and the earth (which depends on soil resistivity ρ in Ω-m), equations have 

been developed for the electrical power industry to predict the maximum voltages 

that can be tolerated from hand to feet (touch voltage) or from foot to foot (step 

voltage) for various body weights as follows:
10

 

 

                                                 
9
“IEEE Guide for Safety in AC Substation Grounding,” Institute of Electrical and Electronics Engineers, 

ANSI/IEEE Std. 80-1996. 
10

“IEEE Guide for Safety in AC Substation Grounding,” Institute of Electrical and Electronics Engineers, 

ANSI/IEEE Std. 80-1996. 
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   [3-16] 

 

These voltage limit equations are derived from Ohm’s Law by multiplying the 

total resistance of the shock current flow path times the magnitude of the 

tolerable shock current. The resistance estimated for the feet in contact with 

the earth is a function of the soil resistivity, as seen in the above equations, 

and assumes homogeneous soil resistivity. Addition of a thin layer of high 

resistivity surface material, such as crushed stone (3000 Ω-m), can 

significantly increase this contact resistance. According to IEEE standard 80, 

with the addition of a high resistivity surface layer the foot contact resistance 

is first calculated assuming the resistivity of the high resistivity surface layer 

and then multiplied by a derating factor to account for the lower resistivity 

soil underneath. The derating factor can be estimated using Equation 3-17 

below.
10
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     [3-17] 

 

Where: 

  Cs = surface layer derating factor 

   ρ  = underlying soil resistivity, Ω-m 

   ρs = surface layer resistivity, Ω-m 

   hs = thickness of surface layer, m 

 

 Example:  

 A pipeline running parallel to a power line may exhibit a 

maximum voltage to earth of 500 V for a duration of 1/2 second 

during a line-to-ground fault. Calculate the tolerable touch 

potential for a 50 kg person who is touching a pipeline 

appurtenance at the time of a fault while standing on 50 Ω-m soil, 

and determine an appropriate mitigative measure. 
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The maximum touch potential the person could withstand is 176 V. 

To raise the tolerable touch voltage, a 150 mm thick layer of 

crushed stone having a resistivity of 3000 Ω–m is placed around 

the appurtenance. The tolerable touch potential becomes 
 

( )
s

sstouch
t

CV
116.0

5.11000
50

ρ+=  
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which exceeds the maximum pipe to earth voltage rise; and therefore, the pipeline 

is safe. 

 

The touch voltage to which a person is exposed during a fault can also be 

minimized by installing a gradient control loop around the pipeline appurtenance 

and connecting it to the pipe. This loop is generally installed at a depth of 

between 300 and 500 mm and extends approximately 1,000 mm beyond the 

perimeter of the appurtenance. The loop raises the voltage of the earth during a 

fault and minimizes the voltage difference between a hand touching the pipeline 

and the feet. The loop is generally constructed of zinc ribbon, since copper wire, 

if directly connected to the piping, can be detrimental to the cathodic protection 

system. 

 

The measures described above are illustrated in Figure 3-46. 
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Figure 3:46:  Mitigation of Hazardous Touch Potentials at Aboveground Appurtenance 

 

 

3.3.3 Electrostatic (Capacitive) Coupling 
 
3.3.3(a) Description 
 

With electrostatic coupling, energy is transferred through the electrical 

capacitance that exists between the power line and the pipeline. Any two 

conductors separated by a dielectric material can be considered a capacitor. 

Capacitance is a measure of the ability to store electrical charge between two 

conductors relative to the voltage between the conductors. Capacitance is 

proportional to the area of the conductors but is inversely proportional to the 

separation between the conductors (Figure 3-47). 

 

Consider the case in Figure 3-48 where a pipeline is under construction. Lengths 

of pipe have been strung out along the pipeline route and placed on wooden skids 

in preparation for welding. Although this may not look like a capacitor as 

previously discussed, the elements necessary for the construction of a capacitor 

are present—two conductive plates separated by a dielectric material. In this case, 

the power line is one conductive plate, the pipe is another, and these are separated 

by air that serves as a dielectric. Similarly, a second capacitor is formed between 

the pipe and the earth, since the earth (although nonmetallic) is also a conductive 

plate. A section of pipe sitting on skids beneath an AC power line can therefore 

be represented as an electrical circuit consisting of two capacitors in series with 

an AC source, which forms a capacitive voltage divider.   
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Figure 3-47:  Elements of a Capacitor 
 

 

Conducting 
Plates

Air 
Dielectric

 

Figure 3-48:  Pipeline During Construction Represented as a Capacitive Voltage Divider 

 

Recalling Kirchhoff’s laws, the sum of the voltage drops across the resistors in a 

series circuit (Figure 3-49) will be equal to the sum of the voltage sources. 

Furthermore, these voltage drops are in direct proportion to the resistances that 

create them. Similarly, the voltage drops across the capacitors in an AC series 

circuit (Figure 3-50) will be in direct proportion to the respective capacitive 

reactances, and their sum will be equal to the sum of the voltage sources. 

Therefore, in the pipeline construction case of Figure 3-48, the line-to-ground 

voltage of the power line is divided between the two capacitors in inverse 

proportion to their capacitances. 
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Figure 3-49:  Resistive Voltage Divider Figure 3-50:  Capacitive Voltage Divider 

 

 
3.3.3(b) Deleterious Effects and Mitigation 

 

Depending on the relative capacitance values and the power line voltage, very 

large voltages (on the order of thousands of volts) can be electrostatically 

generated on a single pipe joint, assuming it is well insulated from earth. 

However, because the capacitance between the power lines and the pipe is very 

small, typically in the picofarad range (10
-12

 farads), the capacitive reactance 

between them is very large, typically in the gigaohm range (10
9
 Ω), so very little 

energy is transferred to the pipe by this mechanism. 

 

Although electrostatic coupling cannot generally produce enough body current to 

create an electrical shock hazard, it can result in nuisance voltages that produce a 

sensation similar to a shock from static electricity. This could conceivably create 

a secondary safety hazard if, for instance, someone quickly overreacted to the 

sensation of a voltage while working on a pipeline project. 

 

While the pipeline is up on skids and well insulated from ground, electrostatic 

voltages can be easily mitigated by connecting the pipeline to earth, even through 

a very high resistance ground connection, as long as the ground connection has a 

much lower resistance than the pipe-to-earth capacitive reactance. As pipe 

sections are welded together, the surface area of the pipeline increases and the 

capacitive reactances associated with the pipeline decrease allowing more 

electrical energy to be transferred electrostatically. However, at this stage of 

pipeline construction, the pipe is also being taken off of the skids and lowered 

into the trench. By decreasing the separation between the pipeline steel and the 

earth, the capacitive reactance between the pipeline and earth decreases 

significantly. 
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For example, if the pipeline is 500 mm above the earth when it is on skids but is 

separated from the earth by only 1 mm of coating when it is in the trench, the 

capacitive reactance of the pipe to ground decreases by a factor of 500 as does the 

electrostatically generated voltage that appears on the pipe. Furthermore, the 

pipe-to-earth capacitance is now paralleled by a pipe-to-earth resistance due to 

contact between the coated pipe and the soil. This resistance is generally so low 

relative to the power line-to-pipeline capacitive reactance that no significant 

electrostatic voltage will remain once the pipeline comes into contact with the 

earth. 

 
3.3.4  Electromagnetic (Inductive) Coupling 
 

3.3.4(a) Description 

 

Voltages and currents are electromagnetically induced onto a pipeline in the same 

manner that an inductive pipe locator induces an audio signal onto a pipeline or 

the primary winding of a transformer induces current to flow through the 

secondary winding. 

 

First consider the flow of electric current in a simple conductor, as shown in 

Figure 3-51. The flow of current creates an electromagnetic field around the 

conductor, indicated by the lines of magnetic flux Φ. The intensity of the 

magnetic field is directly proportional to the current magnitude and is inversely 

proportional to the distance from the conductor. Using a convention known as the 

right-hand rule, if a person were to place his right hand around the wire, with the 

thumb pointing in the direction of current flow, the fingers would indicate the 

direction of the magnetic flux. 

 

Electromagnetic induction occurs whenever there is a relative motion between an 

electrical conductor and a magnetic field. This motion may either result from the 

physical movement of a conductor through a stationary magnetic field or the 

movement of a magnetic field through a stationary conductor. The most obvious 

example of the first case is an electrical generator in which a rotating coil of wire 

passes through a stationary magnetic field to generate electric current. A less 

obvious example discussed later in this chapter deals with telluric current 

interference where the tidal movement of seawater (a conductor) passing through 

the earth’s magnetic field creates geomagnetic earth currents. In the second case, 

where both the source of the magnetic field and the conductor are stationary, the 

magnetic field itself must be in motion to induce current in the conductor. This is 

done by using AC current to create a time-varying magnetic field that expands 
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and collapses around the conductor, thereby creating a relative motion. The best 

example of this is an electrical transformer as shown in Figure 3-52. 
 

 

I

Φ

 

I1

Φ

I2
 

  
Figure 3-51: Electromagnetic Field Created  Figure 3-52:  Electromagnetic Induction 

 by Current Flow in a Wire in a Multi-Turn, Iron Core Transformer 

 

 

An AC current (I1) flows through the primary winding of the transformer. This 

creates a magnetic field around each turn of the winding, and these fields link 

together to create one large magnetic field. The magnetic field around this coil 

would normally tend to stray well outside the vicinity of the coil, but by 

introducing a transformer core made of iron or some other magnetic material, the 

magnetic field becomes primarily confined to the core. A secondary winding is 

also wound onto the iron core, and the magnetic field created by the primary 

winding is now expanding and collapsing around the turns of the secondary 

winding, which consequently induces a secondary current flow I2. 

 

To make transformers energy efficient, the windings and cores are designed to 

transfer as much energy as possible from the primary winding to the secondary 

winding. A transformer can be formed, however, simply by placing a conductor 

within a time-varying magnetic field around another conductor (Figure 3-53), 

although such a transformer would be highly inefficient. Note that in Figure 3-53 

the induced current is indicated to flow in the opposite direction of the primary 

current; however, this is not strictly true. Lenz’ law states that the induced current 

flows in a direction that creates a secondary magnetic field that tends to oppose 

any change in the primary magnetic field. Therefore it is more accurate to say that 

the induced current is out of phase with the primary current, which is what the 

arrows are intended to show. 
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The case of the single-turn, air-core transformer in Figure 3-53 is representative 

of the electromagnetic coupling that occurs when a pipeline runs parallel to a 

power line as shown in Figure 3-54. While the voltages generated electrostatically 

are proportional to power line voltage, the voltages and currents that are 

electromagnetically induced are proportional to power line current. As the length 

of parallelism between the pipeline and power line increases, the electromagnetic 

coupling between them improves, just as increasing the number of turns on the 

primary and secondary windings of a transformer improves the efficiency of the 

transformer. As was the case with conductive coupling, electromagnetic coupling 

can produce voltages and currents that affect both the integrity of the pipeline and 

the safety of personnel. 
 

 

I1

Φ

I2

 

Φ

I2

I1

 
  

Figure 3-53:  Electromagnetic Induction in a Figure 3-54:  Electromagnetic Induction in a 

 Single-Turn, Air-Core Transformer Pipeline due to an AC Power Line 

 

 

3.3.4(b) AC Corrosion11
 

 

Since at least 1916 AC current discharge from steel has been known to cause 

corrosion but at a rate that is a small fraction of what would occur for an 

equivalent amount of DC current. It was also largely believed that AC corrosion 

effects could easily be overcome by the application of cathodic protection. 

However, in the 1990s corrosion failures occurring on cathodically protected 

pipelines began to be attributed to the discharge of steady state AC currents.  

 

While the mechanism of AC corrosion is still not completely understood, there 

appears to be a relationship between AC current density and corrosion rate, and 

there may be a current density threshold at which AC corrosion begins to occur, 

as follows: 

                                                 
11

 Gummow, R.A., Wakelin, R.G., and Segall, S.M., “AC Corrosion - A New Challenge to Pipeline 

Integrity,” CORROSION/98, paper no. 566 (Houston, TX: NACE, 1998). 
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 i ac < 20 A/m
2  

...............................No Corrosion 

 20 A/m
2
 < i ac < 100 A/m

2 
 ............ Corrosion Unpredictable 

 i ac > 100 A/m
2 

........……..........Corrosion Expected 

 

The AC current density at a circular holiday is a function of the induced AC 

voltage on the pipeline (Vac), the soil resistivity (ρ), and the holiday diameter (d), 

and can be calculated as follows:  

  
dρ

8V
     i ac

 ac π
=  [3-18] 

   iac – AC current density (A/m
2
) 

   Vac – AC Volts (V) 

   ρ − Soil resistivity (Ω−m) 

   d- holiday diameter (m) 

 

The AC voltage required to produce a 100 A/m
2
 current density has been plotted 

against holiday area in Figure 3-55 for a variety of soil resistivities. As an 

example, for a holiday area of 1.5 cm
2
, an induced AC voltage of 5.4 volts would 

produce an AC current density of 100 A/m
2
 in 1000 Ω-cm soil. 
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Figure 3-55:  AC Voltage Required to Produce 100 A/m
2
 Current Density for a  

Variety of Holiday Sizes and Soil Resistivities 

 

Equation 3-18 indicates that AC current density increases as holiday diameter 

decreases, which suggests that AC corrosion is most likely to occur at pinholes 

rather than at large defects. It has indeed been found that corrosion rates increase 
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with decreasing holiday size; however, once the holiday becomes smaller than 

approximately 1 cm
2
 in area, AC corrosion is generally not found to be a problem.  

Figure 3-56 shows an anomaly that occurred at a holiday on a cathodically 

protected pipeline.
12

 The site of the anomaly exhibited a polarized potential of  

–1170 mVCSE and a pH of greater than 12. When the site was cleaned, a corrosion 

pit was discovered, even though the site was apparently well protected (Figure 3-

57). Based on the diameter of the holiday (0.01 m), the soil resistivity (16 Ω-m), 

and the pipeline voltage (50 V), the AC current density was calculated to be 800 

A/m
2
, and so the corrosion was concluded to be AC induced. 

 

 

  
 

Figure 3-56:  Pipeline Anomaly Due to AC Figure 3-57:  Pipeline Anomaly Due to AC 

 Corrosion (Before Cleaning) Corrosion (After Cleaning) 
 

 
3.3.4(c)  Electrical Shock Hazards13 

 

Electromagnetic coupling results in steady-state induced pipeline voltages, so the 

duration of a shock is not necessarily short as it is in conductive coupling. The 

tolerable voltage limits for exposure to steady state voltages are therefore much 

lower than for fault voltages. 

 

Various documents and standards have set the maximum allowable induced AC 

voltage to which a person should be exposed as 15 V.
14,15

  This is based on the 

                                                 
12

Wakelin, R.G., Sheldon, C., “Investigation and Mitigation of AC Corrosion on a 300 mm Diameter 

Natural Gas Pipeline,” CORROSION/2004, paper no. 4205 (Houston, TX: NACE, 2004). 
13

“IEEE Guide for Safety in AC Substation Grounding,” Institute of Electrical and Electronics Engineers, 

ANSI/IEEE Std. 80-1996. 
14

“Principles and Practices of Electrical Coordination Between Pipelines and Electrical Supply Lines,” 

National Standard of Canada (CAN/CSA-C22.3 Nº.6 - M91).  
15

NACE Standard SP0177 (latest version), “Mitigation of Alternating Current and Lightning Effects on 

Metallic Structures and Corrosion Control Systems,”(Houston, TX: NACE).  



Interference  3:55 

 

  NACE International, 2005                                            CP 3–Cathodic Protection Technologist  
  January 2010 

 

assumptions that the average resistance of a human body is 1,000 ohms, and that 

an average person can withstand a maximum current of 15 mA for a prolonged 

period of time. Such a current may be painful and may in fact cause muscular 

contractions that would prevent a person from letting go of an energized structure 

but isn’t expected to result in breathing difficulties. 

 

The 15 V exposure limit is conservative since it ignores the hand and foot contact 

resistances present in the actual shock current circuit. The actual voltage 

maximum based on the “let-go” current limit can be calculated using Equations 3-

15 and 3-16 by replacing the transient current limit, Equation 3-14, with the 

steady-state let-go current limit of 15 mA. This is illustrated by the following 

equations. 

 

 
( )  0.015 6ρ  1000      Vstep +=

  [3-19] 

 

 

 
( )  0.015 1.5ρ  1000      Vtouc +=h   [3-20] 

 

 

3.3.4(d) Prediction 
 
A pipeline can be modeled for cathodic protection purposes as a network of series 

resistances representing the per unit longitudinal resistance of the pipe (RL) and 

parallel resistances representing the pipe’s per unit shunt resistance to earth (RS). 

When determining the pipe’s response to AC interference, two other factors must 

be considered—the pipe’s longitudinal inductance (LL) and its shunt capacitance 

(CS) as shown in Figure 3-58. Because of these two additional factors, an AC 

current traveling along a pipeline sees a greater longitudinal pipeline impedance 

than does a DC current and also a lower shunt impedance to earth, which means 

that an AC signal attenuates more rapidly along a pipeline than a DC signal. For 

simplicity, the longitudinal resistance and the inductive reactance can be 

combined to form a longitudinal impedance (ZL). Similarly, the shunt resistance 

and capacitive reactance can be combined to form a shunt impedance (ZS). These 

simplifications are shown in Figure 3-59, but for reasons of symmetry, the shunt 

impedance (ZS) has been split into two shunt impedances of 2ZS in parallel. 

 



Interference  3:56 

 

  NACE International, 2005                                            CP 3–Cathodic Protection Technologist  
  January 2010 

 

RLV

RS CS

LL

 
Figure 3-58:  AC Model of Pipe Section 
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Figure 3-59:  Simplified AC Model of Pipe Section 

 

  

To determine how voltages behave on a long pipeline, pipe sections as shown in 

Figure 3-58 can be joined and the voltages and currents can be determined using 

electrical network analysis techniques. As a simple example, consider the pipeline 

model in Figure 3-60 consisting of only two pipe sections. Assuming the 

electromagnetic field to which the pipeline is exposed is uniform along the length 

of the pipeline, then V1 = V2 . Furthermore, it can be shown using Kirchhoff’s 

laws that I1 = I2 , but this should also be apparent from the symmetry of this 

simple case. The network in Figure 3-60 can therefore be simplified to the one 

shown in Figure 3-61. 
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  Figure 3-60: Network Analysis of Figure 3-61:  Network Analysis of Simplified 

 Two-Section Pipe Model Two-Section Pipe Model 

      

The voltages at each end of the pipeline and at the midpoint can now be 

calculated. 

 

 VA = 0 – 2ZSI = –2ZSI VB = 0 + ZSI – ZSI = 0  VC  =  0 + 2ZSI  =  2ZSI  

 

Plotting these voltages gives the AC voltage profile shown in Figure 3-62. Note 

that AC voltages do not really exhibit polarity as shown in the plot. What polarity 

indicates in this case is that the AC waveform at one end of the pipeline is 180º 

out of phase with the waveform at the other end of the pipeline. If an AC 

voltmeter was used to measure voltages to earth at points A, B, and C, the profile 

in Figure 3-63 would be observed, but keeping in mind the voltage at point A is 

180° out of phase with the voltage at point C, then the voltage between these two 

points would be twice the voltage at either point to ground. 
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Figure 3-62: AC Voltage Profile Along Pipeline Figure 3-63: AC Voltage Profile Along Pipeline 

 with ‘Polarity” Indicated as Measured Using AC Voltmeter 

 

Figure 3-63 indicates the actual voltage profile that would be seen along a well 

coated pipeline where the electrical characteristics of the pipe (ZL , ZS), the soil 

resistivity, and the electromagnetic field strength are all uniform along the length 

of the pipeline. A key assumption here is that the pipeline is well coated. When a 

pipeline is well coated, the series combination of all of the longitudinal 

impedances is insignificant compared to the parallel combination of all of the 

shunt impedances. In other words, for a pipeline consisting of N identical 

sections, N•ZL << ZS/N. When this condition holds true, an AC signal entering the 

pipeline at one end will disperse to ground uniformly along the length of the 

pipeline, since there would be no significant voltage drop along the pipeline; that 
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is, the AC signal attenuates linearly. In this case, we say that the pipeline is 

“electrically short” (i.e., it behaves like a short piece of well coated pipe) rather 

than simply saying it is well coated. 

 

On the other hand, when a pipeline is either poorly coated or is well coated but so 

long that the series combination of longitudinal impedances can no longer be 

ignored, we say that the pipeline is either “lossy” or it is electrically long. In this 

case, if an AC signal is injected into one end of a pipeline, more current will 

discharge to earth at the injection end than at the far end due to the longitudinal 

impedance of the pipe. On an electrically long pipe, the AC signal would 

attenuate exponentially rather than linearly. This exponential signal attenuation is 

similar to what we see with cathodic protection currents, except that the AC 

attenuation constant that determines the shape of the attenuation curve is different 

from the DC attenuation constant, since it is a function of pipeline inductance and 

shunt capacitance and not just the longitudinal and shunt resistances. 

 

The effect of electrical length on the AC voltage profile is shown in Figure 3-64. 

Note that electrically long pipelines subjected to electromagnetic coupling can 

exhibit zero voltages over much of their length provided the electromagnetic field 

and the electrical characteristics of the pipeline and the soil are uniform along this 

length. 
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Figure 3-64:  Effect of Electrical Length of Pipeline on AC Voltage Profile 
 

 

The electromagnetic field responsible for inducing voltages and currents onto the 

pipeline is usually referred to as the longitudinal electric field (LEF), which has 

the units of volts per meter (V/m). The LEF is represented by the symbol E and is 

a complex number, meaning it has a magnitude and a phase angle. Calculating the 

LEF the pipeline is exposed to is a complicated mathematical task. In general the 
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LEF is proportional to power line current and inversely proportional to pipeline-

to-power line separation. The LEF is also a function of how the power lines are 

arranged on the tower. A set of curves is available that provides the LEFs for 

standard power line configurations from which induced AC pipeline voltages can 

be calculated.
16

  

 

Alternatively, a procedure used for very simple pipeline-power line geometries 

can be used to estimate pipeline voltages. For the case shown in Figure 3-65, 

where a pipeline runs parallel to a power line at a fixed distance (d) and both ends 

of the pipeline are terminated with insulators, the LEF experienced by the 

pipeline can be estimated in the field using the procedure shown in Figure 3-66. 

An insulated conductor is laid out along the ground at a distance (d) from the 

centerline of the power line. If it is an existing pipeline, the wire should be placed 

on the opposite side of the power line from the pipeline so any fields created by 

the pipeline do not interfere with those of the power line. One end of the 

conductor is grounded, and the AC voltage at the other end of the wire is 

measured to earth. The induced voltage measured in the wire, divided by the 

length of the wire, is approximately equal to the magnitude of the LEF as seen by 

the pipeline.   

 

L

d

Powerline

 x

E ≈
V

x

 
   

Figure 3-65: Simple Pipeline-Power Line Corridor Figure 3-66:  Field Estimation of LEF 

 (Plan View)   

 

Current loading of the power lines can change significantly from hour to hour, 

from day to day, or seasonally. The time and date at which the LEF is measured 

should be recorded and, if possible, it should be correlated with the actual power 

line loading (available from the power company). For instance, if the power line 

was operating at 50% maximum load at the time of the measurement, it could be 

assumed that the LEF would be double the measured value during periods of 

maximum loading.   

                                                 
16

 “Power Line-Induced AC Potentials on Natural Gas Pipelines for Complex Rights-of-Way 

Configurations,” Electric Power Research Institute, EPRI Report No. EL-3106.  
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Once the magnitude of E has been measured, the voltage peaks on the pipeline 

can be calculated. As was shown in Figure 3-63, the voltage peaks for the simple 

pipeline-power line geometry shown in Figure 3-65 will always be at the 

insulators, with a zero voltage occurring at the midpoint. In the case of an 

electrically short pipeline, the voltages at the insulators can be calculated using 

Equation 3-21. The voltage profile for this ideal case is shown in Figure 3-67. 

 

 VO,L  =   ±  
E  •  L

2
 [3-21] 

  E – Longitudinal Electric Field [LEF] (V/m) 

  L – Length (m) 

 

If the electrical characteristics of the pipeline are not symmetrical, the voltage 

peak at one end of the pipeline may be higher than that predicted by Equation 3-

21, and the peak at the other end would be lower, as shown in Figure 3-68. The 

most extreme case occurs if one end of the pipeline is perfectly grounded (to a 

zero ohm ground) and the other end is insulated. In this case, the pipe voltage at 

the grounded end would be zero, but since the voltage induced from one end of 

the pipe to the other remains unchanged, the voltage at the opposite end will rise 

to twice what it was in the case of uniform conditions, as shown in Figure 3-69. It 

is important to remember that when mitigating induced voltages, the 

indiscriminate use of grounding electrodes may actually increase voltages. 

 

If grounds are applied to both ends of the pipeline or if grounds are uniformly 

distributed along the pipeline, then all voltages can be mitigated to less than those 

predicted by Equation 3-21, as shown in Figure 3-70.   
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Figure 3-67: AC Voltage Profile Along Figure 3-68:  AC Voltage Profile Along 

 an Electrically Short Pipeline an Electrically Short Pipeline 

 (Uniform Conditions - No Grounding) (Non-Zero Resistance Ground at Distance = 0) 
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 Figure 3-69: AC Voltage Profile Along Figure 3-70: AC Voltage Profile Along 

 an Electrically Short Pipeline an Electrically Short Pipeline 

(Zero Resistance Ground at Distance = 0) (Grounds Evenly Distributed or at Both Ends) 

 

It is important to note that the value E• L represents an absolute limit of the 

maximum induced voltage that can appear on a pipeline, regardless of whether 

the pipeline is electrically long or short or where the grounds and insulators are 

installed. For example, if the field strength along the pipeline is 10 V/km under 

maximum loading conditions, and the pipeline parallels the power line for 5 km, 

then the maximum voltage that can appear on the pipeline is 50 V. However it is 

more likely that this voltage would be more evenly distributed with 

approximately 25 V appearing at each end and 0 V appearing near the pipeline’s 

midpoint. 
 

As the pipeline increases in length, it becomes more lossy and instead of seeing a 

linear voltage profile as shown in Figures 3-67 through 3-70, we begin to see an 

exponential change in voltages, as was shown in Figure 3-64. Furthermore, 

Equation 3-21 predicts that as pipeline length increases, pipeline voltages 

increase proportionately and without limit, which is not the case when the 

pipeline is lossy. To calculate voltages on an electrically long pipeline, the 

pipeline’s length 
2

L
 in Equation 3-21 is replaced by the pipeline’s electrical 

length, 1/Γ, resulting in Equation 3-22. 

 
Γ

=
E

     V LO,  [3-22] 

     E – LEF (V/M) 

     Γ- Propogation Constant (
m

1 ) 

The parameter Γ is known as the pipeline propagation constant. It is a constant 

related to the electrical characteristics of the pipeline and is closely connected to 

the pipeline’s AC attenuation constant. The value of Γ can be calculated, however 
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it is a complicated function of pipe depth, soil resistivity, AC frequency, and 

coating resistance, as well as pipe diameter, wall thickness, and material. 

Alternatively, the value of Γ can be obtained from tables or graphs.
17  

Figure 3-71 

shows the AC voltage profile along a pipeline for the simple pipeline-power line 

geometry shown in Figure 3-65, where the pipeline is electrically long or lossy. It 

was found in the case of an electrically short pipeline that grounding one end 

could actually increase voltages at the opposite end. In the case of an electrically 

long pipeline, however, grounding one end of the pipeline would have no effect 

on the other end, since the two points are electrically remote from one another 

(Figure 3-72). 
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Figure 3-71: AC Voltage Profile Along Figure 3-72: AC Voltage Profile Along 

 an Electrically Long or Lossy Pipeline an Electrically Long or Lossy Pipeline 

  (Uniform Conditions - No Grounding) (Zero Resistance Ground at Distance = 0) 

 

As previously mentioned, electrically long pipelines may exhibit zero voltages 

over much of their length provided the electromagnetic field and the electrical 

characteristics of the pipeline and the soil are uniform along this length. If any 

one of these parameters changed at some point along the pipeline (referred to as 

an electrical discontinuity), an additional voltage peak would be introduced at 

that point. Although the magnitude of this voltage peak would depend on the 

severity and nature of the discontinuity, it could possibly create an additional 

peak of  V = E/ Γ. This is an important aspect of electrically long pipelines. 
 

