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Abstract 

Corrosion is the main problem of the pipe lines in different environments resistivity .The 

most effective method to overcome this problem is Cathodic Protection )CP (which represents a 

control method in the pipes corrosion .Corrosion and protection of pipes are a complex 

phenomenon .Both are required to develop a complete understanding of the underlying basics of 

corrosion science as well as an understanding of the system level behavior and the parameters 

that affect the process .The mathematical modeling for multi-parameters system is complicated 

and sometimes impossible .  

 In this work the Artificial Neural Network is used to model the Cathodic Protection 

System )CPS(, and make an assessment for the potential required to protect the coated pipes and 

bared pipes, in addition the prediction of corrosion rate was made .On the other hand, the 

experimental work was carried out to collect the required data to be used for training and testing 

the neural network . 

The suggested network structure for potential and corrosion rate is  ) Input layer, two 

hidden layers, and one output layer( this structure is randomly chosen .The transfer function used 

in the first hidden layer for each network is the tan-Sigmoid function and for the second layer is 

pure line .The back propagation training algorithm with one variable learning rate was used to 

train these neural networks. For potential assessment the network receives )Distance between 

anodes and cathodes )D(, Current density )CD(, Length of pipe from end to drain point )L(, 

resistivity of solution )ρ( and voltage of power station ( as input and gives the potential as 

network output, and for the corrosion rate prediction the network receives )Time, Surface area 

and Resistivity of solution )ρ ( ( as input and gives the corrosion rate as network output .Many 

networks are constructed by changing the number of neurons for the hidden layers .This had 

been done by using the MATLAB R2009a software. 

The optimum network for coated pipe was )13 neurons in the 1st hidden layer and 8 

neurons in 2nd hidden layer( which is trained by using )120 data sample (and tested .This network 

can be used to assess the potential required for CPS and it’s reliable .The Bared pipe, couldn’t 

get a reliable network .This is because the collected experimental data are not stable, the 

fluctuation of the data occurs due to the interference between the corroded part of pipe and the 

protected parts; which causes the un-stability of potential .The optimum network for corrosion 

rate was )15 neurons in the 1st hidden layer and 4 neurons in 2nd hidden layer (which is trained by 

using ) 250 data sample (and tested .This network can be used to predict the corrosion rate and 

it’s reliable. 
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 1      Introduction 

1.1 Introduction  
                   Corrosion is the destructive attack of a material by reaction with its environment . 

The serious consequence of the corrosion process has become a problem of worldwide 

significance, and exists in virtually all materials, but is most often associated with metals. 

]Roberge PR., 1999 [.  

         Metallic corrosion is a naturally occurring process whereby the surface of a 

metallic structure is oxidized or reduced to a corrosion product such as rust by chemical or 

electrochemical reaction with the environment .The surface of metallic structures is attacked 

through the migration of ions away from the surface, resulting in material loss over time .

Given enough time, the material loss can result in significant reduction of area, which in turn 

leads to a reduction in the structural capacity of a given metallic element .When corrosion 

eventually destroys a sufficient amount of the structure’s strength, a failure will occur 

]Jarman, 1987 and Melchers, 2005 [.  

The cost of corrosion has been estimated at $300 billion per year in the United States .

The corrosion-related cost to the transmission pipeline industry is approximately $5.4 to $8.6 

billion   annually .This can be divided into the cost of failures, capital, and operations and 

maintenance )O&M (at 10, 38, and 52 percent, respectively  ] Cathodic protection Design 

Center, 2000 [.  

1.2 Background  

 The process of corrosion is mostly a nuisance as it leads to the damaging of metals 

therefore it must be prevented from taking place .This is often the case in buried metallic 

structures such as pipelines, oil and gas wells, offshore structures, ship hulls, marine piling 

and water tanks  ] Godwin, 2005 [.  

The most common methods to prevent corrosion are: 

1. Preventing access of electrolyte. 

2. Reversing the flow of electrons. 
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3. By using corrosion resistance alloys like stainless steel  ) where chromium and 

nickel protect the steel from corrosion allowing it to be used in most kitchen 

utensils.( 

4. Corrosion allowance. 

 The first method involves applying a coating on the surface to be protected to 

prevent the electrolyte from reaching it ]Berger, 2004 [ . This may be organic coating such as 

paint, a variety of different plastic, tape, bitumen, epoxy coating ]Glazov, 2006[ or metallic 

coating such as chromium, nickel and galvanizing ]Galvanizers, 2000 and Zamanzadeh, 

2005 [ . The second method is commonly known as cathodic protection and is widely used in 

underground and seawater structures .The third method is the use of alloys that do not corrode 

in these environments ]Kawakita, 2003 [ . The fourth method allows the corrosion to proceed 

and incorporates enough structural material in the design to last for the intended service life .

The last two methods are more expensive to opt for ]Peabody’s, 2001 [.  

 Cathodic protection is a technique used to prevent the corrosion of a metal by 

making the metal a cathode .It is commonly used in the protection of the exterior surface of 

pipelines, ship hulls, strong tall bases, jetties and harbor structures, floating and sub-sea 

structures, etc .Cathodic protection is also used to protect the initial surfaces of ship’s tank, 

strong tanks for oil and water and water-circulating systems .Cathodic protection was used 

mainly to prevent further corrosion after repair of damaged structures, but recently, cathodic 

protection has been incorporated in new constructions in an effort to prevent corrosion from 

starting ]Ford, 2001 and Glass, 2003 [.  