                                                 
17

“Power Line-Induced AC Potentials on Natural Gas Pipelines for Complex Rights-of-Way 

Configurations,” Electric Power Research Institute, EPRI Report No. EL-3106.  
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To better illustrate the difference between electrically long and electrically short 

pipelines, consider the case of a pipeline several hundred kilometers long running 

west across North America from the Atlantic coast. The pipeline is paralleled by a 

power line for the entire distance, and the electrical characteristics of the pipeline, 

power line, and the earth are uniform along the entire route. Because the pipeline 

is electrically long, voltage peaks would be created at each end of the pipeline 

having a voltage of V = E/ Γ, whereas the majority of the pipeline would 

exhibit a zero voltage. Now consider what happens when the pipeline is extended 

to the Pacific coast, again assuming that all conditions remain uniform along the 

length of the pipeline. Even though the pipeline is now perhaps ten times longer, 

voltage peaks still exist only at the two ends of the pipeline, and the magnitude of 

these voltage peaks remains limited to V = E/ Γ.   

 

The installation of insulators will introduce additional voltage peaks on the 

pipeline. On an electrically short pipeline, the installation of an insulator 

essentially creates two electrically separate pipelines having smaller voltage 

peaks than the original pipeline, since the voltages are proportional to the 

physical lengths of each pipe section (Figure 3-73). On an electrically long 

pipeline, however, the magnitudes of the voltage peaks are unaffected, as long as 

any new pipe sections created by the insulators may still be considered 

electrically long (Figure 3-74). 
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Figure 3-73: AC Voltage Profile Along Figure 3-74: AC Voltage Profile Along  

 Electrically Short Pipeline with Electrically Long Pipeline with 

 Insulator at Midpoint Insulator at Midpoint 

   
There is one other important aspect regarding the effects of electrical insulators 

on induced AC pipeline voltages. As shown in Figure 3-73, an insulator installed 

at the midpoint of an electrically short pipeline reduces peak voltages to one-half 

their previous values. However, the voltage that appears across this insulator is 

double the voltage that appears between the pipeline and earth. This is because 
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the voltages on either side of the insulator, while equal in magnitude, are of 

opposite polarity or, more accurately, are 180 degrees out of phase with one 

another. In the case of an electrically long pipeline, voltage peaks are not reduced 

by the installation of an insulator, so the voltage that occurs across the insulator 

will be double the peak value or   
2E

Γ
. Therefore, as was the case with electrical 

grounds, electrical insulators must not be used indiscriminately on a pipeline 

affected by induced AC interference, since this could introduce new voltage 

peaks and could create voltage differences twice as severe as what could exist 

between the pipeline and ground. 

 

The prediction of induced AC voltages, as discussed above, requires knowing if 

the pipeline is electrically short or electrically long. If this is not known or if the 

pipeline falls somewhere in between these two cases, more complicated 

calculation procedures are required. Also, when there are changes in the power 

line circuit configuration or when the separation distance between the pipeline 

and power line changes significantly, the LEF will no longer be constant 

along the pipeline. Equations 3-21 and 3-22 cannot be used under these 

conditions and the additional voltage peaks created cannot be accounted for. Such 

problems can be very difficult to solve and require either laborious analytical 

treatments or the use of specialized software packages. 

 

3.3.4(e) Mitigation 
 

To mitigate electromagnetically induced AC voltages to safe levels the pipeline 

must be grounded. Grounding the pipeline has the same effect as replacing a good 

coating with a poor coating; that is, by lowering the value of ZS in Figure 3-59 the 

voltages produced by the flow of AC current from the pipeline to earth are 

reduced.   

 

Ground electrodes may consist of either packaged sacrificial anodes, sacrificial 

anode ribbons installed in special backfill, or conventional grounding materials 

such as ground rods and cables. Materials that are not anodic to the pipeline, such 

as copper cables, would seriously affect the effectiveness of the cathodic 

protection system if directly connected to the pipeline. Such materials should 

therefore only be used if they are DC decoupled from the pipeline using a suitable 

device, such as a polarization cell, or a solid state alternative to a polarization cell 

(Figure 3-75). 
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Ground electrodes may be evenly 

distributed along the pipeline, such as by 

installing packaged sacrificial anodes at 

regular intervals; however, it is often 

more effective to concentrate the ground 

electrodes at electrical discontinuities 

where the voltage peaks tend to occur. 

The effects that various mitigation 

systems have on induced AC voltages is 

difficult to predict without complex 

calculations or the use of specialized 

software and, as was shown previously, 

the indiscriminate use of ground 

electrodes may actually increase induced 

voltages at some points along a pipeline. 

 
Figure 3-75:  Solid State DC Decoupling Device 

 

Grounding is also used to minimize the risk of AC corrosion damage to the 

pipeline. By reducing induced AC voltages, the current densities at coating 

holidays as predicted by Equation 3-18 can be reduced. As a worst case, it is 

normally assumed that a coating holiday has a diameter of approximately 1 cm. 

Voltages are then mitigated to levels that would reduce AC current densities to 

less than 100 A/m
2
 and preferably to levels less than 50 A/m

2
. 

 
3.4 Telluric Current Interference 
 

Telluric currents are currents that are geomagnetically induced in the earth and in 

metallic structures on the earth, such as power lines and pipelines, as a result of 

the interaction of solar particles on the earth’s magnetic field as shown in Figure 

3-76. 
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Figure 3-76:  Interaction of Solar Particles with the Earth’s Magnetic Field 

 

Charged solar particles entering the earth’s atmosphere are deflected by the 

earth’s magnetic field creating current rings in the ionosphere centered around the 

north and south poles. These current rings typically contain more charges than are 

generated by man on earth. Because of the amplitude variation and directional 

changes in this electrojet current, a changing magnetic field is produced that 

induces an electric field in any metallic conductor on or near the earth’s surface 

as depicted in Figure 3-77. 

 
Varying Magnetic Field

 
 

Figure 3-77:  Schematic of Geomagnetic Induction Directly into a Pipeline and the  

Resulting Change in Pipeline Potential Produced 
Source:  Boteler, D.H., Gummow, R.A. and Rix, B.C., Evaluation of Telluric Current Effects on the Maritimes and 

Northeast Pipeline, NACE Northern Area Eastern Conference, Ottawa,  October 1999, Paper No. 8A.3, p. 8 
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This induction process is similar to that caused by AC power lines, except the 

frequency and amplitude vary considerably due to many factors such as 

 

• the solar cycle, which is a period of approximately 11 years between peaks 

of solar activity 

• the sun’s rotational frequency – 27 days 

• the Earth’s daily rotation – 24 hours (diurnal cycle) 

• tidal fluctuations (~12.5 hours) 

• direction of the magnetic field in the solar particle plasma 

 

3.4.1  Interference Effects 
 

The magnetic variations show up as current and potential fluctuations on 

pipelines. An example of the latter is shown in Figure 3-78. 
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Figure 3-78:  Example of Geomagnetically Induced Potential Fluctuations on a Pipeline 

 

 

This stray current pattern reflects tidal related fluctuations, general randomness of 

the telluric activity, and a more energetic magnetic storm (days 7 and 8).  

 

Short-term positive excursions in potential do not represent a significant 

corrosion risk on a cathodically protected pipeline, but if the excursions occur 

daily, as with diurnal or tidal influences, serious corrosion can occur. The 

pipeline induced voltage versus distance profile is much the same as with AC 

1 2 3 4 5 6 7 8 9 10 11 

Day 
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induction. As illustrated in Figure 3-79, the longer the pipeline is and the better 

coated it is, the greater the induced voltage (Vp,g) will be. 

 

 

well coated

0 0Vp,g Vp,g

poorly coated

 
 

Figure 3-79:  Typical Geomagnetically Induced Potential Profile on a Well Coated 

and Poorly Coated Pipeline 

This shows that a pipeline that is electrically lossy (i.e., leaks charges to earth) 

will have smaller amplitude fluctuations. Unfortunately, for cathodic protection 

purposes a very high resistance coating is desirable and improves cathodic 

protection current distribution. 

 

Geomagnetically induced voltage peaks appear on a pipeline: 
 

• at isolating joints 

• at changes in direction 

• as pipeline length increases 

• as pipeline coating resistance increases 

• as the pipeline location is closer to the earth’s magnetic poles (but not at 

the poles) 

• at or near a sea coast 

• at or near sharp geological transitions or anomalies 

• in high resistivity soil 

 

Although one severe case of corrosion caused by telluric current has been 

reported,
18 

the major effect of telluric currents on pipelines is in the ability to 

accurately measure the pipeline polarized potential (Ep). The telluric current 

activity produces an additional voltage drop in the earth (Vt) between the 

reference and the pipe holidays as illustrated in Figure 3-80. 
 

 

                                                 
18

 Brochu, B., NACE Northern Area Eastern Conference, Quebec City, August 2003. 
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Figure 3-80:  Typical Pipe-to-Soil Potential Measurement Situation Where  

Telluric Current Activity is Present 

Whereas the voltage drop (Ve) in the earth due to cathodic protection current can 

often be interrupted, the telluric voltage drop (Vt) cannot. This can introduce a 

significant error in the potential measurement (Vm) as shown in Figure 3-81. 
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Figure 3-81:  Current Flow and Calculated Off Potentials During a GIC Incident 
 
Source:  Redrawn from Hesjevik, S.M. and Birketveit, O., Telluric Current on Short Gas Pipelines in Norway 

– Risk of Corrosion on Buried Gas Pipelines, NACE Corrosion 2001, Houston, TX, Paper #313, p.6 
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With the calculated telluric voltage drop removed from the “On” potential 

measurement, during the positive potential excursions the calculated “Off” 

potential is not more positive than about –0.25Vcse, whereas the measured”On” 

potential goes more positive than zero on two occasions. The measured coupon 

current direction also reverses on these two occasions for a total of about 20 

minutes during which one would expect corrosion to take place, although the 

corrosion rate is not as calculated by Faraday’s law. 

 

As with most dynamic stray current interference, an investigation of the effects 

requires considerable potential and current recordings. But measuring an accurate 

polarized potential in the presence of an uninterruptible stray current requires 

special procedures. 

 



Interference  3:71 

 

  NACE International, 2005                                            CP 3–Cathodic Protection Technologist  
  January 2010 

 

Coupons facilities that do not require disconnection of the coupon to measure a 

true potential can be used at test station locations, an example of which is shown 

in Figure 3-82. 
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Figure 3-82:  Example Test Station in Which Coupon Does Not Require Disconnection to  

Minimize IR Drop Error in the Potential Measurement 

 
Nekoksa, G. and Turnipseed, S., “Potential Measurements on Integrated Salt Bridge and Steel Coupons”, 

CORROSION/’96, paper no. 206 p.9 (Houston, TX: NACE, 1996). 
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The benefit of such facilities is shown in Figure 3-83. In this case it would be 

difficult to evaluate the level of polarization based on the potential-time plot with 

respect to a copper-copper sulfate reference electrode placed on grade. 
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Figure 3-83:  Example of Difference in Potential-Time Recording Between Reference Electrode 

at Grade and Inside a Soil Tube with a Coupon (e.g., Figure 3-82) 

 

Despite the large potential fluctuations recorded by a surface reference electrode, 

the polarized potential remained relatively steady. 

 

Difficulty in minimizing the telluric current voltage drop is also a problem when 

conducting close interval surveys. One technique that has been used to account 

for the telluric IR drop error in the measurement, as shown in Figure 3-84, 

involves using two data loggers or a single data logger with two channels. 

Potentials are recorded with respect to a fixed reference electrode (Vf) and a 

moving reference electrode (Vm). 
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Figure 3-84:  Pipe-to-Soil Potential Measurement Method to Compensate for Telluric Current 

Effects During a Close Interval CP Survey 

 

 

Before beginning the survey, potentials are recorded with respect to the fixed 

electrode to establish an average potential (Vf,avg) of the structure at the fixed 

electrode position. Then the potential recorded by the moving reference at any 

time (t) is corrected by the change in potential (∆Vf) that occurs at the fixed 

electrode at the same time. Hence for any time (t): 

 

  Vp,t   =    Vm,t  ±  ∆Vf,t [3-23] 

 

 where: ∆Vf,t   =    Vf,avg  ±  Vf,t [3-24] 

 
the accuracy of this method diminishes as the distance between the moving 

reference and the fixed reference increases. Using a fixed reference at the start 

and finish of the close interval survey and extrapolating the changes in both fixed 

references (∆Vf,1 and ∆Vf,2) linearly with distance between the moving electrode 

and fixed electrode improves the accuracy. 
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3.4.2 Mitigation of Telluric Current Effects 
 

Mitigating telluric interference is similar to mitigating AC interference since both 

are induced currents. Providing safe low resistance leakage paths to earth without 

compromising the level of cathodic protection is the principal objective. 

 

Galvanic anodes, distributed along the pipeline route, can be effective in 

minimizing telluric stray current corrosion effects provided the soil resistivity is 

low enough for the anode to produce a significant current. As depicted in Figure 

3-85, some of the telluric current (I′t) will leak to ground via the galvanic anode. 

 

 

telluric current discharge
from galvanic anode

residual telluric
current discharge

It'

It'''It

I + Icp t'

It''Icp

galvanic anode

where: I = I + I + It t t t' '''''  
 

 

Figure 3-85:  Mitigation of Telluric Current Discharge Effects Using Galvanic Anodes 

 

 

The effectiveness of this method relies on the anode cathodic protection current 

(Icp) being greater than the residual telluric discharge current (It′′). Typically 

distributed galvanic anodes can lower the pipe-to-earth resistance of a well coated 

pipeline by more than an order of magnitude. 

 

If impressed current cathodic protection is preferred, potential controlled 

transformer-rectifiers should be used as schematically illustrated in Figure 3-86. 
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Figure 3-86:  Schematic of Potentially Controlled Cathodic Protection System Used  

to Mitigate Telluric Current Effects 

 

 

When the buried reference electrode senses a positive shift in the pipe potential, 

the output voltage of the power supply is automatically increased, which makes 

the path through the rectifier to earth appear as a negative resistance to the telluric 

current. Thus, there should be no residual current discharge at this location during 

periods when the pipe tends to discharge the interference current unless the 

maximum current or voltage output of the power supply has been reached. The 

power supply and groundbed must be properly sized and rated to accommodate 

the anticipated telluric current activity. 

 

When the pipeline is subjected to the negative telluric half-cycle (current pick-up 

period), the power supply will shut down since the pipeline will be receiving free 

cathodic protection. The typical operating characteristics of the impressed current 

mitigation system are shown in Figure 3-87. 
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Figure 3-87:  Pipe Potential and Rectifier Current Output vs. Time for an  

Impressed Current System Operating in Potential Control 

 

This graph shows the current output and pipe potential with respect to a buried 

zinc reference electrode as a function of time. Note that when the potential 

attempts to shift more positive than –100mVZRE the rectifier produces a current 

output, and when the potential is more negative than –100mVZRE the rectifier 

output is zero. The autopotential control effectively clips the positive telluric 

excursions at the set point of –100mVZRE. 
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Experiment 3-1 
To Demonstrate DC Interference and Its Mitigation 
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Experiment Schematic No. 1 

 

 

Procedure 
 

Step: 
 

A. Place bare steel rod along one end of the tub in 5 cm of water obtained from 

the cold water tap. Connect the 9V battery, 10 ohm resistor, ammeter, and 

switch in series between the steel rod and magnesium anode. Close the 

switch and allow the CP system to operate for a minimum of 5 minutes. 

 

B. Measure and record the potential on the steel rod with the reference 

positioned at locations 1, 2, and 3. Record the current. 

 

C. Open the switch and insert the second steel rod (foreign structure) 

perpendicular to the first steel rod at location 2. 

 

D. Measure and record the foreign structure potential at reference locations 4, 

5, and 6 with switch remaining open. 
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E. Close the switch and allow the CP system to operate for a minimum of 5 

minutes. 

 

F. Measure and record structure potentials at all reference locations on both 

structures and record the CP current. 

 

G. Calculate the shift in potential at locations 4, 5, and 6 on the foreign 

structure and the change in CP current. 

 

Discussion Break 

 
H. Mitigate interference using a resistance bond connected between the 

cathodically protected structure and the foreign structure as in Schematic 

No. 2. Adjust resistance bond until the foreign structure potential at location 

4 is equal to or more negative than its native potential. 
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Experiment Schematic No. 2 

 

I. Measure and record potentials on both structures. At all reference locations, 

measure CP and mitigation current and record bond resistance. 

 

Discussion Break 

 

J. Disconnect the resistance bond and install a galvanic anode to mitigate the 

interference as shown in schematic No. 3. 

 



Interference  3:79 

 

  NACE International, 2005                                            CP 3–Cathodic Protection Technologist  
  January 2010 

 

1

2

3

mag
anode

steel
rod

A

A

9V

mag
anode

4 5 6

 
 

Experiment Schematic No. 3 

 

K. Measure and record all structure potentials, CP current, and galvanic 

interference current (Igalv.). 

 

Discussion Break 

 

 

Results 
  
 Structure Potentials (mVCSE)   

STEP 
CPed Structure Foreign Structure 

Icp 
 

1 2 3 4 5 6  

B    X X X  CPed structure only 

D X X X    X Foreign structure only 

F        Both structures 

G X X X     Shift calculations 

 Mitigation      

I        Ib = _______   Rb = ______ ohm 

K        Igalv.  ______ 
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Conclusions 
 

1. Foreign structure potential shifts electropositively at the stray current 

discharge location (#4). 

 

2. Foreign structure potential shifts electronegatively at the stray current pick-up 

location (#6). 

 

3. The cathodic protection current distribution on the CPed structure is affected 

by the presence of the foreign structure. 

 

4. The cathodic protection current increases when the foreign structure is 

present. 

 

5. The resistance bond mitigates the stray current interference on the foreign 

structure. 

 

6. The cathodic protection current increases with the resistance bond inserted but 

the CPed structure is less well protected. 

 

7. A galvanic anode mitigation system can mitigate the interference problem and 

maintain Ecorr on the foreign structure. 

 

8. The stray current magnitude is greater for the resistance bond than for the 

galvanic mitigation system. 
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4.1 Design Objectives 
 

The principal cathodic protection design objectives are listed below: 

 

• Provide sufficient current density continuously to all parts of the 

structure to polarize the structure to an acceptable criterion.  
 

• Minimize interference effects to other metallic structures. 
 

• Provide sufficient operational flexibility to accommodate expected 

changes in the environment, the coating, and the operation of the 

structure during the system service life. 
 

• Ensure the safety of the public and operating personnel and adhere to 

all applicable codes and standards.  
 

• Provide a system design life commensurate with the required life of 

the structure or system service life as stipulated by the owner or 

regulator. 
 

• Provide testing facilities and monitoring equipment so performance 

of the cathodic protection system can be tested and monitored with 

respect to industry standards and regulations. 

 

The cathodic protection design process for some structures can be very complex, 

requiring many iterations before arriving at an acceptable design. An example of 

a design procedure for a pipeline is outlined in the flow chart of Figure 4-1. 
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Figure 4-1:  An Example of a Cathodic Protection Design Procedure 
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The first step in the design process is to collect and evaluate pertinent data regarding 

the structure, its operational characteristics, and its environment. For a new pipeline 

cathodic protection project, the possible data set would include the following: 

 

• Pipeline Information 

� construction specifications 

� pipe material, diameter, wall thickness, and pressure rating 

� pipe and joint coating type, thickness, and conductance 

� temperature, conductivity, and operating pressure ranges inside of 

medium inside pipeline 

� pipe route, number, and location of interconnections to related piping 

systems and feasibility of installing electrical isolation 

� electrical continuity of the pipeline 

� AC power availability and road access to possible CP facilities 

� number, length, and location of pipe casings 

� number, location, and operation of mainline valves and coating type 

� number, location, and extent of stations (e.g., compressor, pumping, 

metering, etc.) 

� number, length, and location of directionally drilled sections 

 

• Environmental Information 
 

a) Soil Conditions 

� soil resistivity along the route at pipe depth 

� geotechnical information (soil types and depth) 

� moisture variability (seasonal) 

� temperature variability 

� pH variation 
 

b) Electrical Interference Considerations 

 The presence, location, and operational characteristics of the 

following systems should be reviewed: 
 

� impressed current cathodic protection systems on foreign 

pipelines or other structures  

� electrical transit systems, high-voltage DC power lines, welding 

operations, and any other electrical system that uses the earth 

indirectly or directly as a current path 

� AC power transmission or distribution systems paralleling the 

pipeline or whose tower legs or electrical grounds are adjacent 

to the new pipeline 
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� foreign metallic structures and their susceptibility to interference 

damage 

� susceptibility of the pipeline to telluric or ocean currents. 

 

• Other Information Required 

� assess appropriate protection criteria 

� polarization characteristics to assess current requirement 

� structure attenuation characteristics 

� regulatory and permit requirements 

 

• Typical Field Surveys 

� soil resistivity along pipeline route at pipeline depth and at a greater 

depth at prospective impressed current groundbed and galvanic anode 

locations  

� visual inspection of pipeline route for availability of electrical power 

for impressed current systems 

� induced AC test on an insulated wire along pipe route that parallels 

AC power lines 

� locating long-line corrosion “hot-spots” on bare piping. 

 

 

4.2 Determining Current Requirements 
 
4.2.1 Current Density 
 

As shown in Figure 4-2, the polarized potential for steel varies widely over a 

current density range of 0.1 to 200 mA/ft
2
 depending on soil conditions. Data in 

this figure were obtained by measuring the instant-off potential and current on 

bare steel coupons at 8 sites within the U.S. Note that the polarized potential at 

the Roswell site was less negative than –800 mVcse even at current densities 

approaching 100 µA/cm
2
 (100 mA/ft

2
), whereas a polarized potential of about  

–850 mVcse was obtained at the Greenup test location at current densities as low 

as 0.1 µA/cm
2
 (0.1 mA/ft

2
).   
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Figure 4-2: Coupon Current Density as a Function of Off-Potential 
 

Source:  Thompson, N.G. and Lawson, K. M., Development of Coupons for Monitoring Cathodic 
Protection Systems, PRCI Contract PR-186-9220 (Catalog No. L51887), Dec. 2001, p.101, Fig. 93. 

 

One of the major factors that produce such a wide range of current density 

involves the degree of dissolved oxygen available at the steel/earth interface. For 

instance, the difference in polarization characteristics of steel in clay (a typically 

unaerated environment) and sandy well drained soil (an aerated environment) is 

illustrated in Figure 4-3. 
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Figure 4-3: Instant-off Potential vs. Current Density for Carbon Steel Electrode in 

Sand and Clay Soil from Long Term Polarization Test Results 
 

Source:  Gummow, R.A., Qian, S. and Baldock, B., AC Grounding Effects on Cathodic Protection Performance 
in Pipeline Stations, PRCI Contract PR-262-9913 (Catalog No. L51908), Dec. 2001, p.27, Fig. 2-24. 
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Part of the reason for the greater current density required in the aerated versus 

unaerated soils is that the corrosion potential for steel in high resistivity aerated 

sand is in the –300 to –400 mVcse range while in clay it is in the –700 to  

–800 mVcse range. Hence to polarize the steel to –850mVcse requires only a 50 to 

150 mV polarized potential shift in clay versus a 450 to 550mV polarization shift 

in sand. 
 

Dissolved oxygen however is a cathode depolarizer because it speeds up the 

transfer of charges across the steel/earth interface through the reduction reaction. 
 

 O2 (dissolved)  +   2H2O  +  4e
–     

�   4OH
–  

 [4-1] 

 

Thus, a higher current is needed to achieve a given amount of polarization as 

shown in Figure 4-4 that compares cathodic polarization for steel in saturated 

aerated and deaerated solutions. 
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Figure 4-4:  Polarization Curves in Aerated and Deaerated Solutions of pH7 
 

Source:  Fundamental Process of Cathodically Protecting Steel Pipelines, Thompson, N.G. and Barlo, T.J., 
1983 International Gas Research Conference, p.278. 
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Finally, low pH and elevated temperature can also increase the current density 

requirements due to depolarization effects. 

 

Because of the large variation in current density requirements, it is important to 

estimate the current density as accurately as possible. Once the current density 

requirements are determined, it is a simple matter of multiplying the required 

current density by the bare surface area to find the total current as follows: 

 

 IT,cp   =   icp,bare 
 
 ×  As,bare

  
 [4-2] 

 

Note that the total current calculated assumes the current can be distributed 

uniformly with no allowance for attenuation or non-uniform current density 

conditions. Also for well coated structures where the actual bare surface area may 

be quite small, Equation 4-2 may understate the actual current required because 

the conductance of the coating will let some current pass through it to the 

structure. 

 

Therefore Equation 4-2 could be modified to include the current density through 

the coating as follows: 

 

 IT,cp   =   icp,bare 
 
  ×   As,bare

  
 +   icp,coated 

 
  ×   As,coated

 
  [4-3] 

 

Sometimes on very well coated structures where the bare surface area is very 

small (i.e. As,bare  �  0) the current required for the bare surfaces is ignored and a 

conservative coated surface current density (icp,coated) is used. 

 

For some structures that are exposed to markedly different polarization 

characteristics, current requirements may need to be considered on a zone basis. 

For instance, offshore drilling platforms are exposed to aerated and agitated water 

near the water surface, calmer and less agitated water with depth, and mud at the 

base of the platform. Thus for current requirement calculations the offshore 

platform is often divided into three zones as illustrated in Figure 4-5. 
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Figure 4-5:  Surface Areas and Current Densities for Different Zones 

on an Uncoated Jacket Offshore Drilling Platform 

 

This zonal approach could also be used for poorly coated pipelines having 

sections exposed to markedly different soil conditions or on coated pipelines with 

distinctly different coating conductances. 

 
4.3  Current Requirement Estimating Methods 
 

Several methods of estimating the current required to achieve protection are in 

common use. 
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4.3.1 Literature Sources 
 

Tables of current density ranges for steel in the presence of different 

environments are available from the literature such as the following tables: 
 

Table 4-1:  Approximate Current Requirements for Cathodic Protection of Steel 

 

Environmental 
Conditions 

Current Density 

mA/m
2 

mA/ft
2 

 

Immersed in Seawater
(a)   

Stationary   

 Well coated 1 to 2 0.1 to 0.2 
 Poor or old coating 2 to 20 0.2 to 2 
 Uncoated 20 to 30 2 to 3 

Low Velocity
(b)

   

 Well coated 2 to 5 0.2 to 0.5 
 Poor coating 5 to 20 0.5 to 2 
 Uncoated 50 to 150 5 to 15 

Medium Velocity
(c)   

 Well coated 5 to 7 0.5 to 0.7 
 Poor coating 10 to 30 1 to 3 
 Uncoated 150 to 300 15 to 30 

High Velocity
(d)   

 Poor coating or uncoated 250 to 1000 25 to 100 
 

Buried Underground
(e)   

Soil Resistivity   
 0.5 to 5 Ω-m 1 to 2 0.1 to 0.2 
 5 to 15 Ω-m 0.5 to 1 0.05 to 0.1 
 15 to 40 Ω-m 0.1 to 0.5 0.01 to 0.05 
    

(a)Structures or vessels (d)Turbulent flow 
(b)0.3 to 1 m/s (1 to 3 ft/s) (e)Pipelines or structures, coated or wrapped 
(c)1 to 2 m/s (3 to 7 ft/s) 

 
Source:  NACE Corrosion Engineers Reference Book, NACE International,  

3
rd

 Edition, Robert Baboian, Ed., 2002, p.162 
 

The first section of this table lists current densities for bare and coated steel in 

seawater by water velocity with the current density increasing as the water 

velocity increases. These values could also be used for fresh waters since there is 

very little differences in polarization characteristics between fresh water and 

seawater. 

 

The second section of the table lists the current density for well coated steel with 

respect to soil resistivity. The current density is shown to decrease with 

increasing soil resistivity. If the higher resistivity soil is also more aerated, a 

higher current density, not lower, would be required. 
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In both the seawater and soil environments, the current density for well coated 

steel is given as 1 to 2 mA/m
2
 (0.1 to 0.2 mA/ft

2
). Also the current density range 

for bare steel under stagnant seawater conditions is 20 to 30 mA/m
2 

(2 to 3 

mA/ft
2
), which would also apply to soils and fresh water conditions. 

  

Typical current density ranges are listed in Table 4-2 for bare steel in contact with 

different environments. 

 
Table 4-2: Typical Current Density Requirements for Cathodic Protection

* 

 

Environment 
Current Density 

mA/ft
2 

mA/m
2 

Neutral soil 0.4 to 1.5 4.3 to 16.1 

Highly acidic soil 3 to 15 32.3 to 161 

Heated soil 3 to 25 32.3 to 269 

Moving fresh water 3 to 6 32.3 to 64.6 

Fresh water, turbulent, with dissolved oxygen 3 to 15 32.3 to 161.4 

Hot water 3 to 15 32.3 to 161.4 

Seawater 3 to 15 32.3 to 161.4 

Chemicals, acid or alkaline solution in process tanks 3 to 15 32.3 to 161.4 

Wet concrete 3 to 15 32.3 to 161.4 
 

*Based on entire surface area of structure. 
 

Source:  Shrier, L.L., Corrosion, Vol. 2, Newness-Butterworths, Boston, 1976, p11:65 

 

Note that these values differ to some extent with those in Table 4-1, which illustrates 

the wide variation in the published literature. Certainly the current density range 

stated for steel in concrete is probably an order of magnitude greater than is being 

used in practice.   

 

Current requirements for other metals, such as in electrical grounding systems, 

are similar in nonaerated, low resistivity clay soil as indicated in Table 4-3.  For 

high resistivity, well aerated sandy soil, the current requirements vary 

considerably amongst the various types of grounding materials. 
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Table 4-3: Typical Current Density Requirements to Cathodically Polarize  

Various Metals to –850 mVcse
 1 

 

Type of Grounding 
Electrode Material 

Clay
(1)

 

µµµµA/cm
2
 

Sand 
(2)

 

µµµµA/cm
2
 

Carbon steel 0.1 20 

Copper 0.1 100 

Tinned copper 0.1 20 

High silicon iron  0.1 20 

Stainless steel 0.1 8 
(1)

 nonaerated, low resistivity (1800 Ω-cm) 
(2)

well drained, aerated, high resistivity (>50,000 Ω-cm) 

 

To improve the accuracy of estimates quoted in the literature, it is wise to seek 

current requirement information for applications that are as close to the intended 

application as possible. 

 
 

4.3.2 Experience on Similar Structures in Similar Conditions 
 

One of the most common methods of estimating current requirements is simply to 

use current density values that have proved successful in the past. This may take 

the form of a current requirement in terms of: 
 

• current density per unit area of coating surface (icp,coated) 

• current density per unit area (icp,bare) multiplied by an estimate of the 

amount of bare surface area, or 

• current per unit area of an actual structure in similar environmental conditions. 

 

The weakness of all these methods arises when the application conditions differ 

significantly from the circumstances from which the experience was gained. 

 

 

4.3.3 Determining Current Requirements on a Coated 
Structure by Estimating the Percentage Bare 

 

For a coated structure, it is common to estimate the percentage that is bare of the 

coating and then multiply by a current density appropriate to the environmental 

conditions. For example, if the structure is considered 1% bare (a common 

                                                 
1
 Gummow, R.A., AC Grounding Effects on Cathodic Protection Performance in Pipeline Stations, PRCI 

Contract #PR-262-9913, Final Report, Dec. 2001. 
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assumption) and the bare area requires 20 mA/m
2
 (2 mA/ft

2
), then the equivalent 

current density required (icp) for the entire coated surface is: 

 barecp,cp       
100

bare %
       ii ×=  [4-4] 

 

 =   0.01  ×  20 mA/m
2 

 =   0.2 mA/m
2
  (0.02 mA/ft

2
) 

 

This method ignores the amount of current that passes through the coating, but 

the allowance for bare area is so overstated for a well coated structure that the 

calculated current requirement is usually more than adequate. 

 

The percent of bare area on well coated pipelines (coating conductance < 100 

µS/m
2
) is at least 2 orders of magnitude less than 1% bare as shown in Figure 4-6 

for a fusion bonded epoxy coated steel.  However, if a percentage bare of 0.001% 

were used in Equation 4-4, the current required would be significantly 

understated. This is because on extremely well coated structures, most of the 

current passes through the coating since the coated surface is many orders of 

magnitude greater than the holiday surface areas (see Section 4.11.7). 
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Figure 4-6:  FBE Coating Conductance versus Bare Area Normalized for a  

Soil Resistivity of 1000 Ω-cm as Related to General Coating Quality in Table 4-4 
 

Source:  Gummow, R.A. and Segall, S.M., PRCI Contract PR-262-9738, In-Situ Evaluation of Directional 
Drill/Bore Coating Quality – Evaluation of Test Methods, Final Report, Oct. 1998, p.43 

 

4.3.4 Minimum Voltage Drop Method 
 

Experience has shown that in mid-range soil resistivity conditions cathodic 

protection voltage of 300 mV applied between remote earth and a structure is 

sufficient for polarization to meet industry criteria. In fact, in the original NACE 

Standard SP0169, a minimum potential shift of 300 mV was one of the accepted 

criteria. Even after it was removed as a criterion, it is sometimes used as a start-

up criterion when energizing rectifiers to determine initial current output settings.  

The 300 mV shift will overestimate the current required in low resistivity 

conditions (e.g., seawater, brackish water) and underestimate current 

requirements in high resistivity soils. 

 

This method assumes that if a minimum voltage drop, such as 300 mV, is 

obtained between the structure and remote earth, the current required to do so is 

sufficient to provide adequate cathodic protection. This can be calculated using 

poor 

fair 

good

excellent 
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the estimated coating conductance or the results from field tests as illustrated in 

Figure 4-7. 
 

 

4.3.4(a) Field Test to Determine Current Required on a Pipeline 
Based on Minimum Voltage Drop 

 

A DC test current (It) is applied from a remote earth location through an ammeter 

and interruptible switch. 

 

DC sourceV

coated pipe

A

remote ground

It

 
 

Figure 4-7:  Voltage Drop Method of Determining Current Requirements 
 

 

The test current is switched on and off by an interrupter set so that the “on” cycle 

time is short compared to the “off” cycle time to avoid polarization effects. The 

pipe-to-soil potential with respect to a remote reference is measured when the 

current is on (Von) and off (Voff). The change in potential (∆V) between Von and 

Voff  is expressed using the equation: 
 

e.g., ∆V   =   Von  –  Voff
 
  [4-5] 

 

The current required is then calculated as the amount needed to shift the potential 

300 mV. 
 

 tcp I     
V

mV300
       I ×

∆
=  [4-6] 

 

For a long structure, it is usual to measure on/off pipe-to-soil potentials at a 

number of locations using the minimum shift location (∆Vmin) to provide a 

conservative estimate of the required current. Also, where multiple cathodic 

protection current sources are anticipated, a lesser voltage drop criterion (e.g., 
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150 mV) could be used at the intersection between two sources. It is assumed that 

each source would contribute a 150 mV of voltage drop thereby achieving a total 

of 300 mV. Although the 300 mV minimum potential shift is often used in 

current requirement calculations, it is not an industry standard criterion. 
 

 

4.3.4(b) Using Pipe-to-Earth Resistance to Determine Current 
Required by the Voltage Drop Method 

 

If an isolated section of pipe is tested per the test arrangement in Figure 4-7, the 

average change in potential (∆Vave) divided by the test current gives the average 

pipe resistance (Rp,re) to remote earth per Equation 4-7: 
 

 
t

ave
rep,

I

V
        R

∆
=  [4-7] 

 

The current required by the test section to obtain a 300 mV shift would be: 
 

 
rep,

cp
R

mV300
        I =  [4-8] 

 

The resistance of the pipe can also be calculated by other methods as will be 

covered later in this chapter. 

 

The disadvantages of this method are that it does not determine the polarization 

characteristics of the structure and will vary considerably with the earth resistivity 

unless the coating is of very high quality. Thus in high resistivity soils this 

technique will result in a higher voltage drop than in a low resistivity soil and 

therefore a lesser calculated required current. 
 

 

4.3.4(c) Calculation of Current Required to Achieve a Minimum 
Voltage Drop on a Coated Structure Based on Coating 
Resistance 

 

Assuming that most of the voltage drop is across the coating rather than in the 

electrolyte when a cathodic current is applied to a structure, the specific coating 

resistance (r′′′′c) can be used to determine the current required for a unit area of 

surface with respect to a minimum voltage drop criterion (e.g., 300 mV) by 

Equation 4-9: 
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c 

cp
r

mV300
        i

′
=  [4-9] 

 where:  r′′′′c is the specific coating resistance in Ω-m
2
 or Ω-ft

2
 

 

The value of r′′′′c can be obtained directly from Table 4-4 for typical pipe coating 

conductances of different quality coatings in 1000 Ω-cm soil or indirectly from 

the specific coating conductance (g′ ′ ′ ′ ) since 

 

 
g

1
       r c ′

=′  [4-10] 

 
 

Table 4-4:  Typical Specific Pipe to Earth Leakage Conductance for  

Dielectric Protective Coatings in 1000 Ω-cm Soil 
   

 

Long Pipelines 
with 

Few Fittings 

 
Average Specific  

Coating Conductance 

g′′′′ 
 

Average Specific Coating 
Resistance 

r′′′′c 

Quality of Work Siemens/ft
2
 Siemens/m

2 
Ω-ft

2 
Ω-m

2 

Excellent <1 x 10
-5 

<1  x  10
-4 

>10
5 

>10
4 

Good 1 x 10
-5

 to 5 x 10
-5 

1 x 10
-4

 to 5 x 10
-4 

2 x 10
4
 to 10

5 
2 x 10

3
 to 10

4 

Fair 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3

 10
4 
to 2 x 10

4
 10

3 
to 2 x 10

3
 

Poor >1 x 10
-4

 >1 x 10
-3

 <10
4 

<10
3 

Bare Pipe 
(2 to 12 in.) 
(5 to 30cm) 

4 x 10
-3

 to 2 x 10
-2 

4 x 10
-2

 to 2 x 10
-1

 50 to 250 5 to 25 

     

Gas or Water 
Distribution with 

Many Fittings 

 
Average Specific  

Coating Conductance 

g′′′′ 
 

Average Specific Coating 
Resistance  

r′′′′c 

Quality of Work Siemens/ft
2
 Siemens/m

2 
Ω-ft

2 
Ω-m

2 

Excellent <5 x 10
-5 

<5  x  10
-4 

>2 x 10
4 

>2 x 10
3 

Good 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3 

10
4
 to 2 x 10

4 
10

3
 to 2 x 10

3 

Fair 1 x 10
-4

 to 5 x 10
-4 

1 x 10
-3

 to 5 x 10
-3

 2 x 10
3 
to 10

4
 2 x 10

2  
to 10

3
 

Poor >5 x 10
-4

 >5 x 10
-3

 <2 x 10
3 

<2 x 10
2 

Bare Pipe 
(2 to 12 in.) 
(5 to 30 cm) 

4 x 10
-3

 to 2 x 10
-2 

4 x 10
-2

 to 2 x 10
-1

 50 to 250 5 to 25 
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For example, for 1 m
2
 of excellent coating on a long pipeline in 1,000 Ω-cm soil, 

the current density required to produce a 300 mV voltage drop would be 
 

  
24mV300 @ cp

m- 10

0.3V
       i

Ω
=  [4-11] 

 

 =   0.3  ×  10
-4

 A/m
2 

  =   30µA/m
2
  (~3µA/ft

2
) 

 

If the soil resistivity is not 1,000 Ω-cm, then it is usual to linearly extrapolate the 

specific resistance to the actual resistivity.   

 

In the foregoing example for 10,000 Ω-cm soil the specific resistance would be: 
 

  
cm- 1,000

cm- 10,000
      r       

cm-ohm 10,000 @ c 
r c Ω

Ω
×′=′  [4-12] 

 

          =   10
4
 Ω-m

2
  x  10    

          =   10
5
 Ω-m

2 
(10

6
 Ω-ft

2
) 

 

Therefore the current required by the voltage drop method would be: 

 

  
25 m- 10

0.3V
       

cm-ohm 10,000  300mV, @ cp
i

Ω
=  [4-13] 

 

                               =   3 µA/m
2
 (~0.3 µA/ft

2
) 

 

 

4.3.5 Polarization Test Method 
 

The polarization test method is similar in setup to the voltage drop method except 

the test current is increased in small increments from a low value, the test current 

remains on for an extended period of time, and the interrupter is adjusted to 

interrupt the current for a very short off cycle. The reference electrode does not 

need to be placed at remote earth unless the structure is inaccessible as in the case 

of a well casing. The structure polarized potential (Eoff) is then plotted on semi-

log graph paper versus the applied test current as depicted in Figure 4-8. 
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Figure 4-8:  Cathodic Polarization Plot and Determination of  

Cathodic Protection Current (Icp) Required 

 

 

On the graph, the linear portion of the polarization curve is identified and a 

straight line is drawn to intersect with the original corrosion potential (Ecorr) line.  

This line is called the Tafel line or slope if the data is collected in an oxygen free 

(anaerobic) environment. The point where this line intercepts the corrosion 

potential (pt.�) represents the magnitude of the corrosion current (Icorr). The 

point where the line departs from the plotted data (pt.�) identifies the required 

cathodic protection current. 

 

In order to achieve Tafel behavior with short term polarization testing, the 

structure must be in an oxygen free (anaerobic) environment. If anaerobic 

conditions exist, the cathode reduction reaction will be hydrogen ion reduction 

under activation control; however, if aerobic conditions exist, oxygen reduction 

under concentration control is more likely. The polarization curve will not exhibit 

a Tafel straight line segment, but rather, will be curvilinear in a shape depicting 

concentration effects. In this case, short term polarization testing cannot provide 

1

2

Tafel Slope

Icorr Icp

Ecorr

-0.50

-0.55

-0.60

-0.65

-0.70
-0.02-0.01 -0.05 -0.1 -0.2 -0.5 1 2 5 10

Current (Amperes)



CP Design Fundamentals   4:19 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             July 2007 
 

the current requirement adequate for cathodic protection. If Tafel behavior is 

observed, the current requirement for adequate cathodic protection is the current 

magnitude where the Tafel slope begins. 

 

If the environment is aerobic, the polarization curve will change with time in a 

manner similar to Figure 4-9. 
 

 

 
 

Figure 4-9:  Effect of Time on the Shape of a Dynamic Cathodic Polarization Curve 
 

Source:  Nisancioglu, K., Gartland, per Olav, Dahl, T., and Sander, E., The Role of Surface Structure and 
Flow Rate on the Polarization of Cathodically Protected Steel in Sea Water, Corrosion /86, Paper No. 296 

 
 

As the time interval increases, the current required to polarize steel to a specific 

potential decreases. The shape of the polarization curve changes from one 

exhibiting considerable oxygen concentration polarization (at time = 0) to a 

completely linear E log I relationship when t � ∞. The latter behavior is probably 

due to the primary reduction reaction being the reduction of the hydrogen ion. 

 

Clearly, the E log I current requirement criterion applied to these graphs would 

produce dramatically different current requirements with the shorter time duration 

curve producing the most inaccurate but most conservative result. Also, as the 

oxygen concentration polarization increases, the more difficult it is to draw a true 

straight line because the Tafel slope approaches tangency to the curve rather than 

intersecting a number of defined points on the curve. 

 

Allowing long time intervals between incremental changes in the applied current 

imposes a time constraint as well as a cost penalty on this method as applied in 

the field. This technique has been used mainly for determining current 
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requirements on well casings, which because of their depth are generally exposed 

to unaerated soil conditions. Hence, the polarization characteristic is more linear 

and the polarized potential less time dependent. 

 

Conducting cathodic polarization scans either galvanostatically (setting a current 

and measuring potential as per the previous example) or potentiostatically (setting 

a potential and measuring current) has considerable merit in determining the 

current requirements for steel in aqueous process streams. The tests can easily be 

conducted on coupons either in the laboratory or in the vessel on site using 

automated potentiostats. 

 
 

4.3.6 Polarization Shift Method 
 

The polarization shift method involves applying a test current as illustrated in 

Figure 4-7 for a period of time until the change in polarized potential approaches 

zero








→

∆

∆
0

t

Ep . The magnitude of the test current is selected to be a significant 

fraction of that obtained by a rough estimate of the current required. 

 

When the ”on” potential has stabilized, the interrupter is adjusted to interrupt with 

a short off-cycle so the polarized potential at the structure-to-earth measurement 

location can be recorded. The polarization potential shift at each location is 

determined by subtracting the corrosion potential (Ecorr) from the instant-off 

(polarized) potential (Ep). 
 

 e.g., ∆Ep   =   Ep  –  Ecorr [4-14] 

 
The required current is then computed by dividing the desired polarization shift 

for protection (e.g., 100 mV) by the test polarization shift multiplied by the test 

current. 
 

 e.g., t

p

cp I      
E

mV100
       I ×

∆
=  [4-15] 

 

The advantage of this test over the E log I test is that less time is required on site 

and less test current capacity is needed. The disadvantage is that it assumes the 

relationship between polarized potential and applied current is linear, which it is 

not, as was illustrated in Figures 4-8 and 4-9. However, if the original estimate is 

close to the actual required current, this method gives good results. 
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Current density requirements per 100 mV of polarization, based on test results on 

fusion bonded epoxy coated pipe with artificial holidays, is plotted against % bare 

as shown in Figure 4-10. 
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Figure 4-10:  Current Density in Clay Soil for 100 mV Polarization Shift vs. % Bare on Coated Steel 
 

Source:  Gummow, R.A. and Segall, S.M., PRCI Contract PR-262-9738, In-Situ Evaluation of Directional 
Drill/Bore Coating Quality – Evaluation of Test Methods, Final Report, Oct. 1998, p.44 

 

 

This curve considers only the situation where the pipe is buried in an unaerated 

environment. 

 

For a well coated pipeline, the percentage bare should be 0.01% or less 

suggesting a current density requirement of 10 µA/m
2
 per 100 mV of 

polarization. 

 

 

4.4 Calculation of Cathodic Protection Circuit 
Resistances 

 
After the cathodic protection current requirements are determined by one or more 

of the foregoing methods, galvanic or impressed current must be chosen as 

indicated in the flow chart in Figure 4-1. Many factors affect this design choice 

but the magnitude of the current required and the resistivity of the environment 

are the predominant factors that impact the cost of the system. Typically, as both 
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the current and resistivity increase, as shown in Figure 4-11, impressed current 

becomes the most economical option. 
 

10 20 30 40 50 60 70 80 90 100

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Soil Resistivity ( in ohm-m)ρ

Impressed Current Anodes

0

Magnesium Anodes

 
 

Figure 4-11:  Relative Economic Range for Galvanic and Impressed Current Systems  

as a Function of Current Required and Soil Resistivity 
 

Source:  von Baeckman, W., Schwenk, W., and Prinz, W., Handbook of Cathodic Corrosion Protection – 
Theory and Practice of Electrochemical Protection Processes, Gulf Professional Publishing, 1997, p.495 

 

 

The cathodic protection circuit for a galvanic system can be illustrated by the 

electrical schematic in Figure 4-12. 
 

 

Rc Ep,a

Ep,s

Rs,re

Ra,re

Remote
Earth

Ep,s = polarized potential
of structure (V)

Rs,re = resistance of structure
to remote earth (ohm)

= resistance of anode(s)
to remote earth (ohm)

Ra,re

= polarized potential of
anode(s) (V)

= cable resistance between
anode & structure (ohm)

Ep,a

Rc
 

 

Figure 4-12:  Electrical Schematic for an Operating Galvanic Cathodic Protection System 

 

 

The electrical schematic for an impressed current system illustrated in Figure 4-

13 is similar to Figure 4-12. 
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Ep,a

Ep,sRc,s

Rs,re

Rgb,re

Remote
Earth

DC Power
Supply

Ep,s

= resistance of negative
cable from the structure

Rs,re

= polarized potential of
structure (V)

= resistance of structure
to remote earth (ohm)

= resistance of groundbed
to remote earth (ohm)

= polarized potential of
the groundbed (V)

Ep,a

Rc,a = resistance of positive
cable to groundbed

Rc,s

Rgb,re

Rc,a

 
 
Figure 4-13:  Electrical Schematic for an Operating Impressed Current Cathodic Protection System 

 

After choosing the type of system, anode materials, and arrangement, the cathodic 

protection circuit resistance Rcp needs to be calculated as follows: 
 

 for an impressed current system 
 

  Rcp   =   Rc,a  +  Rc,s  +  Rs,re  +  Rgb,re [4-16] 

 
 

  for a simple galvanic system 
 

  Rcp   =   Rc  +  Rs,re  +  Ra,re   [4-17] 

 
 
4.4.1 Resistance of a Single Rod Shaped Anode Positioned 

Vertically in the Earth 
 

The resistance-to-remote earth (Ra,re) of a single anode positioned vertically in the 

earth with the top of the anode flush with grade as shown in Figures 4-14a and 4-

14b can be calculated using Dwight’s modified equation as follows. 

   

  















= 1     
d

8L
 ln  

L  2

ρ
        R rev, -

π
 [4-18] 

 
 where: 

  Rv,re = resistance of vertical anode to remote earth (ohms) 

  ρ = resistivity of soil 

  L = length of anode 

  d = diameter of anode 
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Rv,reL

d

ρs

L

d

(b) in low resistivity backfill(a) directly in earth contact  
 

Figure 4-14:  Anode Placed Vertically in Earth at Grade 

 

This equation is applicable where L>>d, soil resistivity is homogeneous, and the 

anode is not located well below grade. For galvanic anodes surrounded by low 

resistivity sulfate-rich select backfill (typically ρbackfill < 100 Ω-cm) the outside 

dimensions of the packaged anode can be used in the calculation rather than the 

actual casting dimensions. This also applies to impressed current anodes that are 

surrounded by coke backfill material. The outside dimensions of the coke column 

can be used in Equation 4-18 without appreciably affecting its accuracy.  

  

  Example Calculation: 
 

 Calculate using Dwight’s equation the resistance of a 6 ft long by 2 in. 

diameter anode in 10,000 Ω-cm soil. 
 

 ρ = 10,000 Ω-cm d = 2 in. x 2.54 cm/in. =  5.1 cm 

 L = 6 ft x 30.5 cm/ft  =  183 cm 

 

 








−






 ×
π

Ω
= 1    

cm 5.1

cm 183  8
ln  

cm 183  2

cm- 10,000
        R v  

 

 = 8.7 {(ln 287) – 1}   = 8.7 {5.65 – 1}   =   40.5 Ω 

 
For a deep well anode, where the depth (t) to the top of the anode or coke column 

is about the same order of magnitude as the length (L) of the anode or coke 

column, Equation 4-19 can be used. 

  








−






= 1    
d

4L
 ln  

L  2

ρ
        R rev, π

 [4-19] 

 where: 

  Rv,re = resistance of vertical anode to remote earth (ohms) 

  ρ = resistivity of soil 

  L = length of anode 

  d = diameter of anode 
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4.4.2 Resistance of Multiple Vertical Anodes Connected to a 
Common Header Cable or Structure 

 

When multiple anodes are connected in parallel to a common header cable, as 

illustrated in Figure 4-15, the resistance of the entire array of vertical anodes can 

be calculated as a simple parallel circuit if the anodes are sufficiently far apart 

(S>>L) and the header cable has negligible resistance. 

 

 

L

d

Rgb,v

Ra,1
Ra,2

Ra,3 Ra,n

s

 
 

Figure 4-15:  Multiple Vertical Anodes Connected to a Common Header Cable 

 

That is, the parallel resistance of the groundbed (Rgb,v) is given by: 

 

  

an

na,a,3a,2a,1n

R

1
      N       

R

1
 

R

1
    ....     

R

1
      

R

1
      

R

1
        

R

1

×=

++=

 [4-20] 

 

 therefore:           
N

R
        R a

n =   [4-21] 

 
 

Thus the resistance of the multiple anode array, assuming that Ra,1  =  Ra,2  =  Ra,3, 

is simply the resistance of a single anode, calculated using Dwight’s equation, 

divided by the number (N) of anodes.  This also applies for galvanic anodes 

widely spaced and connected directly to the structure. 

 

Since the anode spacing (S) is typically short (e.g., S < 10L), there is mutual 

interference (crowding effect due to the current from each anode competing for 

the same current path) causing the resistance to increase from that calculated in 

Equation 4-21. 
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The Sunde equation which follows includes a factor   N)(0.656ln  
s

L2








  

 

that calculates the added resistance due to the mutual interference. 

 

  








+−






= (0.656N)ln  
s

2L
    1    

d

L 8
ln  

NL  2

ρ
        R v π

 [4-22] 

 

 where: 

  Rv = resistance of multiple vertical anodes to remote earth, ohms 

  ρ = soil resistivity  

  L = length of anode 

  d = diameter of anode 

  s = anode spacing 

  N = number of anodes 

 

Note that this equation is just Dwight’s equation divided by N with the 

”crowding” correction factor added. 

 

 

 Example Calculation: 
 

 Calculate the resistance of 10 anodes (5.08 cm (2 in.) diameter by 182.9 cm 

(6 ft) long) connected to a header cable with a 152.4 cm (5 ft) spacing in 

10,000 Ω-cm soil.  
 

 diameter = 2 in. (5.08 cm) 

 length = 6 ft. (182.9 cm) 

 spacing = 5 ft. (152.4 cm) 

 resistivity = 10,000 Ω-cm soil 
 

 Using Equation 4-22: 

 

Rv   =   
10,000 Ω - cm

2 π 10 anodes  ×182.9 cm
  ln

8 ×  182.9 cm

5.08 cm

 

 
 

 

 
   −   1  +  

2 ×  182.9 cm

152.4 cm
ln (0.656 ×  10 anodes)

 
 
 

 
 
 

  

 

 Therefore: 

 Rv = 0.87 {(5.66 – 1) + 2.41(1.88)} 
  = 0.87 (4.66 + 4.51) 

  = 0.87 (9.17) 

  = 7.98 Ω 
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4.4.3 Resistance of a Single Rod Shaped Anode Positioned 
Horizontally in the Earth  

 

As with all anodes the resistance is a function of the soil resistivity but also a 

function of the depth (t) as illustrated in Figure 4-16. 

 
 

d

L

t

LCLC

t

d
L

(b) in low resistivity backfill(a) directly in earth contact  
 

Figure 4-16:  Anode Placed Horizontally Below Grade 

 

When the depth is shallow (t << L) and (L >> d), Equation 4-23 applies: 

 

  







=

d

L
ln   

L  π2
        R

2

ha,
t

ρ
 [4-23] 

 

 where: 

 ρ = soil resistivity 
 L = length of anode 

 d = diameter of anode 

 t = depth below grade 

 

and when the depth is considerable (t >> L), Equation 4-24 applies. 

 

  







=

d

2L
ln   

L  2
        R ha, π

ρ
 [4-24] 

 

In both equations, it is assumed that the soil resistivity is uniform and the outside 

dimensions of packaged galvanic anodes and coke backfilled impressed current 

anodes can be used in the equations without introducing appreciable error. 

 

Equation 4-24 can also be used to calculate the resistance of a single vertical rod 

where t >> L. 
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Equation 4-23 can also be used to calculate the resistance of multiple horizontal 

anodes if they are placed relatively close together (s < La) and surrounded by 

continuous coke as illustrated in Figure 4-17a. 

 

 

 
 

Figure 4-17a:  Multiple Horizontal Anodes in a Coke Trench Connected 

to a Common Header Cable 

 

 

 

Class Group Exercise  

 
Calculate the resistance of the following anode positioned 
vertically and horizontally using Equations 4-18 and 4-23 
respectively. 

 

 where: L = 2 m t = 1 m 

  D = 20 cm ρ = 10 Ω-m 

 

Rgb,h 

d

L

t

L C 
L a

s
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4.4.4 Resistance of Multiple Horizontal Anodes Connected on 
a Common Header Cable 

 

For multiple horizontal anodes connected to a common header cable having 

negligible resistance as in Figure 4-17b, the following equation, which includes a 

“crowding” factor F, can be used. 

 

 
 

Figure 4-17b:  Multiple Horizontal Anodes Connected to a Common Header Cable 

 

 

  F    
N

R
        R ha,

hgb, ×=  [4-25] 

 where: 

 Rgb,h = resistance of N horizontal anodes 

 Ra,h = resistance of a single anode 

 N = number of anodes 

 F = crowding factor 

 

 

The crowding factor (F) can be calculated using Equation 4-26. 

 

  0.656Nln   
πSR

ρ
    1        F

ha,

+=  [4-26] 

 

 where: 

 F = multiple anode crowding factor 

 ρ = soil resistivity 

 S = center-to-center distance between anodes 

 Ra,h = resistance of a single horizontal anode 

 N = number of anodes connected in parallel 

 

 

s L

t

dCL

Rg b,  h
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Example Calculation: 
 

 Calculate the resistance of 10 – 2 in. diameter by 6 ft long horizontal 

anodes connected to a common header cable at 11 ft center-to-center 

spacing in 10,000 Ω-cm soil using Equation 4-23. 
 

 Length (L) = 6 ft.  x  30.5 cm/ft = 183 cm. 

 Diameter (D) = 2 in.  x  2.54 cm/in. = 5.1 cm 

 Spacing (S) = 11 ft. x 30.5cm/ft = 336 cm 

 Soil Resistivity (ρ) = 10,000 Ω-cm  

 Depth (t) = 3 ft.  x  30.5 cm/ft = 91.5 cm 

 

  

R a,h     =     
ρ

2π L
  ln 

L2

td

 

 
 

 

 
 

          =      
10,000 Ω - cm

6.28  ×   183 cm
   ln 

33489 cm2

466.7 cm2

 

 
 

 

 
 

 

  

  = 8.7 ln 71.8 

 Ra,h = 8.7  x  4.27   =   37 Ω 

 

 

  Substituting Ra,h into Equation 4-26 to obtain the crowding factor (F). 
 

          10) x (0.656ln    
 37    cm 336    

cm- 10,000
      1          F

Ω××
Ω

+=
π

 

 

      =   1  +   0.256  x  1.88 

 F  =   1.48 

   

  

 Substituting F into Equation 4-25 yields: 
 

                   1.48      
10

 37
          R hg/b, ×

Ω
=  

 

 = 5.5 Ω 

 

 This result compares favorably with the calculated resistance (Rgb,v) of  

7.9 Ω or the vertical groundbed array having the same number of anodes, 

the same size anode, and the same spacing. 
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4.4.5 Calculating Pipe Resistance to Remote Earth 
 

There are several different methods of determining the resistance of a coated pipe 

to remote earth.  For any pipe, the potential shift (∆V) that occurs between the 

pipe and a reference placed at remote earth (as in Figure 4-7) with a test current 

interrupted can be used in Ohm’s law to calculate the pipe resistance (Rp,re) as 

follows: 

  

Rp,re    =     
VON −  VOFF

It

  (Ω)

Rp,re    =     
∆V

It

 (Ω)

 [4-27] 

 

To increase the reliability of the result, the change in voltage should be calculated 

at several points if the pipeline is extensive. For short sections of bare pipe, as 

illustrated in Figure 4-18, Equation 4-23 can be used to calculate pipe resistance. 

The section must be separated physically or electrically from adjoining or 

adjacent structures. 

 

 
 

 

Figure 4-18:  Resistance of a Horizontal Coated Pipe Section 

 

 

For a coated pipeline, most of the resistance to remote earth will be across the 

coating. Accordingly, if a specific coating resistance (r′c) is assumed, the 

resistance of the pipe to remote earth (Rp,re) can be calculated from Equation 4-28. 

 

  
s

c 
rep,

A

r
         R

′
=  [4-28] 

 where: 

  r′c = specific coating resistance 

  As = surface area of pipe 

d

L

t

 pipe 

R p,re 
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 Example Calculation: 
 

 Calculate the resistance of a 1,000 m long section of 21.9 cm 

diameter pipe in 5,000 Ω-cm soil if the specific coating resistance 

(r′c) in 1,000 Ω-cm soil is 10
4 
Ω-m

2
. 

 

 

  
s

c 

rep,
A

cm- 5,000 @ r
         R

Ω′
=  

 

 where: 

  ′ r  c  @ 5, 000 Ω - cm    =      ′ r  c  @ 1, 000 Ω - cm  ×   
5, 000 Ω - cm

1, 000 Ω - cm
 

 

             =  1 ×  104 ×   
5,000 Ω - cm

1,000 Ω - cm
 

 

  = 5  ×  10
4
 Ω-m

2 

 

 and: 

  As = πdL     

   =  3.14  ×  0.219 m   ×  1,000 m   = 688 m
2 

 

 therefore: 

R p,re    =      
5  ×   10 4  Ω - m 2

688 m 2
=      72.7 Ω  

 

 

4.4.6 Calculation of Cable and Pipe Lineal Resistances 
 

For solid copper cable the resistance of a conductor having a length (L) and a 

diameter (d) is given by the following equation: 

 

   
A

L
 ρ        R

x

cuc =  [4-29] 

 where: 

  L = length     

  Ax = cross-sectional area     

  ρcu =  volume resistivity of copper (typically 1.72 µΩ-cm) 

 

But typical cable resistances can be obtained from published tables as in Table 4-5. 
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Table 4-5:  Concentric Stranded Copper Single Conductors Direct Burial Service Suitably Insulated 

 

Size 
AWG 

Overall Diameter 
not Including 
Insulation 
(inches) 

Approx. Weight 
Not Including 
Insulation 
(lbs/1000 ft) 

Maximum 
Breaking 
Strength 
(lbs) 

Maximum 
DC Resistance 

@ 20°C 
(Ohms/1000 ft) 

Max. Allowable 
DC Current 
Capacity 
(Amperes) 

14 0.0726 12.68 130 2.5800 15 

12 0.0915 20.16 207 1.6200 20 

10 0.1160 32.06 329 1.0200 30 

8 0.1460 50.97 525 0.6400 45 

6 0.1840 81.05 832 0.4030 65 

4 0.2320 128.90 1320 0.2540 85 

3 0.2600 162.50 1670 0.2010 100 

2 0.2920 204.90 2110 0.1590 115 

1 0.3320 258.40 2660 0.1260 130 

1/0 0.3730 325.80 3350 0.1000 150 

2/0 0.4190 410.90 4230 0.0795 175 

3/0 0.4700 518.10 5320 0.0631 200 

4/0 0.5280 653.30 6453 0.0500 230 

250 MCM 0.5750 771.90 7930 0.0423 255 

 

 

Note that the stated resistances are for direct current not alternating current, since 

the resistance for alternating current is greater due to skin effects. 

 

The longitudinal resistance (Rp) of a section of steel pipe having a length (L) and 

a resistivity (ρsteel) is inversely dependent on the cross-sectional area (Ax) of the 

pipe wall.  Hence from Equation 4-29. 
 

   
A

L
 ρ        R

x

steelp =  [4-30] 

 

 and ( )22

x ID   OD 
4

         A −=
π

 [4-31] 

 
 

 where: OD = pipe outside diameter 

  ID = pipe inside diameter 

 

The pipe resistance for a length of standard pipe can be calculated using Table  

B-1 in Appendix B. 
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 Example Calculation: 
 

 Calculate the resistance of a 1 km length of 20 in. diameter schedule 

30 pipe.  From Table B-1 for Steel Pipe Data (Appendix B).  The pipe 

dimensions are as follows: 

 

  where: OD = 50.8 cm  

  ID = OD – 2 (wall thickness) 

   = 50.8 cm – 2 (1.27 cm) 

  ID = 48.26 cm 

 

 From Equation 4-31: 
 

  ( ) ( )[ ]22

x cm 48.26  cm 50.8  
4

         A −=
π

 

   

  = 0.785 [2581 cm
2  

–  2329 cm
2
] 

  Ax = 0.785 [252 cm
2
] 

  Ax = 198 cm
2
  

 

 Substituting for Ax in Equation 4-30 and assuming ρsteel = 18 × 10
-6

 Ω-cm 

(a conservative value compared to Table B-1) gives: 
 

  
2

5-6

p
cm 198

cm 10    cm- 10 18
         R

×Ω×
=  

   

  Rp = 0.009 Ω   or  9 mΩ per kilometer 

 

 

4.5 Calculating System Capacity and Life 
 

To determine the amount of anode material needed for a cathodic protection 

system it is usual to determine the electrochemical capacity required. 

Electrochemical capacity is simply the amount of cathodic protection current 

required multiplied by the anticipated service life of the system, as shown in 

Equation 4-32. 
 

 L    I      C cpcp ×=    [4-32] 

 

 where: 

  Icp = cathodic protection current required 

  L = required service life 

  Ccp = CP system electrochemical capacity 
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For example, a cathodic protection system requiring 2 A of current for a service 

life of 15 years requires 30 A-y of electrochemical capacity. 

 

Once the electrochemical capacity is determined, the minimum weight of any 

anode material can be determined from either Equation 4-33 or 4-34. 
 

 
E  U

C   C
      W

rcp

minta, ×

×
=  [4-33] 

 

 
E      U C

C
      W

a

cp

minta, ××
=  [4-34] 

 

 where: 

  Cr = theoretical consumption rate of anode material 

  Ca = theoretical capacity of anode material 

  Wta,min = minimum weight required 

  U = utilization factor 

  E = electrochemical efficiency 

 

Besides the theoretical values of consumption and capacity, the calculated weight 

must have an allowance for anode efficiency (E) and utilization factor (U). 

 

As an anode is consumed, it reaches a point when it can no longer provide the 

minimum cathodic protection current even though it is not yet fully consumed. 

This is addressed by the utilization factor, which typically ranges from 0.5 to 0.9 

depending on the type of system and its operating condition. 

 

Actual anode consumption rates and capacities are always less than the 

theoretical values as calculated from Faraday’s law (see Chapter 1). Thus it is 

typical to assign an estimate of efficiency for each anode material depending on 

the application and operating conditions based on experience. 

 

Table 4-6 contains typical consumption rates and electrochemical capacities for 

various anode materials. Note that the capacity is the inverse of the consumption 

rate. 
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Table 4-6:  Typical Consumption Rate and Capacities of Different Anode Materials  

in Soils or Fresh Waters 

 

  Theoretical 
Consumption Rate 

Theoretical 
Capacity 

Typical  
Efficiency(1) 

  kg/A-y Lb./A-y A-y/kg A-y/lb % 

Galvanic 
Anode 
Material 

Magnesium 3.98 8.76 0.250 0.114 50 

Zinc  10.76 23.50 0.093 0.042 90 

Aluminum  2.94 6.49 0.340 0.155 85-95 
       

Impressed 
Current 
Anode 

Graphite/Carbon 0.1 to 1.0 0.22 to 2.2 10.1 to 1.0 4.5 to 0.45 (2) (3) 

High Silicon Iron 0.25 to 1.0 0.55 to 2.2 4.0 to 1.0 1.8 to 0.45 (2) (3) 

Steel 9.1 20 0.11 0.05 90 
 

Note: Platinum clad and mixed metal oxide coated anodes are quantified by thickness of the 

surface film rather than by weight. 

  
 (1) Efficiency of galvanic anodes is dependent on the anode current density. 

 (2) Source:  Jakobs, J.A., A Comparison of Anodes for Impressed Current Systems, NACE 

Canadian Region, Western Conference, Feb. 1980. 

 (3) See Table 2-13 for consumption rate in different environments. 

  

 

  Example Calculation 
 

 Given: A required system capacity of 30 A-y.  

What is the minimum weight of magnesium anode alloy required?  

Assume a utilization factor of 0.85 and an efficiency of 50%. 
 

 

   
E  U

C   C
       W

rcp

minta, ×

×
=  

 

   
0.5    85.0

y-kg/A 3.98   y   -A 30
       W

minta, ×
×

=  

    

Wta,min   =   281 kg 

 

4.6 Calculation of System Life 
 

By substituting Equation 4-32 for system capacity in Equations 4-33 and 4-34 and 

rearranging, system life can be calculated by the two resulting Equations 4-35 and 

4-36 using theoretical anode consumption rate and theoretical anode capacity 

respectively. 
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rcp

t

C    I

 E      U  W
       L

×
××

=  [4-35] 

 
 
 
 

   
cp

at

I

 E       U  C    W
       L

×××
=  [4-36] 

  
 where: 

     L  = anode life (yr) 

   Icp = cathodic protection current (A)  

   Wt= weight (kg) 

   Cr = theoretical consumption rate (kg/A-yr) 
Ca = theoretical capacity (A – y/kg) 

    U = utilization factor 

 E = efficiency (%) 

 
 Notes: 

1. Apply efficiency to Table 4-6. 

2. Efficiency included in Ca from Figure 2-20. 

3. 50% efficiency included in Table 2-10. 

                   

 Example Calculation 
 

 Given: A magnesium anode weighing 17 lb has a 50 mA output.  

Assuming a utilization factor of 0.9 and an efficiency of 

50%, what will be its service life? 
 

 

 Using Equation 4-35 and a theoretical consumption rate of 8.76 lb./A-y 

(from Table 4-6). 
 
 

   
rcp

t

C    I

 E      U  W
       L

×

××
=   

 

   
y.-lb/A 8.76   A    0.05

 0.5      0.9     lb. 71
       L

×
××

=   

 

   L  =  17.5 y 
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4.7 Calculating Number of Anodes 
 

Once the minimum total weight of anode material has been determined, the 

minimum number of anodes is calculated using Equation 4-37. 
 

 

 

   
anode t,

min t,

W

W
       N =  [4-37] 

 
 
 
 

 Example Calculation 
 

 Given: From the previous example the minimum total weight of 

magnesium required was 281 kg. Choosing a #20D2 (20 

lb) from Table I (Appendix A), how many anodes are 

required? 

 

   
lb 20

 lb/kg 2.2     kg 812
       Nmin

×
=   

 

   Nmin  =  31 anodes 
 

 

 

  This is the minimum number of anodes required from a weight 

basis, but the current output of each anode must be enough to 

supply the total current of 2A. The minimum number of anodes 

required on a current basis, given that each anode will produce 

50 mA, is as follows: 

 

 

   anodes 40        
mA 50

mA 2000
        

mA 50

I
       N t

min ===  

 

 

  Hence the minimum number of 20 lb anodes required to satisfy 

both the current and life requirement is 40. 
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4.8 Calculating System Driving Voltage 
 

4.8.1 Galvanic (Sacrificial) System 
 

As seen previously, a galvanic system can be depicted on a polarization diagram 

such as Figure 4-19. 
 

CP Current

Ea,oc Ea,p

Es,crit

calculated
driving voltage

Criterion

Icp,calc.

Es,corr

initial
driving
voltage

 
Figure 4-19:  Polarization Diagram for a Galvanic Cathodic Protection System 

 

The initial driving voltage (i.e., the original EMF) is the difference between the 

galvanic anode open circuit potential (Ea,oc) and the structure corrosion potential 

(Es,corr). But the intended operating driving voltage is Ea,p – Es,crit which is 

substantially different from the initial driving voltage due to the amount of the 

original voltage used up in polarization at the anode and cathode. 

 

For cathodic protection design purposes, the design driving voltage is the 

difference between the anode polarized potential (Ea,p) and the chosen cathodic 

protection criterion (Es,crit). 

 

For example, if the chosen criterion is –850 mVcse and the polarized potential for 

a high potential magnesium anode is –1700 mVcse (e.g., 50 mV allowance for 

polarization from an open circuit potential of –1750 mVcse), then the driving 

voltage (Ecp) will be:  

                          Ea,p  =  Ea,oc  –  anode polarization 

   Ecp   =  Ea,p  –  Es,crit 

 Ecp   =  (1700 mV  –  850 mV) 

 Ecp =  850 mV      
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4.8.2  Impressed Current System 
 

The operation of an impressed current system can also be represented on a 

polarization diagram such as Figure 4-20. 
 

Ea,p

CP Current

Es,p

Ea,corr

Icp,operating

Es,corr

Eg = galvanic voltage

Es,re

Ea,re

DC power 
supply output 
voltage (Eo)

P
o
te

n
ti
a
l 
(m

V
C

S
E
)

+

�

Voltage drop 

from anode to 
remote earth

anode polarization

structure polarization

voltage drop from structure 
to remote earth

 
 

Figure 4-20:  Polarization Diagram for an Impressed Current Cathodic Protection System 

(cable resistances (Rc) are ignored) 

 

Applying Ohm’s law to the impressed current system, which is a series circuit, 

the required power supply voltage (Eo) is equal to the sum of the voltage drops 

(including polarization and back voltage) around the circuit as in Equation 4-38. 
 

 Eo  =  Icp (Ra,re  +  Rs,re  +  Rc)  +  Eb [4-38] 
 

 where: 

  Icp  = required cathodic protection current 

  Rs,re = resistance of the structure to remote earth 

  Ra,re = resistance of anode or groundbed to remote earth 

     Rc  = sum of all cable resistances 

  ∆Ea,p   = total polarization at anode 

  ∆Es,p   = total polarization at structure 

  Eg  = galvanic voltage 

  Eb   = ∆Εa,p + ∆Εs,p  + Εg 

 

Galvanic voltage (Eg) is the difference in potential between the corrosion potential 

of the structure (Ecorr) and the corrosion potential of the anode or groundbed 

(Ecorr). The semi-inert impressed current anodes have corrosion potentials that are 

more positive than steel structures (e.g., graphite could be up to 1.0 V positive to steel). 
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The term “back voltage” is used to account for anticipated anode and structure 

polarization plus the galvanic voltage difference. 

 

4.9 Sample Cathodic Protection Designs 
 

The examples that follow demonstrate typical calculations used in designing both 

galvanic and impressed current systems. These examples illustrate concepts only 

and are not intended as complete design procedures. 

 

4.9.1 Galvanic Anodes 
 

4.9.1(a) Example No. 1 
 

Given the following information, design a galvanic anode system for a 30 cm 

nominal by 6 km long FBE coated steel pipline. 

 

• Soil resistivity is 5,500 Ω-cm 

• icp required is 30 µA/m
2
 

• Pipeline is electrically isolated at both ends 

• Specific coating resistance is 10
4
 Ω-m

2
 

• Minimum design life is 15 years 

• Actual pipe OD is 32.4 cm (12.75 in) (See Table B-1) 

 

Step 1:   Calculate Total current Required (Icp) 

 

  Icp = icp x At 

  icp = 30 µA/m
2

 

  At = πdL 

   = 3.14 x 0.324 m x 6,000 m 

   = 6,107 m
2

 

  

therefore: 

  Icp =  30 x 10
-6

 A/m
2  

x 6,107m
2
 

   = 0.183A = 183 mA 

 

Step 2: Choose a Magnesium Anode and Calculate its Resistance 

 

• Choose a high potential #17D3 anode. 

• Calculate resistance of the anode (Ra,h) placed horizontally at a depth of 

1.2 m 
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d

2L
ln   

L2
        R ha, 







=
π
ρ

 

where:   

L = 30 in x 
in

cm54.2
 = 76.2 cm 

d = 6 in x   
in

cm54.2
 =  15.2 cm 








=
cm 15.2

cm 152.4
ln   

cm 76.2 x 6.28

cm-ohm 5500
        R ha,

 

 = 11.5 Ω (ln 10) 

 = 11.5 Ω x 2.30 = 26.5 Ω 

 

Step 3: Calculate Anode Current Output  

 

 Ia = 
pha

spap

RR

EE

+
−

,

,,
 

 

 where: 

 Ep,a = -1.7 Vcse 

 Ep,s = -0.85 Vcse 

 Ra,h =  26.5 Ω 

 Rp = pipe resistance 

 

• Calculate pipe resistance 

 

  Rp = 
area surface pipe total

resistance coating specific
       

A

r

t

=
′

 

  

   = 
6,000m x 0.324m x 3.14

10 24
m−Ω

 = 1.64 Ω 

     

• Calculate anode current output 

 

Ia = 
( )

28.1Ω

0.850V

1.64Ω26.5Ω

0.850V1.7V
=

+

−−
 

 

  Ia = 30 mA 
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Step 4:  Calculate Number of Anodes Required Based Current Demand 

 

  N = ==
mA 30

mA 183

a

cp

I

I
6.1 → 7 anodes 

 

Step 5:  Calculate Anode Life Based on Anode Current Density 

 

   L = 
aI

Ca x E x W x U
 

 where:  

 

  W  =  17 lb 

  U  =  0.85  

  E =  1.0 

  Ia  =  30 mA 

  Ca = actual capacity from Fig 2-20 based on anode current 

 density 

 

• Calculate anode current density 
 

ia =  
A

I a  

 

where: 

 

 Aa = surface area of anode 

Aa = 2 (W + H) L 

 

 where: 

 

  W  = width of anode  = 3.5 in 

  H = height of anode = 3.75 in 

  L = length of anode = 26 in 

 

 therefore: 

 

  Aa = 2 (3.5 + 3.75) 26 

   = 377 in
2
  =  2.6 ft

2
 

  

 therefore: 

   

  ia = 2

2
ftmA 5.11

2.6ft

30mA
=  
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• Determine magnesium capacity from Fig 2-20 for ia = 11.5 mA/ft

2 

  Ca = 300 A-hr/lb 

 

 Converting to capacity for a year 

 

  Ca =  300 
lb

hr-A
x 

hr 8766

yr
 = 0.034 A - 

lb
yr  

 therefore: 

 

L  =  
A 0.030

yr/lb-A 0.034 x 1.0 x 0.85 x lb 17
 

   = 16.4 yr 

 

Note to student:  Repeat design to achieve a 20 year life.  

 

 y32.9           
y.-kg/A 3.98   A   1.0

0.5    .850      kg 30.8
       L =

×
××

=  

 

 

4.9.1(b) Example No. 2 

The pipe to be protected is 2,000 feet of 4-in. ID steel (OD = 4.500 in. = 11.43 

cm). It is coated and the coating is 98.5% effective. The pipe is electrically 

isolated and the estimated current requirement is 2 mA/ft
2
 (21.54 mA/m

2
) of 

exposed metal. Soil resistivity is 3,500 Ω-cm. Assume the desired pipe-to-soil 

polarized potential = –1.00 Vcse. Life of CP system must be 20 years. Assume 

pipe resistance is negligible and the CP system utilization factor is 0.85. 

 

General steps: 
 

• Determine current required 

• Start with an anode size 

• Calculate resistance to ground of one anode 

• Determine the current output of one anode 

• Determine the number of high potential magnesium anodes required based 

on the current required 

• Determine the life of the anodes. Determine the weight of anode material 

needed based on the desired life. 

• Determine number of anodes required and locations 
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1. Calculate Current Required 

  

 In Metric Units: 

 

2m218.9    m609.6

m

100cm

11.43cmπ
    dL    Area Surface Total =×== π  

 

 In Imperial Units: 

 

2ft2356    ft2000

ft

in12

in4.500π
    dL    Area Surface Total =×== π  

 

  Coating effectiveness =  98.5% or 1.5% bare = 0.015 

  Surface Area to protect = 2356 ft
2
 × 0.015 = 35.3 ft

2 

   
=  218.9 × 0.015 = 3.28 m

2
 

 

 therefore: At 21.5 mA/m
2
, current required = 3.28 m

2
 × 21.5 mA/m

2
 =71 mA 

 

or 
 

 therefore:  At 2 mA/ft
2
, current required = 35.3 ft

2
 × 2 mA/ft

2
 = 71 mA 

 
 

 For a 7.7 kg (17 lb) high potential magnesium anode with dimensions of: 30 

in. 76.2 cm [2.5 ft] long, 15.2 cm [6 in] diameter. 
 

 

2. Calculate the Resistance of a Single Vertical Anode 
 

  Using Equation 4-18: 
 

 







−







 ×Ω
=







 −= 1  
cm 15.2

cm 76.2  8
ln  

cm 76.22

cm- 3500
      1  

d

8L
 ln

L2

ρ
      R V ππ

 

 

  =  7.31  ×  2.69 

 RV  =  19.7 Ω 
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3. Calculate the Resistance of the Anode Lead Wire 
 

   10 ft (3.048 m) of #12 lead wire → R = 1.62 Ω/1000 ft  

   = (5.32 Ω/1000 m)  
 

 Using Metric 

     Ω=
Ω

×= 0.016    
m1000

5.32
m3.05    R WIRE  

   

  Using Imperial 

  Ω=
Ω

×= 0.016    
ft1000

1.62
ft10   R WIRE  

  

  

 

4. Total Resistance of Anode and Wire: 
 

   RANODE = 19.7 Ω + 0.016 Ω  = 19.7 Ω 

 
 

5. Calculate the Current Output of a Single Anode 
 

 Ep of magnesium anode  =  –1.70 Vcse 

 

 Driving potential =  ∆E  =   –1.70 V – (–1.00 V)   =  –0.7 V 
 

 therefore: 

 mA36    A0.036    
19.7

V0.7
    

R

E
    Ianode ==

Ω
=

∆
=  
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6. Calculate Life and Number of Anodes Needed 
 

 Number  =  

anode
mA36

neededmA71
  =   2 anodes minimum required 

 

 But we need to make sure the anode mass is available for the 20-year 

proposed design life. Assume the capacity is 0.250 A-y/kg (from Table 

4-6). 
  

  

 

 

 

 

 therefore: 

 

y 22.7        L

A 0.036

0.5    0.85    yr/kg-A 0.250    kg 7.7
          

I

E      U C    W
        L

cp

at

=

×××
=

×××
=

 

 

This would be the life of the system at 50% efficiency, but for 50% efficiency the 

anode current density must exceed 20 µA/cm
2
, otherwise the life will be 

proportionately less. 
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 Group Activity: 
 

 Calculate the anode current density assuming anode surface area is  
 2.46 ft2 using Figure 2-20 and recalculate anode life. 
 
 

 
4.9.2 Impressed Current System 
 
4.9.2(a) Example No. 1 
 

Known from field data and calculations: 

 

  Given: 

 Current requirement (Icp)   =  15 A 

 Pipe-to-earth resistance (Rp,re )  =  1 Ω 

Soil resistivity testing   =  Layer 
(ft) 

Layer Resistivity 
(Ω–cm) 

     0 - 5 ft  (0 - 1.5 m) 30,000 

   5 - 10 ft  (1.5 - 3.0 m) 20,000 

   10 - 15 ft  (3.0 - 4.5 m) 5,000 

   15 - 20 ft  (4.5 - 6.0 m) 10,000 
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Design Calculations: 
 

Rectifier Option 1:  Try an output voltage of 20 volts 

 

 Driving Volts (Ecp)  =  Rectifier output   –  (Back voltage) 

  =  20 V  –  2 V 

 =  18 V 
 

  Ω=−=−= 0.2      1  
A15

V18
      R   

I

E
     R Max. rep,

cp

cp

regb,  

 

 From experience, this very low groundbed resistance would be impractical to 

try to attain. It would be better to use a larger voltage rectifier. 

 
  

Rectifier Option 2:  Try an output voltage of 40 volts 

 

 Driving Volts (Ecp)  = Rectifier output   –  Back voltage 

  =  40 V  –  2 V 

  =  38 V 

 

  Ω=−=−= 1.5      1  
A15

V38
      R  

I

E
   Max.R rep,

cp

cp

   regb,  

 This resistance is attainable with a reasonable anode system design. 

 

 Anode System Option 1: 

 

 Calculate the anode-to-remote earth resistance for a system consisting of 15 

impressed current anodes 20.3 cm (8 in.) by 2.13 m (7 ft) in a low-resistivity 

carbon backfill column, spaced 4.57 m (15 ft) apart and placed vertically at a 

depth of approximately 3.0 – 4.6 m (10 - 15 ft). 

 

 Using Equation 4-22, the vertical anode resistance would be: 

 
















 ×+−






= N)(0.656ln  
S

2L
  1 

d

8L
ln

NL2

ρ
R v π
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=
5,000 Ω − cm

2∂15 anodes ×213cm
ln

8 × 213 cm

20.3

 

 
 

 

 
 −  1 +

2 × 213 cm

457cm
ln(0.656 × 15 anodes)

 

 
 

 

 
 

 
 
 

 
 
 

 

    = 0.248 {ln (84) – 1  +  0.933 ln (9.84)} 

    = 0.249 {3.431  +  2.133} 

    = 1.39 Ω 

 
  This configuration would work, but using this many anodes may cost more than 

a deep anode system. The decision is made to investigate the economics for 

using a deep anode system instead of a surface system. 

 

 

 Anode System Option 2: 

 

  Local geological surveys indicate a good clay stratum at depths between 38 and 

61 m (125 and 200 ft). A carbon backfill column, 25.4 cm (10 in.) by 22.86 m 

(75 ft), containing the appropriate number of anodes for 15 A (based on the 

current density rating of the anode) will be used. Calculate the anode-to-remote 

earth resistance of this system assuming the clay stratum has a resistivity of 

2,000 Ω-cm. 

 

 A deep anode system-to-remote earth resistance is calculated as if the “active 

zone” were one long single anode.  

 

 Using Equation 4-18 and metric units, the resistance of a single vertical 

groundbed is: 
 

 








−






= 1
d

8L
ln

Lπ2

ρ
    R v  

 

  








−






 ×Ω
= 1

25.4

cm 2286  8
ln

cm 2286π2

cm- 2,000
    

 

  =   0.1392 {ln (720) – 1} 

 Rv =   0.78 Ω 

 

 Due to the low resistance, let’s keep the 40-volt rectifier and shorten the 

length of carbon backfill column to 15.24 m (50 ft).  
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The anode-to-earth resistance using Equation 4-18 and metric now becomes: 

 








−






= 1
d

8L
ln

L2

ρ
    R v
π

 

 

    =  
2000 Ω - cm

2∂1524 cm
ln

8 ×  1524 cm

25.4

 

 
 

 

 
 −1

 
 
 

 
 
 

 

 

  =   0.209 {ln (480) – 1} 

 Rv =   1.08 Ω 
 

 

4.9.2(b)   Example No. 2 
 

Design an impressed current cathodic protection system for 3048 meters (10,000 

feet) of  20.32 cm (8 in.) ID, 21.9 cm (8.625 in.) OD coated steel pipe. Coating 

effectiveness is 99%. Use a surface groundbed. Soil resistivity is 4,000 Ω-cm and 

the estimated current requirement is 21.5 mA/m
2 

(2 mA/ft
2
) of bare pipe. Pipe-to-

ground resistance was measured as 0.3 Ω (Rp,re). 

 

General steps: 
 

• Determine current requirement 

• Determine anode resistance 

• Select appropriate wire size 

• Determine cable resistance, RC 

• Determine pipe-to-soil resistance, Rp,re 

• Decide if resistance is reasonable. 

• Determine number of anodes required if resistance is not reasonable 

• Determine total resistance based on number of anodes, RT 

• Determine rectifier size – voltage and amperage 
 

 

1. Calculate Current Required 
 

 Using metric units in meters 
 

   Total surface area   =   πdL  =   π(0.219 m) ×  3048 m   =   2097 m
2 

 

   Actual bare surface area  =  
22

m20.97    
100

99100
m2097 =

−
 

  

   Current required   =   20.97 m
2
 × 21.5 mA/m

2
 = 451 mA 
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 Assume that over the life of the pipeline, the current required to protect the 

structure will increase by 5 times to 2.3 A. 

 
2. Calculate Minimum Anode Weight Required 

 

 Anodes: Using 21 kg (48 lb) high silicon cast iron anodes having a 

consumption rate (Cr) of 1 kg/A-y 

 

yrA

lb2
    C r −

=  

 
   Wt  =  Cr  ×  Icp  ×  L 

   

 where: Cr = consumption rate (lb/A-y) 

  Icp = current (A) 

  L = life (y) 

  Wt = total weight of anode material required (lb) 

    

 

 For 20 year life using metric: 
 

 WT    =   1 kg/A/y  ×  2.3 A  ×  20 y    =    46 kg 

 

 N   =   46 kg ÷ 21 kg/anode   =   2.2   =   3 anodes 

 

 

3. Calculate Groundbed Resistance 

 

  The next step is to calculate the groundbed-to-remote earth resistance of multiple 

vertical anodes.  
 

 Using Equation 4-22 

 

  














 ×+−






= ln0.656N
S

2L
1

d

8L
ln

NLπ2

ρ
R N  

  

 where: 

  ρ  =  4000 Ω-cm 

  L  =  213.4 cm 

  d  =  20.3 cm 

  S  =  609.6 cm 

  N  =  3 anodes (minimum) 
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 















×

×
+−

×

×××

Ω
= ln0.656(3)    

609.6cm

cm 213.42
1

cm 20.3

cm 213.48
ln

cm 213.43    2

cm-4000
R N π

 

 

 RN  =  1.0 [4.43 – 1  +  (0.7 × 0.68)] 

 

 RN  =  3.9 Ω 

 

 

  For 2.3 A at 3.9 Ω, the rectifier voltage will need to be: 
 

 E  =  (IT × RT)  

  =  2.3 A (3.9 Ω) + 2 V (back voltage)  

  =  11 V 

 

  Calculate the anode-to-remote earth resistance using 4 anodes at 609.6 cm  

 (20 feet) spacing. 
 

 Using Equation 4-22: 

 

 















×

×
+−

×

×××

Ω
= )ln0.656(4

cm609.6

cm213.42
1

cm 20.32

cm213.48
ln

cm213.44  π  2

cm-4,000
R N  

 

 RN  =  0.746 [ln (84) – 1  +  (0.7 × ln (2.624))] 

 

 RN  =  0.746 [4.431 – 1 + 0.675] 

 

 RN = 3.06 Ω 

 

 

 ERECT  =  IT × RN + 2V (back voltage)  

  =  (2.3 A × 3.06 Ω) + 2  

  =  9.04 V 
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4. Calculate Cable Resistances 
 

 Plan a surface single groundbed at the midpoint of the pipeline: 
 

 
 

Figure 4-21:  Single Groundbed Design  

 

 

  Experience has shown that No. 6 AWG cable works well for this area.  The 

resistance of No. 6 AWG cable is 1.322 Ω/1000 m (0.403 Ω/1,000 ft). 
 

 Cable resistance (RC) in Imperial: 

 

  Negative cable    =  15.24 m (50 ft) 

  Positive cable    =  60.96 m (200 ft) 

  Cable in groundbed  = 18.29 m ÷ 2  =  9.1 m (60 ft ÷ 2  =  30 ft) 

  TOTAL CABLE  =  85.3 m (280 ft) 

 

 Cable resistance (RC): 

 

 RC = 85.3  × 
m 1,000

 322.1 Ω
 

 RC = 0.11 Ω 

 

 or 

  

 RC  =  280 ft  × 
ft 1,000

 403.0 Ω
 

         RC  =  0.11 Ω 

 

 Do we need to consider pipe longitudinal resistance, RP? 
 

  Pipe OD  =  8 5/8 in  =  8.625 in. (21.9 cm) 

  Pipe ID  =  8.000 in. (20.32 cm)  

  Length = 10,000 ft. (3048 m) 

 

 ρsteel = 18 µΩ-cm = (18 x 10
–6 
Ω-cm) = 0.000018 Ω-cm 

P / L 
Rectif ier Anodes 

15.24 m 60.96 m 

(200 ft.) (60 ft.)  (50 ft.) 

18.29 m  
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 The longitudinal resistance of the pipe can be calculated using the following 

formula:  
 

  
A

L
R

ρ
=  [4-39] 

 

 where: 

  ρ  = resistivity (Ω-cm) 

  L  =  length (cm) 

  A  =  cross-sectional area (cm
2
) 

 

 In this pipe example the cross-sectional area is: 
 

  )(
4

22
IDODA −=

π
 [4-40]

   

 where: 

  A = cross-sectional area of the pipe (cm
2
) 

  OD =  pipe outside diameter, (cm)  

  D = pipe inside diameter, (cm) 

 

Using Equations 4-39 and 4-40 in metric units for ½ of the total pipe length: 
 

 

( ) ( ) ( )[ ]22

4-6

22
P

32.209.21
4

cm10  15.25    cm-10  81

IDOD
4

L
)(R

cmcm

directionone

−

××Ω×
=

−
=

ππ
ρ  

   

      Ω=
Ω

=  0.052        
cm 52.4

cm- 2.75
    

2

2

 

 

Since the two directions of pipe length are in parallel with the rectifier, the total 

longitudinal resistance of the pipe is one-half of this value (e.g. 0.026Ω).  

 

 Total circuit resistance:  
RT   =   RN  +  Rp,re  +  RC  +  RP 

 where: 

  RT  = Total circuit resistance (Ω) 

  RN  = Multiple anode resistance (Ω) 

  Rp,re  = Pipe-to-electrolyte contact resistance (Ω)  

  RC   = Cable resistance (Ω) 

  RP  = Pipe resistance (Ω) 

  RT  =  3.06  +  0.30  +  0.11  +  0.026   

        =  3.496 Ω (use 4 Ω) 
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5. Determining Rectifier Output Rating 
 

 Rectifier voltage output (EO):  
 

  EO  =  (I × RT) + 2.0 V (Back voltage)  

       =  (2.3 A × 4.0 Ω) + 2.0 V (Back voltage) 

       =  11.2 Volts 

 

 Note:  Spare voltage capacity allowance for anode deterioration still needs to 

be considered. 

 

4.10 Design of Performance Monitoring Facilities 
 

Test facilities are an integral part of a complete cathodic protection design so that 

the system performance can be adequately monitored for industry regulations and 

practices. For pipelines, test leads to accommodate the surveys outlined in 

Chapter 5 are generally included: 

 

a) at frequent intervals (e.g., < 2 km) 

b) at crossings with foreign structures 

c) at points of electrical isolation 

d) at some galvanic anode locations 

e) at casings 

f) at current spans upstream and downstream of DC power supplies 

g) near sources of electrical interference 

h) at location of stray current discharge to earth 
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4.11 Current Distribution  
 

4.11.1 Introduction 
 
The amount of polarization and therefore the level of cathodic protection depend 

on the current density applied across the electrolyte/structure interface. To 

achieve uniform protection at all locations on the structure under constant 

conditions requires uniform, or ideal, current density on all protected surfaces. 

However, ideal current distribution is virtually impossible to obtain in practice 

due to non-uniformity of the electrolyte, characteristics of the structure, and 

placement of the cathodic protection anodes. 

 

The relative resistance of each current path in the cathodic protection circuit 

determines the current in that path and the resulting current density at the 

structure surface. The resistance of a current path is related to the path length (L), 

cross-sectional area (A), and material resistivity (ρ) according to the expression in 

Equation 4-41. 
 

 
A

Lρ
R =  [4-41] 

  

 where: R =  resistance (Ω) 

  ρ =  resistivity (Ω-cm) 

  L  =  length of current path (cm) 

  A =  cross-sectional area (cm
2
) 

 

In Equation 4-41 the cross-sectional area is the area perpendicular to the current 

direction. This equation is only valid for a system where the cross-sectional area 

is constant in the current direction. For electrodes in the earth, the cross-sectional 

area is constantly increasing as the current approaches remote earth; therefore, the 

simple relationship of Equation 4-41 is not valid.  

 

For a cylindrical anode placed vertically in a homogeneous soil, the current 

distributes radially from the anode as shown in Figure 4-22. The total anode 

current (IA) is equal to the sum of an infinite number of radial currents (Ia). 
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Ia7

Ia1

Ia2

Ia3

Ia4

Ia,n

equipotential
surfaces

 
 
 

Figure 4-22:  Typical Current Distribution with a Vertical Cylindrical Anode 
 

 

All of the current paths have equal lengths and cross-sectional areas to remote 

earth; thus, all paths have equal resistances if the soil resistivity is homogeneous. 

Equation 4-42 gives the total resistance (RT) to remote earth. 

 

 
ana3a2a1T R

1
   ...   

R

1
  

R

1
  

R

1
    

R

1
++++=  [4-42] 

 

 where:  RT  =  total resistance of anode (Ω) 

  Ran =  resistance of individual path (Ω) 

  n =  path number 
 

 

Figure 4-23 depicts the current paths from the anode to remote earth and the 

distribution of current to the structure from remote earth.  
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Figure 4-23:  Current Path Resistances for Ideal Current Distribution  

 

 

To complete the path for ideal current distribution, the current must enter the 

structure from remote earth. The resistance of the structure to remote earth is 

composed of an infinite number of individual parallel leakage resistances (RL) 

that are equal in value in the ideal case. Assuming the internal resistance of the 

structure is zero, all current paths between the anode and cathode (structure) have 

equal resistances and therefore equal currents. This ideal circuit produces uniform 

(ideal) current density on the structure. Under ideal current distribution, the 

magnitude of cathodic protection current in the structure increases linearly toward 

the drain point (i.e., the point of negative connection to the structure) as 

illustrated in Figure 4-24. 
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Drain PointLocation in Structure

12

 
 

Figure 4-24:  Current in Structure under Ideal Conditions 

 

Because the assumptions made to produce ideal current distribution are 

unrealistic, plus the fact that CP equipment cannot be located at remote earth, 

ideal current distribution cannot be achieved in practice. 

 

 
Table 4-7:  Some Factors That Affect Relative Current Distribution 

 

Factors Affecting Current Distribution 

Current attenuation (structure has finite resistance) 

Variations in electrolyte resistivity 

Anode-to-structure and anode-to-anode spacing 

Variations in electrolyte geometry and resistivity 

Protective coatings 

Polarization 

 

 
4.11.2 Attenuation 
 
In Figure 4-23, ideal current distribution is obtained in homogeneous soil with 

anodes remote from the structure and a structure resistance equal to zero.  

Structure resistance alters the ideal linear current distribution shown in Figure 4-

24 so that it is no longer linear with distance but is logarithmic in nature. For 

structures such as pipelines and cables, the structure resistance can be significant 
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as modeled in Figure 4-25. Figure 4-26 illustrates the nonlinear tapering of the 

current and voltage along the structure known as attenuation. 

 

When the structure resistance is included, the individual path resistance increases 

with distance from the drain point. 
 

 

 

IcpRL,1

remote earth

Rs,n Rs,4 Rs,3 Rs,2 Rs,1

RL,2RL,3RL,4RL,n

Icp

Vcp

 
 
 

Figure 4-25:  Current Path Resistance Including Resistance of Pipeline 

 

 

Even in homogeneous soil, the current density remote from the drain point will be 

less than the current density near the drain point. It follows then that the structure 

potential will also attenuate away from the drain point.  

 

 
Distance from drain point

Ecorr

criterion

or

Vcp,

Icp,

icp

 
 

Figure 4-26:  Current and Voltage Attenuation Away from the Drain Point 
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The shape of the attenuation curve is governed by the relative values of the 

structure longitudinal resistance (Rs) in ohms per unit length and the structure 

leakage resistance to remote earth (RL) in ohms per unit length. More specifically, 

these two parameters determine the structure attenuation constant (α) that governs 

the rate of attenuation. 

 

The attenuation constant is related to the two structure resistance parameters as 

indicated in Equation 4-43. 

 

  
L

S

R

R
   =α  [4-43] 

 

 where:  α = attenuation constant 

  RS = longitudinal resistance of structure (Ω) 

  RL = leakage resistance of structure (Ω) 
 

The attenuation constant controls the rate at which the current and voltage are 

reduced with distance from the drain point. As shown in Figure 4-27, a small 

attenuation constant (α) will result in a small amount of attenuation with distance, 

whereas a large attenuation constant will result in much greater attenuation with 

distance from the drain point. 

 
 

 
Distance from drain point

Large α

Small α

Ecorr

criterion

or

Vcp,

Icp,

icp

 
 

Figure 4-27:  Effect of the Attenuation Constant αααα on Attenuation Characteristics 
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When Rs is large with respect to RL, α will be relatively large. When Rs  is small 

with respect to RL, α will be relatively small. The attenuation constant will be 

large if, for example, the coating is poor, the resistivity of the environment is low, 

or the longitudinal resistance of the pipe is high. 

 

Assuming the structure is infinitely long, the current (Ix) in the structure at any 

distance (x) from the structure drain point is related to total cathodic protection 

current (Io) as seen in Equation 4-44. 
 

 x

x

α

0eI     I −=  [4-44] 

 

 where:  Ix  =  current at point x (A) 

  I0  =  current at drain point (A) 

  α  =  attenuation constant 

  x  =  distance from drain point (unit lengths) 
 

The structure voltage (Vx) with respect to remote earth at any distance (x) from 

the drain point in a structure that is infinitely long is related to the drain point 

voltage (Vo) as seen in Equation 4-45. 
 

 x

x

α

0eV     V −=  [4-45] 

  

 where:  Vx  =  voltage-to-remote earth at point x (V) 

  V0  =  voltage-to-remote earth at drain point (V) 

 

Since the cross-sectional area (A) of a structure such as a pipeline or cable is 

constant along the length of the structure, the longitudinal structure resistance can 

be calculated using Equations 4-30 and 4-31 (see Section 4.4.6). The resistivity 

(ρ) is the resistivity of the structure metal (e.g., steel is 18 x 10
-6

 Ω-cm) and the 

length (L) is a unit length along the structure. 
 

The leakage resistance (RL) per unit length for a bare structure can be estimated 

by Equation 4-23.  
 

  
td

L
ln   

L2

ρ
    R

2

L 








π
=  [4-46] 

 

where:  ρ  =  soil resistivity (Ω-cm) 

             t  =  depth of burial (cm) 

   D  =  diameter of pipe (cm) 

  L  =  unit length of pipe (cm) 
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4.11.3 Effect of Coating on Current Distribution 
 
Properly selected and applied protective coatings have a dramatically beneficial 

effect on current distribution and reduce the total current requirements. The 

principal effect of the coating involves its high electrical resistivity, which 

increases the structure leakage resistance (RL) thereby minimizing current 

attenuation. 

 

The RL as shown in Figure 4-28 is the sum of the leakage resistance of the coating 

(RL,C) and the leakage resistance to remote earth of the steel structure (RL,E). 
 

 That is:     RL  =  RL,c  +  RL,e 
 

 
Coating

Metal
Remote Earth

t

RL,eRL,c

 
 

Figure 4-28:  Leakage Resistance to Remote Earth of a Coated Structure 

 

The leakage resistance of the coating is a function of its electrical resistivity, 

thickness, and surface area exposed to the electrolyte. Therefore, modifying 

Equation 4-41 by changing the length (L) to thickness (t) produces Equation 4-47, 

which can be used to calculate the resistance of the coating for a given surface 

area (As). 
 

 
s

c
CL,

A

tρ
  R =  [4-47] 

 

 where:  RL,C  =  leakage resistance of coating (Ω) 

  ρc =  coating electrical resistivity 

     t  =  coating thickness  

    As   =  coated surface area  
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Typical coating resistivities are on the order of 10
10

 to 10
12

 Ω-cm, and coating 

thickness are on the order of 0.005 to 0.015 cm. Accordingly, the coating leakage 

resistance (RL,C) for one square meter of a coating from Equation 4-47 would be 

as follows: 

 

 
( ) ( )

Ω=
−Ω

= 5000
cm10

cm005.0cm10
R

24

10

CL,   

 

The value of the leakage resistance of the structure (RL,E) to remote earth can be 

approximated by assuming the surface is a disk with an area of one square meter. 

The resistance-to-remote earth of the soil side of the disk is given by Equation 4-

48. In this case, the leakage resistance for one side of a bare metal disk (RL,E) can 

be calculated using Equation 4-48. 
 

 
r4

ρ
   R s

EL, =  [4-48]  

  

 where:  ρs  =  soil resistivity  

     r  =  radius of disk  
 

 

Given a disk with a surface area of 10
4
 cm

2
 (i.e., 1 m

2
), the radius can be 

determined by rearranging the surface area equation for a circle and solving for 

radius (r). This is given in Equation 4-49 below. 

 

 
π

A
      r s=  [4-49] 

 

 where:  r   =   radius  

  As  =  surface area  
 

 

Using the value for As, we find that the radius is as given in Equation 4-49. 

 

 cm4.56       
cm10

       r
24

==
π

  

 

 

Therefore, for a soil resistivity of 1,000 Ω-cm solving Equation 4-48, we have: 
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( )

Ω=
−Ω

= 4.4      
cm4.564

cm1000
    R EL,   

The total leakage resistance (RL) is therefore: 

 

 where:  RL   =   RL,c +  RL,e 

   = 5000 Ω  +  4.4 Ω 

   =  5004.4 Ω 

 

This example shows that the coating leakage resistance (RL,C) is the dominant 

component of the structure leakage resistance (RL). A good coating significantly 

increases the leakage resistance resulting in a small α and therefore less 

attenuation and better current distribution. 

 

The leakage resistance of most coatings can be expected to decrease in service 

because coatings deteriorate with time. For this reason, it is important to measure 

the leakage resistance structure periodically. Equation 4-50 determines the 

average leakage resistance to remote earth of all or a portion of the structure.  
 

 
test

s

L
∆I

∆V
      R =  [4-50] 

      

 where:  RL  =  average leakage resistance (Ω) 

  ∆Vs  =  average potential change (V) 

  ∆Itest  =  average test current change (A) 
 

 

The average potential change of the structure to remote earth (∆Vs) is measured 

with a reference electrode placed remote from the structure with the test current 

switched on and off. The average change in test current (∆Itest) is the difference 

between the applied test current as it changes from one value to another. 

Normally, the test current is simply switched on and off; therefore, the change in 

test current is equal to the test current value with the switch on. Both of these 

values, ∆Es and ∆Itest must be instantaneous values obtained immediately after the 

switch is opened or closed. 

 

The specific leakage resistance (r′) for the coating is related to the average total 

leakage resistance as shown by Equation 4-51. 
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 SL AR      r =′  [4-51] 

 

 where:  r′   =  specific leakage resistance  

  RL  =  average total leakage resistance 

  AS   =  total surface area tested    

The specific leakage resistance, therefore, is typically expressed in units of Ω-m
2 

(Ω-ft
2
). Coating quality can be rated on the basis of comparing the specific 

coating resistance or conductance in 1000 Ω-cm soil to ranges established from 

experience, as shown previously in Table 4-8. 

 
Table 4-8:  Specific Leakage Resistances and Conductances 

 

Long Pipelines 
with 

Few Fittings 

 
Average Specific  

Coating Conductance 

g′′′′ 
 

Average Specific Coating 
Resistance 

r′′′′c 

Quality of Work Siemens/ft
2
 Siemens/m

2 
Ω-ft

2 
Ω-m

2 

Excellent <1 x 10
-5 

<1  x  10
-4 

>10
5 

>10
4 

Good 1 x 10
-5

 to 5 x 10
-5 

1 x 10
-4

 to 5 x 10
-4 

2 x 10
4
 to 10

5 
2 x 10

3
 to 10

4 

Fair 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3

 10
4 
to 2 x 10

4
 10

3 
to 2 x 10

3
 

Poor >1 x 10
-4

 >1 x 10
-3

 <10
4 

<10
3 

Bare Pipe 
(2 to 12 in.) 
(5 to 30cm) 

4 x 10
-3

 to 2 x 10
-2 

4 x 10
-2

 to 2 x 10
-1

 50 to 250 5 to 25 

     

Gas or Water 
Distribution with 

Many Fittings 

 
Average Specific  

Coating Conductance 

g′′′′ 
 

Average Specific Coating 
Resistance  

r′′′′c 

Quality of Work Siemens/ft
2
 Siemens/m

2 
Ω-ft

2 
Ω-m

2 

Excellent <5 x 10
-5 

<5  x  10
-4 

>2 x 10
4 

>2 x 10
3 

Good 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3 

10
4
 to 2 x 10

4 
10

3
 to 2 x 10

3 

Fair 1 x 10
-4

 to 5 x 10
-4 

1 x 10
-3

 to 5 x 10
-3

 2 x 10
3 
to 10

4
 2 x 10

2  
to 10

3
 

Poor >5 x 10
-4

 >5 x 10
-3

 <2 x 10
3 

<2 x 10
2 

Bare Pipe 
(2 to 12 in.) 
(5 to 30 cm) 

4 x 10
-3

 to 2 x 10
-2 

4 x 10
-2

 to 2 x 10
-1

 50 to 250 5 to 25 
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4.11.4 Effect of Anode-to-Structure Spacing on Current 
 Distribution 
 
In homogeneous soil, the shorter current paths between the anode and structure 

carry larger currents than the longer current paths. For example in Figure 4-29, 

 

L1-2

A

1 2

120o

60o LA-2

d

 
 

Figure 4-29:  Current Distribution with a Close Anode-to-Structure Spacing 

 

the current path A-1, between a vertical anode and a vertical steel sheet, is shorter 

than current path A-2. When the angle between A-1 and A-2 is 60º, then the 

length of the current path A-2 is given by Equation 4-52. 

 

  
2-AL

d
       cos =θ  [4-52] 

 

 and 
2-AL

d
      60 cos =  

 

  
2-

L

d
      .50

A

=   

 

  LA-2  =  2d 

 

The current path LA-2 is twice the perpendicular distance (d), and therefore the 

current density (i
�

) at location � would be expected to be double that at location 

�. 

 

In an attempt to achieve uniform current distribution, a second anode can be 

located at a distance 2L1-2 from the first anode as shown in Figure 4-30. The 

current density (i
�

) will now be doubled, each anode contributing equal currents. 
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Figure 4-30:  Anode-to-Anode Spacing to Achieve Relatively Uniform Current 

Distribution with Close Anode-to-Structure Spacing 

 

 

Distance (L) can be calculated from Equation 4-53 

 

  L  =  d tan θ [4-53] 

 

Therefore the anode-to-anode separation distance (LA-A) will be: 

 

  LA-A  =  2 d tan θ 

 

For example, if the anode-to-structure spacing (d) is 1 m, the anode-to-anode 

spacing LA-A will be: 

  LA-A  = 2 × 1 m  ×  tan 60 

   =  2 × 1 m  ×  1.73 

   = 3.5 m 

 

Close distributed anode systems are often used to protect specific piping runs 

such as in petrochemical and chemical plants where the piping cannot be 

electrically isolated form other structures located in the immediate vicinity of the 

piping. 

 

Close distributed impressed current anodes are widely used to protect existing 

underground storage tanks as shown in Figure 4-31. 
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Figure 4-31:  Distributed Impressed Current Anodes around Underground Storage Tanks 

 

 

In this anode arrangement both horizontally and vertically installed anodes are 

used to provide relatively uniform current distribution. 
 

 

4.11.5 Effect of Structure Arrangement on Current Distribution 
 

One of the current distribution problems presented by the array of underground 

storage tanks in Figure 4-31 is the difficulty of providing sufficient current to the 

facing surfaces of the tanks. Because the soil current paths between tanks are 

constricted, these paths have a higher resistance than the current paths to the 

outside tank surfaces. This problem can also exist in a run of multiple parallel 

pipelines. The relative current density to the facing surfaces is a function of the 

diameter of the structures and the separation distance between the structures as 

shown in Figure 4-32. 
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Figure 4-32:  Current Max/Min Ratio for Two Parallel Structures 
 

Source:  Status of Cathodic Protection of Pipelines Under Some Particular Situations, 
Keije Nunomura, Katsumi Masamura and Iwao Matsushima, NACE Corrosion ’81 Conference, 

Paper #81, Apr. 1981. 

 

Note that the Imax/Imin ratio only drops below 2 when the separation distance 

between the structures is equal to or exceeds the diameter of the structures. 

 

 

4.11.6 Effect of Electrolyte Resistivity Variation on Current 
Distribution 

 

When the electrolyte resistivity is uniform and the structure resistance is not 

negligible, the highest current density will occur at the point on the structure 

closest to the anode. Conversely, the lowest current density will be at the most 

remote structure surface. Most soil resistivities, however, are seldom uniform, 

and when there are extreme variations in electrical resistivity along the structure, 

the current distribution can be seriously affected. For example, in Figure 4-33 

where the electrical resistivity of swamp (ρSW) is much less than the electrical 

resistivity of the adjacent soil (ρS), a disproportionate amount of the cathodic 

protection current will follow the swamp path. This results in a higher current 

density on the structure surfaces exposed to the swamp and a lower current 

density on the remaining structure surfaces. In extreme cases like this, where  

ρS >> ρSW, better current distribution can be obtained by installing the groundbed 
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in the higher resistivity soil, although the groundbed resistance will be much 

greater. 

High Resistivity Soil

Is

Pipeline

Anode
Bed

-900 mV -800 mV

Swamp

T/R

-800 mV-900 mV

( )ρsρsw

Isw

 
 

 

Figure 4-33:  Localized Low Resistivity Path in a High Resistivity Soil 

 

 

A similar variation in electrolyte resistivity occurs due to soil or moisture 

stratification. Any structure, such as the well casing in Figure 4-34, that traverses 

strata of various resistivities will receive non-uniform current distribution. The 

largest current density need not appear on the surfaces exposed to the lowest 

resistivity environment, which in this case is brine, because the path resistance is 

also a function of the path length and cross-sectional area. The relative proximity 

of the anode to the fresh water and clay, each with similar electrical resistivities, 

means that the current densities would be similar, differing because the clay strata 

are farther from the anode. The current density on the structure exposed to the 

sandy loam above the water table may not be high despite the anode proximity 

because the sandy loam will have a low moisture content and relatively high 

electrical resistivity. Furthermore, the sandy loam would be reasonably well 

aerated, and its polarization level would be less than for a similar current density 

in the clay or fresh water strata. 
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Well Casing
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Figure 4-34:  Current Distribution on a Well Casing with Variable Resistivities 

 

 

The current density in the brine layer is as large as that in the low moisture con-

tent sandy loam because the current path through the limestone layer is short and 

the cross-sectional area large resulting in a relatively low resistance path. The 

polarized potential is greater in the brine layer than in the dry sandy loam because 

the brine environment is relatively deaerated. 

 

Where the current density on a structure in a high resistivity electrolyte is 

insufficient for complete protection, current distribution can be improved by 

installing additional anodes. Positioning of the anodes is also a critical factor in 

improving the current distribution. 

 

 

4.11.7 Effect on Current Distribution of Holidays on a Coated 
Structure 

 

Although the path resistance from remote earth to a holiday or to the coated 

surface adjacent to the holiday is essentially the same, the current densities 

through the coating are orders of magnitude less than at the holiday. Nevertheless 

on well coated pipelines, most of the cathodic protection current passes through 

the coating rather than the holidays. 
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Consider a 30 cm diameter pipeline that is 20 m long and has a dielectric coating 

with a specific resistance of 10
4
 Ω-m

2
 in 4000 Ω-cm soil. Assuming there is a 

single 1 cm diameter circular holiday as shown in Figure 4-35, the current to both 

the holiday and through the coated surface can be calculated. Note a 1 cm 

diameter holiday is 0.0004% of the total surface area of the 20 m length of pipe 

that is realistic for new coated piping (see Figure 4-6). 
 

 

 
 

Figure 4-35:  Cathodic Protection Current Distribution to a Well Coated Pipe with a Holiday 

 

The leakage resistance (RL) of the coated pipe to remote earth is given by 

Equation 4-54. 
 

  
ps

C

L
A

r
R

,

′
=   [4-54] 

  

 where the surface area of the pipe: 

 

  As,p   =   πdL   =   3.14  ×  .3 m  ×  20 m   =   18.84 m
2
 

 

 

 therefore: Ω×=
−Ω

= 3

2

24

10    0.53        
m84.18

m10
      LR  

 
 

Assuming an applied CP voltage of 300 mV between the pipe and remote earth, 

then from Ohm’s law and Equation 4-8: 
 

  mA 0.565        
 10    53.0

 300
       

3, =
Ω×

=
mV

I ctdcp  

 

and the current density through the coated surface 

 

  
22ctd,cp

m

mA
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mA 565.0
       i ==  
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   =  33 µA/m
2
   =   33 × 10

-4
 µA/cm

2 

The holiday resistance to remote earth can be calculated using Equation 4-55 for 

a circular disk. 

 

  
d2

ρ
      R h =  [4-55] 

 

 then: Ω=
Ω

=  2000      
cm 2

cm- 4000
      R h   

 

 and from Ohm’s law: 

  
Ω

==
 2000

mV 300
        

R

mV 300
      I

h

h,cp   

 

  = 0.15 mA 

 
 

 then: 
2h

h,cp

d 
4

mA 0.15
        

A

mA 0.15
      i

π
==   

 

  =    
0.15 mA ×  4

3.14 cm2
    =     0.191 

mA

cm2
 

 

  =   191 µA/cm
2
  

 

The ratio of the holiday current density (icp.h) and coating current density (icp,ctd) is 

therefore: 
 

  4

24-

2

ctd,cp

h,cp
10  .85        

A/cm 10    33

A/cm 191
        

i

i
×=

µ×

µ
=  

 
Even though the current density at the holiday is over 4 orders of magnitude 

greater than through the coating, the total current through the coating (0.565 mA) 

is almost 4 times greater than at the holiday. Thus on well coated pipelines most 

of the cathodic protection current passes through the coating not through the 

holidays. 
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4.11.8 Effect of Polarization (Time) on Current Distribution 
 
Calculations of current distribution do not normally incorporate polarization 

effects because they are difficult to calculate. When current is initially applied in 

the absence of significant polarization, the distribution of cathodic protection 

current is solely determined by the relative resistances of the current paths. This 

initial distribution of current is referred to as primary current distribution. 

 

With time and the buildup of cathodic reaction products such as calcareous 

deposits, the polarized potential becomes more negative resulting in less 

attenuation and improved current distribution as indicated in Figure 4-36. 

 

 
drain point

Ecorr

criterion

primary current distribution

secondary current distribution

Vcp

 
 

Figure 4-36:  Effect of Polarization with Time on Attenuation Profile 

 

Polarization is enhanced on structures in some soils and in seawater because of 

the formation of calcium and magnesium deposits at the holidays in the coating.  

These deposits reduce the diffusion of oxygen to the surface, help maintain the 

high surface pH, and, in low resistivity electrolytes, increase the resistance of the 

holiday current path. Thus when a cathodic protection system is initially turned 

on there is a primary distribution current based on electrical circuit resistances, 

but as polarization increases with time there is a secondary distribution of 

cathodic protection current due to the polarization back voltage (see Figure 4-20). 

 

 
4.11.9 Summary of Current Distribution Factors 

 

The most difficult aspect of a cathodic protection design is achieving relatively 

uniform current distribution on the structure being protected, due to the many 

factors affecting current distribution as summarized in Table 4-9. 
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Table 4-9:  Summary of the Effect of Various Factors on Current Distribution  

 

Factor Effect on Current Distribution 

Electrolyte Resistivity  

 Increase Improves 

 Decrease Diminishes 

 Variable Diminishes 

Structure Resistivity  

 Increase Diminishes 

 Decrease Improves 

 Variable Diminishes 

Coating Quality  

 Poor Diminishes 

 Excellent Improves 

Distance between Anode and Structure  

 Small Diminishes 

 Large Improves 

Polarization  

 Large Improves 

 Small Diminishes 

 

 

Many of these factors can be addressed in designing a cathodic protection system, 

particularly in the choice of system, anode-to-structure spacing, and placement of 

the anodes. As illustrated in Figure 4-37, there are many options from which to 

choose. 
 

Surface Surface

Distributed Remote

Current Source
and

Anode Configurations

Surface

Remote

Surface Deep Semi-deep

Distributed

Impressed CurrentGalvanic

 
   
  Figure 4-37:  Typical Anode Arrangements 
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Team Project 
 

Design a cathodic protection system with a 20 year minimum life for a 30 cm 

diameter coated high pressure natural gas pipeline located in a semi-urban area, 

given the following conditions: 

 

• pipe is electrically isolated at both ends 

• average soil resistivity is 4,700 Ω-cm to a depth of 4 m then 21,000 

Ω-cm 

• specific coating resistance in 4,700 Ω-cm soil is 6 × 10
4
 Ω-m

2
 

• a minimum cathodic protection voltage of 300 mV must be applied 

to the pipe. 

 

Produce a design sketch showing cathodic protection current source(s), type of 

anode, etc. as per the design flow chart of Figure 4-1. Omit calculation of system 

cost.  State advantages and disadvantages of your design. The instructor will 

choose the pipe length. 

 



CHAPTER 5 
EVALUATION OF CP SYSTEM PERFORMANCE 

 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             January 2011 
 

 

5.0 Introduction 
 

The effectiveness of a cathodic protection system ultimately is confirmed by 

whether or not it controls corrosion adequately. Although corrosion can be 

identified on some pipelines using smart pigs, determining corrosion rate directly 

is generally not a simple process. Hence indirect methods of assessing the 

adequacy of a cathodic protection system must be relied upon. The principal 

method is the measurement of the structure potential for comparison to the 

selected criterion. System currents are also measured as an additional 

performance parameter. Indeed, for oil and gas pipelines, potentials must be 

measured routinely for compliance with government regulations. 

 

 

5.1 The Potential Measurement 
 

A structure-to-electrolyte potential measurement involves using a high resistance 

input meter connected between the structure or structure test lead and a portable 

reference electrode placed in contact with the electrolyte, as illustrated for a 

pipeline in Figure 5-1. 

 
high input
resistance meter

portable reference electrode

 
 

Figure 5-1:  Illustration of a Typical Pipe-to-Soil Potential Measurement 
 

 

It is assumed that that the potential of the reference electrode does not change 

while moving from location to location, otherwise an error is introduced into the 

measurement. To ensure measurement accuracy and reproducibility, the reference 

electrode must be maintained in good condition. 
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5.1.1 Copper-Copper Sulfate Reference Electrode 
 

Table 5-1 lists maintenance items for the saturated copper-copper sulfate electrode 

(CSE) shown in Figure 5-2. 

 
 

Removal
Cap

Porous Plug

Undissolved
Copper Sulfate

Crystals

Connection
for Test Lead

Copper Rod

Saturated
Copper Sulfate
Solution

Clear
Window

 
 

Figure 5-2:  Copper-Copper Sulfate Reference Electrode 

 

 

 

Table 5-1:  List of Copper-Copper Sulfate Maintenance Items 

 

Use and Care of CSE 

 Keep clean 

 Cap when not in use 

 Clean porous plug 

 Keep free of contamination, especially by Cl
–
 

 Keep spares in field 

 Keep in calibration (versus SCE) 

 Record temperature when in use 

 Shield from direct sunlight 

 Copper sulfate crystals must be present to 
ensure a saturated solution 

 

 

Two important items on the maintenance list are the need to prevent 

contamination especially by chloride and the requirement for the solution to be 

saturated with copper ions. Variations in these conditions can significantly 

change the reference electrode potential as shown in Figures 5-3a and 5-3b. As 

the concentration of chloride ions increases the reference electrode potential shifts 

in the negative direction. As the concentration of copper sulfate decreases, the 
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reference electrode potential also shifts electronegatively. In both cases the 

measured structure potential would be more electropositive. Typically a silver-

silver chloride reference is used to measure potentials on structures in seawater or 

brine solutions. 

 

 

50 10 15
-150

-100

-50

0

Cl Concentration, ppt  Copper Sulfate Concentration, ppt

50

-100

-50

0

100

150

0.10.01 10 1001 1,000

 
 

Figure 5-3a: Effect of Cl
–
 Concentration Fig-5-3b: Effect of Copper-Sulfate 

 on CSE Potential
1
 Concentration on CSE Potential

2
 

 

 

In addition, another important factor is the reference electrode temperature. The 

copper sulfate reference electrode has a temperature coefficient of about 0.9 

mV/ºC as indicated in Table 1-3. Thus the expression for the copper sulfate 

electrode potential with respect to a standard hydrogen electrode (SHE) at any 

temperature (Ecse,t) is given in Equation 5-1. 

 

 E cse,t/SHE   =   E cse,25ºC/SHE   +   0.9 mV/ºC (T – 25 ºC) [5-1] 

 

Centigrade degrees can be converted to degrees Fahrenheit using the following 

relationship: 
 

 32    
5

9
  C      F 







  [5-2] 

 

 Therefore for 25ºC: 

  32    45      32    
5

9
  C25      F 







  

 

                                                 
1
  Ansuini, F.J. and Dimond, J.R., Factors Affecting the Accuracy of Reference Electrodes, MP, Vol. 33, 

No. 11, Nov. 1994, p.16. 
2
  Ibid. 1 
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  ºF = 77ºF 

 

Since the equivalent temperature coefficient is 0.5 mV/ºF, the temperature 

compensation in Equation 5-1 can be written as follows: 

 

 E cse,t/SHE   =   E cse,77ºF/SHE  +  0.5 mV/ºF (T – 77 ºF) [5-3] 

 

For example at 25ºC, the copper-copper sulfate reference electrode potential is 

+0.316 Vshe. At 5ºC the potential would be: 

 

 Ecse,5ºC = +316 mVshe   +   0.9 mV/ºC [5ºC – 25ºC] 

  = +316 mVshe   +   0.9 mV/ºC [–20ºC] 

  = +316 mVshe   –   18 mV 

 Ese,5ºC = +298 mVshe 

 

This means a –850 mVcse structure potential measured at 25ºC would be equal to 

a –832 mVcse potential measured with the reference electrode temperature at 5ºC. 

Conversely, a –850 mVcse structure potential measured at 25ºC would be equal to 

a –868 mVcse with the reference electrode temperature at 45ºC. Accordingly, 

when potentials are measured the temperature of the reference electrode should 

also be noted. 
 

 

5.1.2 Buried Reference Electrodes  
 
In some situations, it is desirable to use a buried or permanently immersed 

reference electrode such as at a crossing between two cathodically protected 

pipelines, between underground storage tanks beneath a reinforced concrete slab, 

inside a water storage tank, etc. These references, sometimes labeled “permanent” 

reference electrodes have a finite design life normally stipulated by the 

manufacturer. 

 

Reference electrodes intended for burial or immersion are commercially available 

from a number of manufacturers. For underground use CSE, SSC, and zinc 

reference electrodes are available. For extended service life, these electrodes are 

normally prepackaged in a bentonite/sulfate rich backfill similar to that used with 

magnesium and zinc galvanic anodes. 
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5.1.3 Polarity Considerations 
 
There are two common practices for connecting the voltmeter between the 

reference electrode and the structure whose potential is being measured as shown 

in Figures 5-4a and 5-4b.  
 

 

 

Voltmeter

Meter display shows
a negative polarity sign.
Record a negative
structure potential.

-900 mV

Electrolyte

Reference
Cell

Structure

  
  

 (a) (b) 

 

Figure 5-4:  Structure-to-Soil Potential Measurements 

 

 

As long as the meter polarity sign, which appears in the display, is interpreted 

properly it does not matter which method is used. The polarity sign should be 

interpreted as follows. For Figure 5-4a, the negative polarity indicator means the 

polarity of the pipe with respect to the reference is opposite to the polarity 

markings on the meter terminals. Therefore the pipe, which is connected to the 

positive terminal, is not positive but negative and the structure potential is written 

as: 

Vm   =   –900 mV/ref 

 

For Figure 5-4b, the lack of a polarity indicator in the display (on some meters a 

positive sign will appear) means the polarity of the pipe agrees with the polarity 

markings on the meter. Since the pipe is connected to the negative terminal the 

pipe potential is written as: 

 

Vm    =   –900 mV/ref 

 

The structure potential measurement recorded above must have four distinct 

components: a polarity sign, a numerical magnitude, a unit of measurement, and 
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the reference used. This notation is a short form for the statement: “The structure 

potential is negative 900 millivolts with respect to the reference electrode.”  

Hence if one component is missing from the notation, the statement is incoherent. 

 
5.1.4 The Potential Measurement Circuit and Measurement 

Error 
 

The intent of the potential measurement is to determine the pipe potential (Ep) 

accurately at the test location. The measurement circuit can be approximated by 

the following electrical circuit. 
 

 

Rr,e Im

Etrue

Rm

Rtl,3

where:

voltmeter input resistanceRm =

Rp,e =

test leadresistanceRt,l =

Rr,e =

Im =

pipe-to-earthresistance

reference-to-earthresistance

meter current

Rtl,2Rtl,1

Rp,e

but isassumedtobezeroEref

Etrue = E Ep
_

ref

 
 

Figure 5-5:  Electrical Schematic of the Pipe-to-Soil Measurement Circuit 

 

 

It is the true potential difference (Etrue) between the pipe and reference electrode 

that ideally should appear across the meter terminals. Because the meter circuit is 

a series circuit, the magnitude of the voltage drop that appears across the meter 

will be proportional to the ratio of the meter resistance to the total meter circuit 

resistance. 

 

For the measurement circuit, Kirchhoff’s voltage law applies and the true 

potential difference is equal to the sum of the voltage drops around the series 

circuit. 

 

 Etrue = ImRt [5-4] 

 Etrue = Im [Rtl,1  +  Rtl,2   +  Rtl,3   +  Rp,e  +  Rr,e  +  Rm]  

 Etrue = Vtl,1  +  Vtl,2   +  Vtl,3   +  Vp,e  +  Vr,e  +  Vm  

 

 Vm = Etrue  –  [Vtl,1  +  Vtl,2   +  Vtl,3   +  Vp,e  +  Vr,e] 
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Let Vcirc equal all voltage drops in the circuit except for the meter voltage drop 

 

 Vm = Etrue  –  Vcirc 

 

 then:   Divide both sides by Etrue 
  

   
true

true

true E

V   E
          

E

V circm 
  

  

   but: Etrue   =   ImRt     and    Vcirc   =   ImRcirc 

   
 and after substitution: 

    
)(RI

)R   (RI
         

E

V

m

circmm

t

t

true


  

  

 and:  Rt  –  Rcirc   =   Rm 
 

   
ttrue R

R
         

E

V mm   [5-5] 

 

Hence, the amount of voltage (Vm) that appears across the meter compared to the 

true potential difference (Etrue) is proportional to the ratio of the meter resistance 

(Rm) compared to the total resistance. 

 

  For example:  Consider a true potential Etrue = 1,000 mV, each test lead 

resistance of 0.01 ohm, a pipe-to-earth resistance (Rp,e) of 10 ohms, a 

reference electrode resistance to earth (Rr,e) of 100 kΩ, and a meter 

resistance of 1 MΩ.  Calculate the voltage that would appear across the 

voltmeter. 
 

 Rt = 3Rtl  +  Rp,e  +  Rr,e  +  Rm 

  = 3(0.01)  + 10  + 10
5
  +  10

6
 

 Rt = 1.1 MΩ 

 

 From Equation 5-5 
 

   t

t

E    
R

R
         V m

m   

 

   mV 1000    
 M 1.1

 M 1.0
         Vm 




    =    909 mV 
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  This is an error of:  

  9%      100    
1000

909    1000



 

 

 If the meter input resistance in the foregoing example is increased to 

10 MΩ, the voltmeter would read 990 mV which would reduce the error 

to 1%. 

 

 The voltage drop across the voltmeter (Vm) will approach the true 

potential difference between the reference and pipe as the ratio of the 

voltmeter resistance to total measurement circuit resistance approaches 

one (i.e., Rm/Rt  1). That is, the voltage across the voltmeter 

approaches the true potential as the meter resistance becomes much 

greater than the other resistances in the measuring circuit. 

 

High resistances in the measuring circuit other than across the voltmeter should 

therefore be avoided. Reference electrode contact resistance can be a source of 

error when the reference is placed on dry soil, well drained gravel, crushed stone, 

frozen ground, asphalt, or concrete. To minimize this error, the contact 

conductance can be improved by wetting the area around the reference. In 

extreme cases, a hole can be drilled from the surface to a depth of permanent 

moisture and the reference placed in the hole or an electrolytic bridge can be 

created between the reference and earth (Figures 5-6a and 5-6b). 
 

 

 

PVC tube

frozen ground

dry soil
or

clay

 

small diameter
hole filled with
a soapy water

 
 a) dry soil or frozen ground b) asphalt or concrete  

 
Figure 5-6: Methods of Minimizing Reference Electrode Contact Resistance 

 

 

In Figure 5-6a, the depth from grade to clay must be below the frost line in frozen 

soil and to the depth of permanent moisture in dry soil. For asphalt or concrete, a 

soapy water solution will usually provide sufficient electrolytic contact even if 

the water level in the hole drops. 
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High measurement circuit resistance can also occur as a result of broken test 

leads, test lead connection resistances, and pipe resistance to earth if the pipeline 

is short and well coated. 

 

When measuring a pipe-to-soil potential, it may not be immediately apparent that 

a high circuit resistance is present. If the voltmeter has an input resistance selector 

switch the existence of a high resistance in the measurement circuit can be 

identified by switching to a lower or higher input resistance. If the potential 

indicated by the voltmeter differs significantly (i.e., more than 10%) between the 

two input impedances then there is a high resistance in the measurement circuit. 

Further by knowing the two input resistances and their corresponding measured 

voltage, the true potential can be calculated using Equation 5-6. 

 

 

l

h

h
true

V

V
K    1

K)  (1 V
      E




  [5-6] 

 where: 

 Etrue = true potential (V) 

 K = input resistance ratio Rl/Rh 

 Rl = lowest input resistance 

 Rh = highest input resistance 

 Vl = voltage measured with lowest input resistance 

 Vh = voltage measured with highest input resistance 
 

  

 For example:  If a potential difference (Vl) of –650 mVcse was measured 

with an input resistance (Rl) of 1.0 MΩ and a potential difference of –

800mVcse
 
(Vh) was measured with an input resistance (Rh) of 10 MΩ, 

then the true potential (Etrue) would be calculated as follows: 
   

 

  














mV 650 -

mV 800-
 0.1    1

0.1)    (1mV  800-
       E true   

 

 csemV821-        
0.877

mV 720-
        

0.123    1

mV 720-
    


  

  

 Etrue is the same as the polarized potential. 

  In addition, the total circuit resistance (Rt) can be determined using Equation 

5-5. 
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V

E   R
       R

m

m true
t


  

 

    
mV 800

mV 218    M 10
    


  

 

   Rt   =    10.3 MΩ 
  

 This means that the resistance in the measuring circuit, excluding the 

meter resistance is: 
 

   Rcirc =    Rt  –  Rm 

    = 10.3 MΩ  – 10 MΩ 

   Rcirc =    0.3 MΩ or 300,000 Ω 

 

5.2 Voltage Drop Errors External to the Metering Circuit 
 
5.2.1 Voltage Drop Errors in the Potential Measurement due to 

Current in the Earth 
 

As charges flow in the earth to or from the pipe and with earth’s resistance, 

voltage drops occur in the earth creating a voltage gradient around the pipe as 

illustrated for a bare pipe in Figure 5-7. 
 

 
 

Figure 5-7:  Voltage and Current Lines around a Bare Pipeline Receiving 

Cathodic Protection Current 
Source:  Parker, Marshall and Peattie, Edward, Pipeline Corrosion and Cathodic Protection, 3

rd
 Edition, Gulf Publishing 

Co., Houston, TX, p.25 

The radial lines denote the current paths while the lines perpendicular to the 

current lines represent the equipotential surfaces created by the current. The 

equipotential surfaces, which are perpendicular to the current paths, are not 
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evenly spaced but increase with distance away from the pipe because each 

successive shell of earth has a larger surface area and hence a lower resistance. 

 

If a potential measurement is taken with the reference electrode located at A and 

the current direction is toward the pipe (as would be the case in cathodic 

protection), then there is a voltage drop (Vs) in the soil between the reference 

electrode and the pipe surface. The soil at point A is more positive than the soil 

immediately adjacent to the pipe surface. If the potential difference between 

adjacent equipotential surfaces is 10 mV, the voltage drop in the soil between the 

pipe surface and the reference location would be 10 lines  10 mV = 100 mV.  

The soil at the pipe surface is –100 mV with respect to the soil at the reference 

electrode. 
 

 

Icp

Ep

CP
Source

Ve

A

reference electrode

groundbed
structure
drain point

 
 

Figure 5-8:  Electrical Schematic Illustrating Soil Voltage Drop in the Potential Measurement 

 

 

For the pipe-to-soil measurement shown in Figure 5-7 and illustrated in Figure 5-

8, the potential difference (Vm) indicated on the voltmeter will be given by the 

Equation 5-7. 

 

  Vm   =   Ep  +  Ve [5-7] 

 

 where: Ve   =   voltage drop in the earth 
 

 

If the current direction was away from the pipe, then Equation 5-8 would apply. 

 

  Vm   =   Ep  –  Ve [5-8] 

 

 For example, if the polarized potential (Ep) of the pipe is –790 mVcse the 

voltmeter will read: 

 

   Vm  =  –790 mVcse  +  (–100 mV) 
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   Vm  =   –890 mVcse 

 

 Thus there is a 100 mV error in the measurement that makes it appear as if the 

pipe is better protected than it is. 

 

 For a well coated pipeline, the equipotential field forms in close proximity to 

the holidays as shown in Figures 5-9 and 5-10. 

 

 

holiday

 
 

Figure 5-9:  Current and Voltage Lines around a Holiday on a Coated Pipeline 

 

 

d

 
 

Figure 5-10:  Current and Voltage Lines in Immediate Vicinity of a Holiday 

 

On a coated pipeline, most of the voltage drop is concentrated in the immediate 

vicinity of the holiday. Typically 95% of the total voltage drop between the 

reference and the steel exposed at the holiday is found within about 10 diameters 

of the holiday (i.e., 10 d). For a 1 cm diameter holiday, 95% of the voltage occurs 

within a radius of 10 cm from the holiday.
3
 

 

                                                 
3
 Gummow, R.A., The Cathodic Protection Potential Criterion for Underground Steel Structures, NACE 

International, CORROSION/93, Paper No. 564, p. 5. 
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5.2.2 Voltage Drop Errors in the Potential Measurement due to 
Current in the Pipeline 

 

Voltage drops also occur in current-carrying metal paths and if the connection to 

the pipe is remote from the location of the reference electrode, as shown in Figure 

5-11, there will be an IR drop error (Vp) in the potential measurement. 

 

VpI

I

I

 
 

Figure 5-11:  Voltage Drop in a Pipeline Carrying Current 

 

When a connection to a current-carrying conductor is made as illustrated, the 

voltage drop error will be additive or subtractive depending on the direction of 

the current. This situation is illustrated in the electrical schematic of Figure 5-12. 

 

CP current
source

V1

Icp Vp

1 2

Vp Icp

V2

 
 

Figure 5-12:  Electrical Schematic to Illustrate Potential Measurement Error  

due to CP Current in a Pipeline 

At location  the potential difference (Vm) measured by the voltmeter will be the 

pipe potential (Ep) less the pipe voltage drop (Vp) as follows: 

 

  Vm   =   Ep  –  Vp [5-9] 
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But for location  with the current in the opposite direction, the Vp error will be 

additive rather than subtractive and: 

 

  Vm   =   Ep  +  Vp [5-10] 

 

 
5.3 Methods of Minimizing Voltage Drop Errors in the 

Potential Measurement 
 

A typical potential measurement on a pipeline can include both earth and pipe 

voltage drops so that the potential difference between a pipe and a reference 

electrode can be expressed as in Equation 5-11: 

 

  Vm   =   Ep    Ve    Vp [5-11] 

 

Whether the error is additive or subtractive depends on the direction of current.  

Equation 5-11 can also be written in terms of current and resistance according to 

Ohm’s law as follows: 
 

  Vm   =   Ep    Ie (Re)   Ip (Rp) [5-12] 

 

Examination of either equation indicates it is the polarized potential of the pipe 

(Ep) that is required for comparison to industry potential criteria (e.g.,  

–850 mVcse). The ideal situation is to have Vm = Ep with no IR drop error. 

 
 

5.3.1 Current Interruption Method 
 

If the only current producing the voltage drops is the cathodic protection current, 

Equation 5-12 can be rewritten to 

 

  Vm   =   Ep    Icp • Re   Icp • Rp [5-13] 

 

Then it is apparent that if Icp = 0, Vm would equal Ep since the IR drop terms go to 

zero. 

   

o o 

  Vm   =   Ep    Icp Re   IcpRp [5-14] 

 

In this method, the cathodic protection current is interrupted momentarily and a 

potential recorded immediately after interruption, which is referred to as an 
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instant-off potential or just off potential. The interruption for convenience is 

accomplished using a cyclic interrupter inserted in the cathodic protection circuit 

and adjusted so that the ON half-cycle time is at least twice the OFF half-cycle 

time (e.g., 10 seconds ON and 5 seconds OFF). It is advisable to keep the OFF 

half-cycle time to a minimum so the structure doesn’t depolarize significantly 

during the course of the survey. This potential response is shown in Figure 5-13. 

 

Time

IR drop

'OFF' Potential

'ON' Potential

t1 t2 t3 t4

 
 

 

Figure 5-13:  Graphical Illustration of the Current Interruption Method of  

Minimizing Voltage Drop Error in the Potential Measurement 

 

The interrupter is started at t1 and interrupts the current for t1-t2 and turns the 

current on at t2. The ON half-cycle t2 to t3 should be at least twice the t1-t2 half-

cycle. The sudden change in potential from ON to OFF is the disappearance of 

the IR drop in the measurement. This IR drop reappears when the current is 

switched back on.   

 

The instant-off potential is considered equal to the polarized potential because it 

is assumed the potential across the structure-electrolyte interface is stored 

momentarily in the double-layer capacitance. 

 

The current interruption technique is widely used when conducting close interval 

potential surveys. The example data in Figure 5-14 indicates that subcriterion 

potentials are located in sections A and B. In section A the instant-off potentials 

are subcriterion but the on-potential is more negative than –850 mVcse, whereas in  

section B both the on and instant-off potentials are subcriterion. After a close 

interval survey has been completed, on-potentials at each location where the 

instant-off potential is more negative than the –850 mVcse criterion can be used as 

a second-hand criterion for future surveys providing there are no changes in the 
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soil conditions such as moisture, aeration, pH, etc. or in the pipe operating 

temperature. 

 

 

-850 mVcse

on-potential

-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

criterion

A B

instant-off potential

Distance  
 

Figure 5-14:  Example of Close Interval Potential Survey Data Plotted Versus Distance  

for Both ON and Instant-Off Potentials 

 

Using the Randle’s circuit model of electrode interface in Figure 5-15, it can be 

seen that the potential across the interface (Ep) is across the parallel combination 

of the double layer capacitance and the polarization resistance. Before the current 

is interrupted, the voltmeter measures the polarized potential plus the voltage 

drop across the electrolyte resistance (Re). When the current is zero, IcpRe will be 

zero and the voltmeter will measure the polarized potential (Ep) 

 

 

Cdl

Rp

Re

steel soil (electrolyte)

Ep
where:

double layer capacitance

(1-200 F/cm ) 2
Cdl =

Re = resistanceof steel surface
toremoteearth

Rp = polarizationresistance

(1-10 -cm )4 2

E = potential difference(volts)

Vm

Icp

 
 

Figure 5-15:  Illustration of Current Interruption Technique for Minimizing Voltage Drop Errors 

Using Randle’s Model of the Electrode/Electrolyte Interface 

If there is significant inductance in the cathodic protection circuit or if the current 

is large, a positive spike may appear in the potential upon interruption as shown 

in Figure 5-16. 
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Figure 5-16:  Illustration of Positive Spike in Potential When CP Current is Interrupted 
 

 

Typically the spike time lasts less than 300 milliseconds
4
 after which the off-

potential can be recorded without incorporating this transient spike error in the 

potential measurement. Therefore, if t2 is the time when the off-potential is being 

measured, then t1-t2 > 300 milliseconds. If a shorter measurement time period is 

contemplated, the potential-time waveform should be captured on an electronic 

oscilloscope to determine the magnitude and time duration of any switching 

transient. 

 

When there are multiple current sources, simultaneous interruption of all the 

current sources achieved using synchronized interrupters is used for convenience, 

but it is not essential. Individual sources can be interrupted and the IR drop 

contribution of each can be recorded separately and the totaled IR drop subtracted 

from the on-potential. This is quite an arduous procedure for a long pipeline with 

many widely spaced rectifiers and many test point locations, but is more practical 

in a process plant were travel time is not an issue or where simultaneous 

interruption of rectifiers may be impractical. 

 

As indicated in Equation 5-14, the current interruption technique reduces both the 

soil and structure IR drop components to zero, but for accuracy all currents must 

be interrupted, including stray currents. This is not possible however in some 

cases if telluric currents or transit stray currents are present. 

 

Also, the accuracy of this technique is compromised if there are recirculating 

currents present. A recirculating current is a post-interruption current between 

                                                 
4
 Thompson, N.G., and Lawson, K.M., Causes and Effects of the Spiking Phenomenon, PRCI, Report 

#PR186-006, Jan 1992, p 94. 
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highly polarized and lesser polarized areas on a structure as depicted in Figure 5-

17 or between parallel pipelines where one pipeline is more highly polarized than 

the other. 
 
 

 
 

Figure 5-17:  Illustration of Recirculating Current Activity after the Interruption of CP Current 

 

As would be expected, the piping closest to the transformer-rectifier and 

groundbed will be polarized to a greater extent than remote piping surfaces. Off 

potentials measured along the pipeline in the highly polarized areas will be more 

electropositive than the true potential. This is due to the IR drop created by the 

recirculating current (Ir) flowing away from the pipe (i.e., Vm = Ep– IrRe).  

Conversely, in the recirculating current pick-up region, the off-potential will be 

more negative than its true potential (i.e., Vm =  Ep + IrRe), which might mask an 

otherwise subcriterion condition. Potential shifts due to recirculating currents are 

typically in the order of 0 to ±150 mV.
5
 

 

 

5.3.2 Stepwise Current Reduction Method of Determining the 
Amount of Soil IR Drop in the On-Potential 

 

The stepwise current reduction technique involves recording the potential shift in 

the pipe-to-soil potential measurement and a side drain potential measurement as 

the cathodic protection current is reduced. The test arrangement is illustrated in 

Figure 5-18. 

 

                                                 
5
 Thompson, N.G. and Lawson, K.M., Most Accurate Method for Measuring an Off-Potential, PRCI Final 

Report on Contract PR-186-9203, March, 1994, p.ix. 
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Figure 5-18:  Field Test Arrangement for the Stepwise Current Reduction Method  

of Determining the Amount of IR drop in the On-Potential 
 

 

It is understood that the on-potential recorded on the voltmeter (Vm) is  

  Vm   =   Ep    Icp • Re    

  

And that if the Icp current was reduced the on-potential would decrease because 

the earth voltage drop (IcpRe) would decrease. If the stepwise reduction in 

cathodic protection current was continued until Icp = 0, then Vm = Ep and the IR 

drop would also be zero. Further, the side drain potentials Vs,c and Vs,a should 

also approach zero as Icp approaches zero. Assuming the earth voltage drop IcpRe 

and the side drain voltages obey Ohm’s law, then these parameters should be 

linearly related. 

 

By reducing the cathodic protection current in increments and measuring Von, 

Vs,c, and Vs,a, the data can then be used to construct the graph of Figure 5-19. 
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Figure 5-19:  Data Plot for Stepwise Current Reduction Technique 

 

  Step  Plot Vs,a or Vs,c on the abscissa with full current 
 

  Step  Reduce Icp, calculate Vs1, and Von,1; 

   plot Vs1 and Von,1 to obtain point  
 

  Step  Repeat Step  and plot Vs2 and Von,2 to obtain point  
 

  Step  Draw a best fit straight line through the data points and 

   extrapolate the line until it intersects the ordinate at A. 

   A is then the amount of IR drop in the original on-potential 

   measurement. 

  

The polarized potential (Ep) is then determined by subtracting the IR drop at A 

from the on-potential measured at location B. 
  

   i.e., Ep  =   Vm,b – A 

 

Two lines could be plotted for both side drain measurements that should give the 

same intercept A if the current and soil resistivity is symmetrical around the pipe. 

 

Current reduction time intervals should be kept as short as possible, otherwise the 

polarized potential (Ep) will reduce as well as the earth IR drop and result in a 

larger IR drop indication. If the potential changes are recorded quickly, this 

technique can be used in the presence of dynamic stray currents. 
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The technique is time consuming and seldom used since if it is possible to reduce 

the cathodic protection current it is possible to interrupt the current and use the 

current interruption technique. 

 

Theoretically, this method could be used on piping with attached galvanic anodes 

by applying a test current in increments. This would then be a stepwise current 

increase technique. 

 

On very well coated pipelines, the side drain potential may be small which would 

increase the angle of the line such that a small error in plotting would result in a 

large change in the point of interception. Hence, its accuracy for well coated 

pipelines may be compromised. 

 

 

5.3.3 Reference Electrode Placement Close to the Structure 
 

The voltage drop (IRe) included in the on-potential measurement is the voltage 

drop in the earth between the surface of the structure and the reference electrode 

position as previously illustrated in Figure 5-7. If the reference electrode could be 

moved closer to the pipe, as shown in Figure 5-20, the on-potential (Von) would 

approach the polarized potential (Ep) in value since the IRe drop would approach 

zero. 

 

 
 

Figure 5-20:  Reference Electrode Placed Close to Pipe Surface to Minimize IR Drop Error in 

Potential Measurement 
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The reference should not be placed too close to the surface or the surface will be 

shielded from cathodic protection current. It is usually recommended that the 

reference be no closer than two diameters of the reference. 

 

This technique is not very practical for buried pipelines but is applicable to 

underwater structures and to piping appurtenances such as valves and risers as 

illustrated in Figure 5-21. 

 

Vm

 
 

Figure 5-21:  Reference Electrode Placed Close to a Bare Riser Pipe 
 

 

If the reference is placed close to a coated pipeline the amount of IR drop 

reduction will be minimal as depicted in Figure 5-22. 

 

holiday

 
 

Figure 5-22:  Reference Electrode Placed Close to a Coated Pipe Surface 
 

 

The reference electrode would have to be placed extremely close to a sizable 

coating holiday before the IRe drop reduction would be significant, which is 

generally impractical. 
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An alternative to placing the reference close to the structure is to install a plastic 

tube filled with soil from grade next to the pipe surface as shown in Figure 5-23. 

 

 
 

Figure 5-23:  Using a Soil Tube to Minimize IRe Drop in a Potential Measurement on Bare Pipe 

 

As there can be no cathodic protection current in the soil tube, there can be no IRe 

drop between the reference and the bottom of the tube, thus minimizing the IRe 

drop error in the measurement. 

 

 
5.3.4 Using Coupons to Minimize Voltage Drop Errors in the 

Potential Measurement 
 

A cathodic protection coupon is intended to simulate a small portion of the pipe 

surface, which on a coated pipe would be a holiday. Coupons are made from an 

alloy similar to that of the structure. They are typically 10 to 100 cm
2
 in surface 

area and are installed in conditions similar to those a coating holiday would 

experience. A coupon is placed near the structure with its test lead routed into a 

test station and connected to a pipe test lead as shown in Figure 5-24. 

 



Evaluation of CP System Performance  5:24 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             January 2011 
 

soil tube

steel coupon

reference
electrode

 
 

Figure 5-24:  Using a Steel Coupon to Simulate a Holiday on a Pipeline 

 

 

To measure the polarized potential of the coupon, the coupon is momentarily 

disconnected from the pipeline and its instant-disconnect potential is recorded 

with respect to the portable reference electrode placed in the soil tube positioned 

above the coupon. The measured coupon polarized potential (Ep,cpn) is considered 

to be the same as a nearby holiday having the same surface area as the coupon 

and exposed to the same soil conditions. It should be noted that the coupon 

polarized potential will not necessarily be the same as the pipe polarized potential 

at this location since the pipe potential represents a number of holidays of 

differing surface areas rather than a single holiday. Nevertheless, it is assumed 

that if the coupon polarized potential (Ep,cpn) is equal to or more negative than  

–850 mVcse, any holiday of similar surface area or smaller will be equally as well 

protected. 

 

The ability of a coupon to monitor the effectiveness of a cathodic protection 

system was evaluated in a series of field tests at eight pipeline field sites by the 

Pipeline Research Council International Inc. (PRCI).
6
  The cathodic protection 

coupon arrangement used exclusively in the testing program consists of two steel 

rods, each having a surface area of 9 cm
2
 (1.4 in

2
) integrated into a plastic test 

station as shown in Figure 5-25. 

 

                                                 
6
 Thompson, N.G. and Lawson, K.M., Development of Coupons for Monitoring Cathodic Protection 

Systems, PRCI Contract PR-186-9220, Catalog No. L51888, Final Report, Dec. 2001. 
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Figure 5-25:  Schematic of an Integrated Coupon Test Station 
Source:  Thompson, N.G. and Lawson, K.M., Development of Coupons for Monitoring Cathodic Protection Systems, 

PRCI Contract PR-186-9220, Catalog No. L51888, Final Report, Dec. 2001. 

 

Tests were conducted that compared the coupon instant-disconnect potential with 

the instant-off potential with the coupon and ICCP system interrupted. The vast 

majority of these two potential measurements were within ±25 mV as indicated in 

Figure 5-26. 
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Figure 5-26:  Difference between Coupon Disconnected Potential and  

Coupon-Pipe Potential with ICCP Interrupted 
Source:  Thompson, N.G. and Lawson, K.M., Development of Coupons for Monitoring Cathodic Protection Systems, 

PRCI Contract PR-186-9220, Catalog No. L51888, Final Report, Dec. 2001. 
 

The merits of placing the portable electrode in the soil tube versus on grade were 

also explored. As shown in Figure 5-27, the potentials with the reference on grade 
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were often more negative, indicating a measurement error due to the IR drop 

between the coupon and the on-grade reference. 
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Figure 5-27:  Difference between Coupon Disconnected Potential Measured with 

Reference on Grade versus in the Soil Tube 
Source:  Thompson, N.G. and Lawson, K.M., Development of Coupons for Monitoring Cathodic Protection Systems, 

PRCI Contract PR-186-9220, Catalog No. L51888, Final Report, Dec. 2001. 

 

Although it is understood that a coupon does not represent the pipe but rather a 

holiday of similar surface area in similar soil conditions, the correlation between 

the coupon instant-disconnect potential and the pipe instant-off potential, as 

shown in Figure 5-28, was very strong even though there was considerable scatter 

in the data. Hence, it can be assumed that if a coupon is adequately polarized the 

pipe exposed at a holiday, having a surface area equal to or less than the coupon, 

will be as equally well protected. 
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Figure 5-28:  Pipe versus Coupon Off-Potential 
Source:  Thompson, N.G. and Lawson, K.M., Development of Coupons for Monitoring Cathodic Protection Systems, 

PRCI Contract PR-186-9220, Catalog No. L51888, Final Report, Dec. 2001. 
The number of coupons used for monitoring the level of cathodic protection on 

pipelines on a worldwide basis is probably around 10,000. Typically these 
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cathodic protection coupons have been installed for one or more of the following 

reasons: 

 

 To monitor a polarized potential with a minimum of IR drop in the 

measurement 
 

 On pipelines subject to transient or static stray currents. Note that if 

a continuous recording of a polarized potential is required, an 

integrated coupon reference electrode probe may be required. 
 

 To eliminate errors due to long line recirculating currents when the 

cathodic protection current is interrupted. 
 

 To measure a representative polarized potential on pipelines with 

direct connected galvanic anodes or with impressed current systems 

whose outputs cannot easily be synchronously interrupted. 
 

 On parallel interconnected pipelines to avoid measurement error 

caused by the proximity of the paralleling pipeline. 
 

 On structures where use of an on-grade reference is likely to produce 

a measurement error such as under reinforced concrete slabs, at a 

crossing with other pipelines, at the bottom elevation of closely 

spaced underground storage tanks, etc. 
 

 On structures exhibiting potentials that are marginally protected to 

assess the merits of installing additional cathodic protection. 
 

 To measure cathodic protection current magnitude and density. 
 

 To measure AC interference current density. 

 
A soil tube is often included with the coupon arrangement so the portable 

reference electrode can be placed inside to avoid any voltage drop error in the 

coupon-to-soil potential measurement when the coupon is disconnected.  Coupon 

test stations are commercially available where the coupon and the soil tube are an 

integral part of the test station. 
 

In dynamic stray current locations where a recording of the polarized pipe-to-soil 

potential with time is required, disconnecting the coupon to measure its polarized 

potential is impractical. For these measurements, vertical IR drop-free coupons 

are available and indispensable in determining the true impact of stray current 

activity. This is a photo of one such arrangement where the coupon does not need 

to be repeatedly interrupted to record a polarized potential. 
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 Figure 5-29a:  Photo of a Vertical  Figure 5-29b:  Vertical IR Drop Coupon  

 IR Drop Coupon  Schematic 
 Source:  Photo and schematic courtesy of Electrochemical Devices Inc. 

 

The coupon is embedded in the face of the test station post with a vertical porous 

plug slot in the middle of the coupon. With a portable reference electrode placed 

inside the post, there is no IR drop between it and the coupon. Therefore there is 

no need to disconnect the coupon or interrupt the cathodic protection current to 

obtain a reasonably accurate coupon polarized potential. 

 
 
 

Split steel coupon with 1/8” 
slot in center exposed area = 

10 sq. cm. 

2” (nom.) PVC end cap 

2” (nom.) PVC pipe 

1/8” wide wood/polymer 

laminate membrane 

Removable cap to hold 
factory installed backfill 
in place during shipping 

and installation 
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5.4 Measurement of Polarization Potential Shift 
 

One of the cathodic protection criteria involves polarizing a steel structure by at 

least 100 mV from its corrosion potential (Ecorr). Since polarization is a function 

of time, the amount of polarization can be determined either in the formation of 

polarization or the decay of polarization as shown in Figure 5-30. 

 

 
 

Figure 5-30:  Potential versus Time Plot for Determining Polarization Potential Shift 

 

Polarization formation can be determined in two ways. First, the difference 

between the instant-on potential measured at t1 is compared to the on-potential 

(Eon) measured at t2. If the difference is equal to or exceeds 100 mV then the 

structure is considered cathodically protected. Second, when the cathodic 

protection current is interrupted at t2 and the instant-off potential (e.g., polarized 

potential) is measured, if the difference between the instant-off potential and the 

corrosion potential (Ecorr) is equal to or exceeds 100 mV then the structure is 

considered cathodically protected. These two cases can be summarized 

respectively as follows: 

 

  Eon   –   Einstant-on     100 mV [5-15] 

 

  Einstant-off  –   Ecorr    100 mV [5-16] 

 

Polarization formation methods can only be used at the time a system has been 

energized since the corrosion potential is likely to change with time and soil 
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conditions. Also, if the instant-on potential is going to be used to determine the 

amount of polarization shift the system must be energized through an interrupter 

where the ON half-cycle is very short compared to the OFF half-cycle to avoid 

polarization being included in the instant-on potential. 

 

To determine the amount of polarization by the polarization decay method, the 

current when turned off at t2 must remain off for a period of time until the 

difference between the instant-off potential and the decayed off potential equals 

or exceeds 100 mV or until the change in potential (E) approaches zero (i.e., 

E/t  0).  Therefore, Equation 5-17 must be satisfied for protection to be 

confirmed. 
 

  Einstant-off  –   Edecayed-off     100mV [5-17] 

 

If the 100 mV criterion is met at a location, then the on-potential at that location 

can be used as a proxy criterion as long as the soil conditions, pipe operating 

temperature, and coating conditions remain the same. 

 

The decay method is often applied when the structure instant-off potential is not 

equal to or more negative than the potential criterion (e.g., –850 mVcse) since in 

many soils the potential criterion is overly conservative. The fact that the cathodic 

protection system is turned off for several days or weeks is a significant 

disadvantage although not particularly detrimental to pipeline integrity.
7
 If 

coupons are being used, however, it is only necessary to disconnect the coupon 

rather than the cathodic protection system. 

 

Verifying adequate cathodic protection using the 100 mV polarization shift 

criterion usually results in a lesser current requirement than for the  

–850 mVcse polarized potential criterion and often avoids expensive remedial action 

that would normally be required to restore the structure to the potential criterion. 

 

Note that where there are significant recirculating currents upon interruption of 

the cathodic protection current, IR drop errors in the “decayed-off” potential 

measurement will result. At the least negative locations, the time to full 

depolarization will be extended until the recirculating current being picked up in 

these locations has reduced to zero. This can take up to 175 hours.
8
 

 

 

                                                 
7
 Thompson, N.G. and Lawson, K.M., Impact of Short-Term Depolarization on Pipelines, PRCI Contract 

#PR-186-9611, Catalog #L51801, Final Report, Feb. 1999. 
8
 Ibid. 5. 



Evaluation of CP System Performance  5:31 

 

 NACE International, 2005    CP 3–Cathodic Protection Technologist  
             January 2011 
 

5.5 Current Measurement 
 

Measuring current in the cathodic protection circuit is a necessary procedure in 

evaluating system performance. Typical current measurements are: 

 

 galvanic anode current 

 impressed current system output currents 

 current in the structure 

 bond current 

 

Both direct and indirect methods of current measurement are available. A direct 

measurement involves inserting an ammeter into the cathodic protection circuit as 

illustrated in Figure 5-31. 
 

 

5.5.1 Using an Ammeter to Measure Current 
 

Icp

Vd,cp Rcp

A

 
 

Figure 5-31:  Measurement of CP Current Using an Ammeter 

 

An electronic ammeter is typically composed of a voltage measuring device that 

measures the voltage drop across a low resistance internal shunt. Ideally, an 

ammeter should have a low input resistance compared to the circuit resistance 

(i.e., Rm << Rcp) to prevent measurement error. 

 

 For example, in Figure 5-31 from Ohm’s law: 

 

    
cp

cpd,

cp
R

V
       I   [5-18] 

 

 but with the ammeter inserted in series in the series circuit, the current 

measured on the ammeter (Im) is given by: 
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mcp

cpd,

m
R   R

V
       I


  [5-19] 

 

  Hence, the measured current (Im) will be less than Icp, depending on the 

resistance of the ammeter. 

 

In many digital multimeters when the milliampere scale is selected, the ammeter 

circuit has an input resistance of several ohms. This can lead to significant errors 

if the ammeter is used to measure the current from a galvanic anode. 

 

Even if a 10 A or 20 A scale is chosen, the input resistance, which may be as low 

as 0.1ohm, may still be too high to produce an accurate current measurement in 

some circumstances. For instance, if the ammeter is placed in series with a 

negative drain cable in a parallel set of drain cables, as shown in Figure 5-32, an 

appreciable error can occur. 

 

 

negative bonding
stationA

transformer-
rectifier

I1
I2 I3

I4

 

= .01 ohm

Rammeter

pipe

Rdrain cable

negative
bonding station

= .01 ohm

Vd = x drain cableI R

= 1 x .01 = 10mV

 
 

Figure 5-32:  Current Measurement in Parallel Drain Conductors 

 

If the shunt resistance inside the ammeter is 0.01 ohm and the resistance of the 

negative return cable is 0.01 ohm, insertion of the ammeter has doubled the 

negative return resistance and possibly reduced the return current (I1) by half. 

 

In both the above examples a more accurate method is to install an appropriately 

rated shunt permanently in each circuit and simply measure the voltage drop 

across the shunt and calculate the current. (See shunt table in Appendix D.) 
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5.5.2 Using a Shunt to Determine Current Magnitude 
 

In the parallel negative drain cable example, a shunt of the same rating, hence the 

same resistance, should be installed in series with each negative drain cable as 

illustrated in Figure 5-33. 
 

equally rated shunts

I1 I2 I3 I4

IT

V

 
 

 

Figure 5-33:  Use of Shunts for Current Measurements in Parallel Conductors 

 

When selecting a shunt, its current rating must exceed the anticipated circuit 

current, and the millivolt drop at the anticipated operating current should be 

easily measurable on a standard digital multimeter. 

 

For instance, if a shunt rated at 5 A, 50 mV is placed in series with a galvanic 

anode having an output of 5 mA, the voltage drop across the shunt will be: 

 

    Vshunt   =   Icp   Rshunt [5-20] 

 

   
rating

rating

I

V
    mA   5       

 

   
A5

V.050
    mA   5      

 

   Vshunt = 0.05 mV  

 

This small shunt voltage drop is below the resolution of most digital voltmeters 

used in the field. For a 5 mA current, a shunt resistance of at least 1 ohm is more 

appropriate. (See shunt table in Appendix D.) 
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5.5.3 Zero Resistance Ammeter 
 

Sometimes the currents are so small (e.g., < 0.1 mA) they cannot be measured 

accurately without using very high resistance shunts, which can alter the current 

magnitude because of their resistance. An example is the measurement of coupon 

current as illustrated in Figure 5-34. 
 

 

soil tube

steel coupon

Icp

Icp  
 

Figure 5-34:  Current Measurement Using a Zero Resistance Ammeter (ZRA) 

 

 

If the coupon has a surface area of 10 cm
2
 and a current density of 10 A/cm

2
 the 

coupon current (Icp) would be: 

 

   Icpn = 10 A/cm
2
   10 cm

2 

 

   Icpn = 100 A or 0.1 mA 

 

Measurement of such a small current with an ammeter would introduce several 

ohms of resistance into the circuit as would a shunt since a resistance of 100 

ohms is required to measure in the 10 mV range. Under these circumstances, a 

zero resistance ammeter should be used. 
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5.5.4 Clamp-on Ammeter 
 

A relatively noninvasive method of measuring current in a conductor is by using 

a clamp-on ammeter as illustrated in Figure 5-35. 

 
 

magnetic field

Idc

 
 

Figure 5-35:  Using a Clamp-on Ammeter to Measure Current 

 

 

The clamp-on ammeter contains a ”Hall effect” device that produces a voltage 

output proportional to the strength of the magnetic field, which is proportional to 

the magnitude of the current in the conductor. 

 

The Hall effect is illustrated in Figure 5-36 for a fixed meter current (Im). As 

electrical charges move perpendicular to the magnetic field (B), a lateral force is 

exerted on the charges causing a potential difference to appear across the sides of 

the copper plate. 

 

B
Im

copper plate

Im

B
B

mV
 

 

Figure 5-36:  Schematic of the Hall Effect for Conventional Current Direction 

 

 

The magnitude of this voltage is proportional to the magnetic field (B), which in 

turn is dependent on the magnitude of the current (Idc) in the conductor.  

 

Accuracy of the clamp-on ammeter diminishes at currents of a few milliamperes.  

When there are multiple current-carrying conductors in a congested area, the 

accuracy is reduced if there is magnetic interference from adjacent conductors. 
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5.5.5 Pipeline Current Measurements 
 

Pipeline currents can be measured with a clamp made up of a number of turns of 

wire as shown in Figure 5-37. 
 

sea
clamp

+0.9 A
earth

current +0.4 A

sea
clamp

Earth current leaving subject pipeline is 0.9 - 0.4 = 0.5 A.

indicator

 
 

Figure 5-37:  Pipe Current Measurement Using Sensing Loop and Swain Meter 
 

Source:  Swain, W.H., Clamp-On Ammeters Can Watch Cathodic Protection Current Flow,  
Pipe Line & Gas Industry, March 1998, p.38 

 

 

Pipeline current can also be measured using the four-wire span illustrated in 

Figure 5-38. For accurate measurement, the span is calibrated by injecting a 

known DC test current through the pipe using the outside test leads  and  and 

measuring the resulting voltage drop across test leads  and . 
 

 

Rp

2

It

1 43

 
 

Figure 5-38:  Calibrating a Pipeline Current Span 
 

 

The resistance of the pipe between test leads  and  is calculated from Ohm’s 

law: 

  
tI

V
     R 3-2

p



  [5-21] 

 

The result can be anticipated prior to the test by referring to the pipe table in 

Appendix B.  
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Attention to polarity is important in this measurement since there will probably be 

a residual current during the test, and the test current may cause a reversal in the 

voltage drop polarity. 

 

 For example, V2-3 = +21 mV (before test current applied) 

   V2-3 = –19 mV (after test current applied) 

   It = 10 A 

 

 The resistance (Rp) of the pipe section being tested is: 

 

   
A 10

mV) (-19  mV 21
       R p


  

 

   


  m 4          
A 10

mV 40
       R p  

 

 Therefore the current calibration factor is:   0.25A/mV 
mv 40

10


A
 

 

 and the residual current magnitude is: 
 

   A 5.25      A/mV 0.25     mV 21        I residual   
  

 with a direction from 2 to 3. 
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5.6 Close Interval Potential Survey 
 

When measuring a potential at one location, the amount of pipe sampled in the 

measurement is considered the length of pipe encompassed by a 120º arc centered 

on the reference electrode as shown in Figure 5-39.
9
 

 

120o

s

d

Ls  
 

Figure 5-39:  Length of Pipe Sampled in a Pipe-to-Soil Potential Measurement 

 

 

To determine the potential over the entire pipeline surface requires that the 

reference electrode be moved along the centerline of the pipe route and placed at 

regular intervals. For bare pipe, the interval distance is a function of pipe depth 

(d) to top of pipe as shown in Figure 5-40. 

 

1 2 3 4 50

2

4

6

8

12

10

16

14

0

Depth (feet)  
 

Figure 5-40:  Length of Bare Pipe Over Which Potentials are Averaged  

as a Function of Burial Depth 
 

Source:  Thompson, N.G. and Lawson, K.M., Improved Pipe-to-Soil Potential Survey Methods,  
PRCI Final Report PR-186-807, April, 1991, p.4-2 

                                                 
9
  Pearson, J.M., Concepts and Methods of Cathodic Protection, Part 2, The Petroleum Engineer, April, 

1994, p. 200. 
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This figure shows that field test data on a bare 24 in. pipeline verified the 

predictions of a finite element model. Hence, the length of pipeline sampled (Ls) 

in a potential measurement is given by the equation 

 

   Ls = 3.5d  + 1 [5-22] 
 

 where:  Ls = sampled pipe length (ft) 

  d   =  pipe depth (ft)     

 

 Therefore for a pipeline buried at a 3 ft (0.92 m) depth, the length of pipe 

surveyed would be: 
 

   Ls = 3.5   3  + 1 

    = 11 ft (3.35 m) 

 

 Accordingly, the reference electrode spacing interval should be no greater 

than 11 ft (3.35 m). 

 

The percentage of the circumferential area sampled on a bare pipe is not only a 

function of pipe depth but also of pipe diameter as shown in Figure 5-41. 
 

 

100 = averaging 100% of circumference

Diameter/Depth Ratio
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Figure 5-41:  Relative Circumferential Sampling Distance as a  

Function of Pipe Diameter-to-Pipe Depth Ratio 
 

Source:  Thompson, N.G. and Lawson, K.M., Improved Pipe-to-Soil Potential Survey Methods, 
PRCI Final Report PR-186-807, April 1991, p 4-4. 

 

This figure illustrates that the percentage of circumferential surface sampled on a 

bare pipe increases as the pipe diameter/pipe depth ratio decreases. 
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For coated pipe, the length of pipe sampled depends on the size and location of 

the holidays in the coating. A finite element analysis
10

 suggests the important 

parameter in determining the potential measured with respect to a reference 

electrode at grade is the ratio of coating resistivity to earth resistivity (ctg/e).  

This model predicted that only relatively large holidays (20 to 200 in.
2
 or 130 to 

1300 cm
2
) are detectible at ground level on a pipeline with a ctg/e ratio equal to 

40. It also predicted that potential changes on a pipeline located beneath a high 

resistivity environment can be shielded from ground level potential measurements 

(e.g., coated piping directionally drilled through bedrock). 

 

When conducting a close-interval potential survey, it is good practice to keep the 

reference electrode lead as short and as well insulated as possible. If there is a 

break in the reference electrode lead insulation and the test lead comes in contact 

with groundwater, as illustrated in Figure 5-42, an error in the potential 

measurement will result. 

 

120o

pipe

water

break in cable
insulation

reference
electrode

reference electrode
test lead

I = I + Im m m1 2

Im2Im1

 
 

Figure 5-42:  Error in Potential Measurement Introduced by Reference Electrode  

Lead Conductor Contacting the Earth 
 

 

Essentially, the meter senses a reference potential that is a combination of the 

actual reference electrode potential and the test lead conductor potential. Both 

contribute metering current. Thus the reference electrode lead should be kept 

short and well insulated. A break in the insulation on the voltmeter to pipe wire 

will not affect the potential measurement significantly because of the relative low 

resistance of the pipeline to earth compared to the test lead. 

 

Potential measurement errors can accumulate in close-interval survey data due to 

current in the pipeline. As shown in Figure 5-43, the measured potential at each 

                                                 
10

 Thompson, N.G. and Lawson, K.M., Improved Pipe-to-Soil Potential Survey Methods, PRCI Final 

Report PR-186-807, April 1991, p4-4. 
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placement location becomes more electropositive when the current direction is 

the same as the survey direction. 

 

Icp

-900 mV

-950 mV

50 mV error

50 mV

 
 

Figure 5-43:  Error in Potential Measurement Introduced by Current in the Pipeline 

 

The amount of error accumulated can be determined by switching the point of 

connection at the last reference electrode position (i.e., at test station #2) and 

observing the potential. The difference in the two potentials should be linearly 

distributed with distance back to test station #1. For instance, the potential 

measurement at the halfway point between the two test stations would be 

increased in the negative direction by 25 mV. The voltage drop in the pipeline 

can also be determined by simply connecting the voltmeter leads to the two test 

stations. 

 

If the pipe current is not steady state but is fluctuating with time, as could be the 

situation with telluric or other dynamic stray currents, a more complex method of 

identifying and correcting for this measurement error is required (see Chapter 3). 

 

The presence of parallel interconnected pipelines as illustrated in Figure 5-44 can 

also produce errors in potential measurements. 
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P2s
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Figure 5-44:  Error in Potential Measurement due to Interaction with a  

Parallel Interconnected Pipeline 

 

The proximity of an adjacent pipeline can introduce errors in the potential 

measurement if there is a significant difference in the coating quality of each 

pipeline or in the level of polarization. First, there is the possibility of a 

recirculating current upon interruption of the cathodic protection current. Second 

the potential measurement with the reference located over P1 will also be 

influenced by the potential on P2. The magnitude of the error will increase as 

depth (t) increases and the pipeline separation distance (s) decreases. 

 

The relative impact of a paralleling pipeline on the potential measurement is 

summarized in Table 5-2.
11

 
 

Table 5-2:  Summary of Relative Interaction for Two Paralleling Pipelines on  

Potential Measurements 

  
Pipeline Coating Quality Relative Interaction From Other Pipeline 

on Pipe of Interest on-potential off-potential 

bare significant not significant 

bare significant not significant 

bare not significant not significant 

coated marginally significant marginally significant 

poorly coated not significant not significant 

well coated significant significant 

 

Where the interaction is significant or unknown, the inter-pipeline bonds should 

be interrupted synchronously along with the rectifiers. 

                                                 
11

 Thompson, N.G., Lawson, K.M., Multiple Pipelines in Right-of-Way:  Improved Pipe-to-Soil Potential 

Survey Methods, PRCI Contract PR-186-9105, Final Report, Oct. 1993, p.94. 
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5.7 Coating Condition Surveys 
 

Since a close-interval potential survey is unlikely to identify coating holidays 

having a surface area less than about 20 cm
2
, other means of identifying coating 

holidays and general coating conditions are used. One such survey technique 

relies on detection of the voltage gradient produced at a holiday by a signal 

current. 

 

5.7.1 Voltage Gradient Method of Detecting Holidays in a Pipe 
Coating 

 

The principle of this technique involves detecting a voltage difference on the 

earth surface using two or more portable electrodes separated by a short distance 

as illustrated in Figure 5-45. 

 
High Resistance
Voltmeter

Copper/Copper Sulfate
Reference Electrodes

Soil

Coating Defect

Potential Gradient

Current to Defect

Pipeline

Coated Pipeline  
 

Figure 5-45:  Coating Holiday Detection Using Voltage Gradient Method 

 

A signal generator is connected between the pipe and ground at a test point 

location. When the signal current passes from the pipeline to earth at a holiday, a 

voltage gradient is created in the soil radially from the holiday. Separated surface 

electrodes located either transverse to the pipe or along the pipe axis will detect a 

change in potential between them as they pass over the gradient. 

 

The magnitude of the voltage gradient at any point in the earth is given by 

Equation 5-23. 

 

   Vg = e i [5-23] 
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where:   

  Vg   =   voltage gradient (V/unit length) 

       e  = earth resistivity 

  i = current density at point of interest 

 

The magnitude of the voltage difference depends on the signal current magnitude, 

the soil resistivity, and the holiday size. 

 

Larger holidays will produce a larger potential difference (Vg1 –  Vg2) between the 

surface electrodes. Because of this, the surface area of the holiday can be 

estimated. The signal can be either DC (e.g., DCVG) or AC (Pearson, C-scan, 

etc.). 

 

5.7.2 Coating Conductance Method of Evaluating Coating 
Quality 

 

The quality of a coating can be determined by evaluating the coating conductance 

(Gc) or the specific coating resistance (rc) of a pipeline coating. The test method 

consists of applying an interrupt DC current between the pipe and earth, using 

either an existing rectifier or a temporary test current. (See TM0102-2002 in 

Appendix F.)  With the current interrupted, the pipe-to-soil potential and pipeline 

current are measured at two different locations (i.e., opposite ends of the pipe 

section of interest) as shown in Figure 5-46. Current would normally be measured 

with a current span or sometimes through a bond around an isolating fitting. 

 

Es

I1

V1 V2

Isect

L

I2

 
 

 

Figure 5-46:  Arrangement for a Pipeline Coating Resistance (Conductance) Test 
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An example of a data set and coating resistance calculations are as follows: 

 

 Von Voff V Ion Ioff I 

TS #1 –2.00 –0.90 1.10 2.8 0.10 2.70 

TS #2 –1.65 –0.85 0.80 3.0 0.20 2.80 

  

The average resistance (Rsect) of the section of pipe is determined by Ohm’s law 

as follows: 
  

   
sect

ave

sect
I

V
       R


  [5-24] 

  

  where: 

   
2

V    V
       V 21

ave


  

   

   Isect  = I2  –  I1 

  

Substituting field data into Equation 5-24 gives: 

 

    
A 0.1

V 0.95
          

A 2.70  A   2.80

2

V 0.80    V 10.1

       R sect 




  

 

   Rsect  = 9.5 Ω 
 

 

 To determine the coating quality for the section of pipe tested, the specific 

coating resistance (rc) must be calculated based on a soil resistivity of 1,000 

Ω-cm using Equation 5-25. 

 

   rc   =   Rsect@1000 Ω-cm    As [5-25] 

  where: 

   
ρtest

1000
     R       R sectcm- sect@1000   

  

   As  = dLs    =    the surface area of the pipe section 
 

 

 For a 60 cm diameter pipe, 2 km long in 6500 Ω-cm soil, the specific coating 

resistance in 1000 Ω-cm soil will be: 
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   m 2000      m 0.6      3.14      
cm- 6500

cm- 1000
      9.5       r c 




  

  

  rc  = 1.46 Ω    3768 m
2
 

  rc  = 5507 Ω-m
2 

 The specific coating conductance (gc) can then be calculated from Equation 

5-26. 
   

       
r

1
       g

c 

c 


  [5-26] 

 

   therefore: 

   24-

2c S/m10    1.82        
m-ohm 5507

1
       g   

 

 The resulting specific coating conductance can be compared to Table 5-3 to 

estimate coating quality. For a specific coating conductance of 1.82  10
-4

 

S/m
2
, the coating on the test section would be rated ”good” if the pipeline has 

few fittings in the test section or ”excellent” if there are valves or fittings 

within the test section. 
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Table 5-3:  Typical Specific Leakage Conductance for Dielectric Protective Coatings  

in 1000 Ω-cm Soil 

 

Long Pipelines 
with 

Few Fittings 

Average Specific  
Coating Conductance 

Average Specific Coating 
Resistance 

rc 

Quality of Work 
g 

Siemans/ft
2
 

g 
Siemans/m

2 Ω-ft
2 

Ω-m
2 

Excellent <1 x 10
-5 

<1  x  10
-4 

>10
5 

>10
4 

Good 1 x 10
-5

 to 5 x 10
-5 

1 x 10
-4

 to 5 x 10
-4 

2 x 10
4
 to 10

5 
2 x 10

3
 to 10

4 

Fair 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3

 10
4 
to 2 x 10

4
 10

3 
to 2 x 10

3
 

Poor >1 x 10
-4

 >1 x 10
-3

 <10
4 

<10
3 

Bare Pipe 
(2 to 12”) 

(5 to 30 cm) 
4 x 10

-3
 to 2 x 10

-2 
4 x 10

-2
 to 2 x 10

-1
 50 to 250 5 to 25 

     

Gas or Water 
Distribution with 

Many Fittings 

Average Specific  
Coating Conductance 

Average Specific Coating 
Resistance  

rc 

Quality of Work 
g 

Siemans/ft
2
 

g 
Siemans/m

2 Ω-ft
2 

Ω-m
2 

Excellent <5 x 10
-5 

<5  x  10
-4 

>2 x 10
4 

>2 x 10
3 

Good 5 x 10
-5

 to 1 x 10
-4 

5 x 10
-4

 to 1 x 10
-3 

10
4
 to 2 x 10

4 
10

3
 to 2 x 10

3 

Fair 1 x 10
-4

 to 5 x 10
-4 

1 x 10
-3

 to 5 x 10
-3

 2 x 10
3
 to 10

4
 2 x 10

2  
to 10

3
 

Poor >5 x 10
-4

 >5 x 10
-3

 <2 x 10
3 

<2 x 10
2 

Bare Pipe 
(2 to 12”) 

(5 to 30 cm) 
4 x 10

-3
 to 2 x 10

-2 
4 x 10

-2
 to 2 x 10

-1
 50 to 250 5 to 25 
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5.8 Troubleshooting Cathodic Protection Systems 
 

When subcriterion polarized potentials are measured on a structure, the remedial 

solution may simply be increasing the output of the cathodic protection system or 

adding additional current sources. Such a measure ultimately costs money 

whether it is for increased consumption of the anodes or for purchasing and 

installing additional materials. The exact cause of subcriterion potentials should 

be determined before arbitrary current additions are implemented.  

 

There are many methods of identifying malfunctions in a cathodic protection 

system. For discussion purposes, the troubleshooting procedure has been applied 

independently to four fundamental factors of a cathodic protection system: 
 

 polarization changes 

 resistance changes 

 power supply changes 

 stray current effects 

 

 

5.8.1 Polarization Changes 
 

5.8.1(a) Structure Depolarization 
 

Depolarization of the structure is one of the most common causes of loss of 

protection because so many possible factors result in depolarization. Any 

circumstance that speeds up the charge transfer across the structure electrolyte 

interface will result in cathode depolarization as depicted in Figure 5-47 for a 

galvanic cathodic protection system. 
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Figure 5-47:  Structure Depolarization in a Galvanic CP System 

 

The key symptom of depolarization is the cathodic protection current increase 

from Icp to Icp along with an electropositive shift in structure potential. This effect 

will be more apparent on a galvanic protection system than on an impressed 

current system because most of the driving voltage in the latter is used up in the 

earth near the anode, not in polarization. 

 

Coating deterioration, a metallic contact with a foreign structure, or a failed 

isolating fitting provide more structure surface resulting in less energy needed to 

transfer charge and therefore less polarization. 

 

Increased temperature increases the rate of the two predominant reduction 

reactions: 

H
+
  +  e

–   
  H

O 

  
and,  

O2  +  2H2O  +  4e
–
       4OH

– 

 

Increased aeration, agitation, and acidity provide more reactants to the reduction 

reactions increasing the reaction rate. Agitation also sweeps away the products of 

the reduction reaction allowing the reaction to proceed more readily. 
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5.8.2 Anode Polarization 
 

Anode polarization is a malfunction that is more common on impressed current 

systems than on galvanic systems, but in either case, as illustrated in Figures 5-48 

and 5-49, the symptoms are the same. 
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Figure 5-48:  Increased Anode Polarization in an Impressed Current System 

 

 

 
 

Figure 5-49:  Increased Anode Polarization in a Galvanic System 
 

 

Anode polarization is characterized by a positive shift in the anode polarized 

potential (Ea,p) and usually a positive shift in the anode’s open circuit potential 

(Ea,oc). This causes a reduction in current output. The key symptom is the positive 
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shift in anode potential, which for identification purposes requires that the anode 

potential be measured routinely as part of survey procedures. 

 

Any factor that slows the oxidation reaction will cause anode polarization.  

Anode polarization can occur gradually as the anode is consumed resulting in a 

smaller surface area for charge transfer in the oxidation reaction or as the 

products of the oxidation reaction build up around the anode. 

 

In impressed current systems anode polarization can occur abruptly if one or 

more anodes in a group are lost due to cable or splice failure or if a vent becomes 

plugged resulting in gas blockage. 

 

Inadequate or poor quality backfill around the anode can cause anode polarization 

since without the proper backfill or the proper quantity, passive films may form 

on the anode surface. 

 

A lower temperature, especially below freezing conditions, will slow the 

oxidation reaction and produce more anode polarization. 

 

 
5.8.3   Increased Resistance 
 

Any increase in resistance in a cathodic protection circuit will result in less 

current and hence less polarization at both the anode and structure, as illustrated 

in Figures 5-50 and 5-51. 
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Figure 5-50:  Increased Resistance in a Galvanic CP System 
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Figure 5-51:  Increased Resistance in an Impressed Current System 

 

Besides a decrease in current, an increase in resistance results in a more negative 

polarized anode potential (Ea,p). This is the key symptom and distinguishes the 

cause of subcriterion potentials from anode polarization where the polarized 

potential of the anode shifts in the positive direction. The increase in resistance 

can be in either the earth or metal current paths. The resistance increase can occur 
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in the bulk soil or can be localized at the anode or structure. Bulk earth resistivity 

increases with decreasing moisture and lower temperature, especially if the 

temperature drops below freezing (see Figures 1-35 and 1-36). 

 

Gradual increase in circuit resistance will occur as anode consumption progresses 

due to decreasing anode geometry. 

 

Sudden changes in resistance are usually due to broken and corroded cables or 

corroded splices. Cables and splices on the positive side of an impressed current 

system are particularly vulnerable to corrosion when and where the insulation has 

been damaged or where the splice has not been insulated properly. A localized 

resistance increase around a pipeline can result if the pipe backfill provides a 

drainage path for water as might occur on a hillside. The high temperature of 

piping downstream of a compressor station can result in localized drying of the 

soil adjacent to the pipe surface. 

 

Localized drying of the soil around an impressed current anode can occur if the 

anode current density is too high. Typically, anode current densities should be 

limited to 50 A/cm
2
 (50 mA/ft

2
) in low permeability soils such as clay

12
. 

 

Although the above events have been treated independently, it is not uncommon 

for a combination of these circumstances to be present. Very permeable well 

drained soils change in resistivity seasonally and allow more dissolved oxygen to 

contact structure surfaces creating a depolarization–increased resistance 

combination as illustrated in Figure 5-52. Similarly, high temperature can both 

dry out the soil and cause depolarization. 

 
 

                                                 
12

 Haanestead, J.W. and Stapp, J., HVDC Ground Electrode Design, EPRI, Report #1467-1, August 1981, 

p. 7-38. 
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Figure 5-52:  Seasonal Effects on a Galvanic CP System due to Drying of the Soil  

Resulting in Increased Resistance and Depolarization 
 

 

When soil dries, its resistance increases because the moisture between soil 

particles constitutes the principle ionic current paths. Furthermore, as the soil 

dries out, the earth becomes better aerated resulting in a reduction in polarization.  

Note that the key symptoms in this situation are the more electronegative 

polarized potentials of the galvanic anode and a more electropositive open circuit 

potential (Ecorr,s) of the structure. 
 

 

5.8.4 Power Supply Changes 
 

A decrease in the driving voltage in a cathodic protection system will result in a 

decrease in current and structure polarization. This is more common in an 

impressed current system than in a galvanic system due to the vulnerability of the 

power supplies to damage and outages. 

 

One of the more serious problems associated with DC power supplies is the 

reverse connection of the output terminals such that the positive terminal is 

connected to the structure. This is not uncommon since electricians are taught that 

for DC circuits the line side is positive and negative is ground. On well coated 

pipelines corrosion leaks can occur in a matter of months. It is therefore advisable 

when any work at a transformer-rectifier involves disconnecting cables, either 

internally or externally, that a pipe-to-soil potential be measured at the pipeline 
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test lead nearest to the power supply location immediately after the work has been 

completed. 

 

Often a DC power supply is turned off for a variety of reasons and not re-

energized. Transformer-rectifiers should not be connected to an AC circuit that is 

routinely interrupted. 

 

Failure of a single phase transformer-rectifier as schematically illustrated in 

Figure 5-53 can occur for any one of the following reasons: 

 

 Loss of input power 

 Blown fuses 

 Failed diodes 

 Failed transformer windings 

 Short circuit lightning arrestors 

 Direct short in CP circuit 

 Open connections and broken cables 
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Figure 5-53:  Typical Single Phase Tap Set Transformer-Rectifier 

 

 

When checking rectifier outputs on a routine basis, four basic situations require 

investigation: 

 

 Zero current and voltage outputs 

 Zero current output with unchanged output voltage 

 Significant current change with unchanged voltage 

 Significant changes in both voltage and current outputs 

 

Note that output voltage and currents may not be precisely zero. There may be 

back voltage due to the potential difference between the pipe and groundbed or 

residual currents due to stray current activity. 
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5.8.4(a) Zero Current and Voltage Outputs 
 

For the case of zero output for both current and voltage, either there is no input 

power to the unit or an open circuit within the rectifier is indicated. First, 

determine if input AC voltage is present. If not, the problem is external to the 

rectifier. If AC voltage is present at the input terminals, an open circuit exists 

within the rectifier. However, the open circuit may be due to a tripped circuit 

breaker at the rectifier input. 

 

The component causing the open circuit can be located by realizing that the 

rectifier voltage must exist across the open circuit element. If it is determined that 

the input circuit breaker has tripped, a high current or overload has occurred.  

This high current could have been a temporary problem, perhaps due to a 

lightning surge, or a permanent short circuit. The best method of proceeding is to 

reduce the voltage output tap to a low level and reset the circuit breaker. If the 

circuit breaker does not trip again, the problem was probably temporary and full 

output voltage can be restored. If the circuit breaker does trip, a permanent short 

circuit is indicated. 

 

To determine if the short circuit is external to the rectifier, disconnect one of the 

DC output connection leads and reset the breaker. If the short circuit is external to 

the rectifier, the circuit breaker will not trip. If the short circuit is internal to the 

rectifier, the circuit breaker will again trip. Next, the best approach involves 

isolating the problem to a particular section of the rectifier by beginning at the 

input terminals and adding one component at a time to the circuit until the circuit 

breaker trips. The short circuit must be the last component connected when the 

circuit breaker trips. For example, the transformer can be connected to the input 

circuit breaker with the tap adjustment bars removed. 

 

The sequence of short circuit location is shown in Figure 5-54. 
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Figure 5-54:  Locating a Short Circuit in an ICCP System 
 

 

5.8.4(b) Zero Current Output with Unchanged Voltage Output 
 

If the DC voltage output of the rectifier is relatively unchanged but the current 

output is zero, an open output circuit is indicated. This could be caused by: 

 

 An open fuse in the output circuit 

 An open positive or negative lead wire 

 A failed groundbed 

 

If an open fuse in the output circuit is found, a short exists (or has existed) in the 

output circuit. 
 

 

5.8.4(c) Significant Current Change with Unchanged Voltage 
 

If the DC current output significantly changes with no change in the output 

voltage, the output circuit resistance has changed. If the current output has 

significantly increased, a lower circuit resistance is indicated. This could be due 

to system additions, shorts to other underground structures, or major coating 

damage. If the current output significantly decreased, a higher circuit resistance is 

indicated. Some of the possible causes might include installation of inline 

isolators, groundbed deterioration, discontinuity due to disconnection of a system 
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component, or anode gas blockage. Seasonal variations in soil conditions, such as 

drying or frost, can also increase the current resistance. 

 
5.8.4(d) Significant Changes in Both Voltage and Current Outputs 
 

Sometimes both the voltage and current outputs will decrease significantly. If the 

voltage and current outputs are approximately one-half of the normal values, the 

most probable cause is partial failure of the rectifier stacks (”half waving”).  If the 

rectifier stacks are found to be operating properly, the transformer should be 

investigated for possible winding-to-winding shorts. 

 

5.8.4(e) Transformer-Rectifier Efficiency 
 

A transformer-rectifier with selenium stacks may lose efficiency as the rectifier 

elements age. Transformer-rectifier efficiency should be determined routinely by 

comparing input and output power as per Equations 5-27 and 5-28. 

 

 100    
P

P
       efficiency T/R

inac,

out dc,
  [5-27] 

 

 where: Pdc,out    =    Edc   Idc 

 

 and: 
t

NK 3600
       P inac,    [5-28] 

 

 where: N = number of revolutions of wattmeter disc 

   K = wattmeter constant on meter nameplate 

   t = time in which revolutions were counted (sec.) 

 

The efficiency can be used to determine the average AC power consumption over 

a specific time period using Equation 5-29. 

 

      
Eff.    1000

     E   I
    W   dcdc






t
 [5-29] 

 

 where: W = total ac energy consumption (kW-h) 

   Idc = average dc current output (A) 

   Edc = average dc voltage output (V) 

   t = length of period (h) 
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If the calculated input power read on the wattmeter differs from that calculated, a 

temporary power supply outage during the period would be suspected. 

 

Furthermore the total time (t) the rectifier has been operating can be determined 

by Equation 5-30, which is just a rearrangement of Equation 5-29. 

 

      
dcdc E    I

Eff    1000  W  
      




t  [5-30] 

 

Much of the power lost in the transformer-rectifiers is across the diodes and the 

transformer. Therefore a transformer-rectifier with a center-tapped secondary and 

only two diodes will have a higher efficiency than a bridge connected rectifying 

element with four diodes. 

 

Also three phase power supplies, although more expensive, are much more 

efficient than single phase. The extra expense is often justified where three phase 

power is available once the CP system power requirements exceed about 2 

kilowatts. 

 

 

5.8.5 Cathodic Protection Troubleshooting Flow Chart 
 

The sequence of steps involve in troubleshooting the operation of a cathodic 

protection system can be summarized in a flow chart such as Figure 5-55. Prior to 

the potential measurement, it is assumed that both the meter and reference 

electrode have been calibrated and the potential previously recorded at the 

measurement location was equal to or more electronegative than the criterion. 
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Figure 5-55:  Cathodic Protection Troubleshooting Flow Chart 
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Class Exercise 5-1 

Evaluating Cathodic Protection Performance 

 

 

The following problems are presented for the student to exercise his performance-

evaluation skills. Plot the data on semi-log graph paper. 

 

Given the following cathodic protection data, state the reason(s) the design 

objective was not achieved. 
 

 

Problem 1: 
 

Potentials (mV)  Current (mA) 

   

 Ecorr, structure = –550  

   
Design:   

 Ecorr, anode = –1,500 = 100 

 Estructure = –1,000  

 Eanode = –1,300  

   
Actual:   

 Estructure = –700 = 1,000 

 Eanode = –1,200  

 

Problem 2: 
 

Potentials (mV)  Current (mA) 

   

 Ecorr, structure = –550  

   
Design:   

 Ecorr, anode = –1,500 = 100 

 Estructure = –1,000  

 Eanode = –1,300  

   
Actual:   

 Estructure = –600 = 15 

 Eanode = –650  

 Ecorr, anode = –1,100  
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Problem 3: 
 

Potentials (mV)  Current (mA) 

   

 Ecorr structure = –550  

   
Design:   

 Eoc, anode = –1,500 = 100 

 Estructure = –1,000  

 Eanode = –1,300  

   
Actual:   

 Estructure = –700 = 20 

 Eanode = –1,450  

 Eoc anode = –1,500  

 

 

Problem 4: 
 

The corrosion potential of a steel structure is –500 mV. When the cathodic 

protection is applied using an impressed current system, the structure potential 

shifts to –960 mV. Upon interrupting the current, the instant-off potential is  

–610 mV. If all potentials are measured with respect to a copper/copper sulfate 

reference electrode, which cathodic protection criteria are satisfied? 
 

 

Problem 5: 
 

A fixed-voltage rectifier is set to operate at an output of 30 V and 15 A. During 

routine surveillance the rectifier is found to be 30 V and 7A. What malfunction(s) 

could have occurred? 
 

 

Group Case Study: 
 

The figure below shows the plan and polarized potential profile for a portion of a 

coated and cathodically protected pipeline. List at least seven possible causes for 

the apparent lack of protection in the vicinity of the road crossing. 
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Exercise Schematic 5-1: 

  Plan and Potential Profile for an Underground Cathodically  

Protected Pipeline 
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