 The history of cathodic protection dates back more than 180 years  .Sir Humphry 

Davy  ] Uhlig.H.H, 1985 [ reported in 1824 that copper could be successfully protected against 

corrosion by coupling it to iron or zinc .He recommended cathodic protection of copper  - 

sheathed ships , employing sacrificial blocks of iron attached to the hull in the ratio of iron to 

copper surface about 1:100 .In practice the corrosion rate unfortunately of cathodically 

protected copper is subject to fouling by marine organisms, contrary to the behavior of 

unprotected copper which supplies efficient concentration of copper ions to poison fouling 

organisms .Since fouling reduced the speed of ships under sail, it was decided against the 

idea .After Davy's death in 1829, the iron work of buoy was successfully protected by 

attaching zinc blocks, and Robert Mallet in 1840  ] Uhlig.H.H, 1985 [ produced a zinc alloy 
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particularly suited as sacrificial anode .When wooden hulls were replaced by steel, the fitting 

of zinc slabs became traditional on all Admiralty vessels .These slabs provided localized 

protection, especially against the galvanic effects of the bronze propeller, but the overall 

cathodic protection of sea going ships was not explored again until about 1950, this time by 

the Canadian Navy .By proper use of antifouling paints in combination with anticorrosion    

paints, it was shown that cathodic protection of ships is feasible and can save appreciably 

costs in maintenance costs . A cathodic protection hence with smooth hull also reduces fuel 

costs of ship operation ]Stephen K .lower, 1999 [ .  

 The first application of impressed electric current for protection of underground 

structures took place in England and in the United States, about 1910-1912 ]National Physical 

Laboratory NPL, 2004[ Cathodic protection )CP (is perhaps the most important of all 

approaches to corrosion control .By means of an externally applied electric current, corrosion 

is reduced virtually to zero, and a metal surface can be maintained in a corrosion environment 

without deterioration for an indefinite time ]Stephen K .lower, 1999 [ .  

  The cathodic protection can be defined as an effective electric method of corrosion 

control on metallic structures exposed to an electrolyte, namely soils and liquids  ] Miller, W.T .

R.S, Sutton, and P.J Werbos, 1990 [ . Cathodic protection converts all active anode sites )area 

that corrodes (on the structure into cathode sites that do not corrode .It is important to 

understand that corrosion is only mitigated on the surface of the metallic structure in contact 

with the electrolyte ]White, D.A .and D.A Sofge, 1992 [ . Galvanic cathodic protection uses 

anodes which have a natural potential more reactive than that of the structure being protected. 

 For steel structures, magnesium and zinc have proven practical for buried 

applications, while aluminum and zinc are used to protect marine structures .It is also possible 

to use an external power source to impress current on a relatively material such as cast iron, 

graphite or mixed metal oxide anodes; this method is called impressed current cathodic 

protection ]Mil-HDBK, Dwight A.Beranek, 2001 [.  

 The difference between the two methods is that the galvanic system relies on the 

difference in potential between the anode and the pipe, and the impressed current system uses 

an external power source to drive the electrical cell ]Miller, W.T .R.S, Sutton, and P.J 

Werbos.1990 [ . The two mentioned methods require the identification of the polarization 

parameters )current density and potential .(The methods used for the identification of the 
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polarization parameters of cathodic protection systems are the statistical methods )e.g .

fractional design and Fractional factorial design .(In the present time, the intelligent 

techniques are used successfully in a broad band of applications; one of these applications is 

the cathodic protection .Examples of these techniques that are used in CP are fuzzy logic and 

genetic algorithms  . 

Intelligent control is now becoming a common tool in many engineering and industrial 

applications ]Rumethart, D.E, 1968 [ . It has the ability to comprehend and learn about plants, 

disturbances, environment, and operating conditions  ] Fontana and Greene, 1984 [ . Some 

examples of the factors to be learned are plant characteristics such as its static and dynamic 

behaviors ]Dayhoff, J.E, 1990 [ .  

           Artificial neural network, with their self-organizing and learning ability, are now 

used as promising tools for such purposes .The architecture and functions of the artificial 

neural network are based on the biological brain .Neural network provides a different 

computing architecture compared with the Von Neumann computers .The main characteristics 

of neural network are parallel and distributed in nature as well as self-organization, however, 

conventional computers have series, local, and algorithmic properties ]Trethewey K.R., and 

Chamberlain J, 1996 [ .  

            The neural network can learn static or dynamic properties autonomously based on 

the past history of measurement data and then act in a way such that a better solution can be 

obtained under unknown environmental conditions .However, conventional computers have to 

be programmed before data can be processed and they cannot work beyond the decision given 

by the program .Therefore, knowledge - based engineering has not been well accepted in real 

applications since it has no solution when it has to make a decision under new environments 

]Rumethart, D.E., 1968 [.  

 The cathodic protection method for corrosion prevention requires identification of 

the potential difference that gives the full corrosion protection with the presence of certain 

environment variables .The neural network can be used to identify this potential difference 

taking the environment variables as input and using the practical results data for the learning 

process .This can be done by creating a mathematical model for the process and choosing the 

best neural network architecture, decision function and learning algorithm for this application. 
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1.3 The Research Objective 
This work aims to model the potential difference required to build a cathodic 

protection system in order to control the corrosion of pipes lines in different envioroment 

parameters, and modeling the prediction of corrotion rate .  

The proposed work will use Neural Network Techniques to model the evalution of 

potential difference for both coated and bared pipes in differents envioroment resistivities )ρ (

and different  distances between anode and cathode )D(, different current density)CD(, 

different  Length of pipe from the end to the drain point )L (and  voltage of power station, and 

it will be used to predict the corrosion rate in differents envioroment resistivities )ρ (and 

differents  surface area with respect to time. 

1.4 Organization of the Thesis  
The details of the remaining chapters of this thesis report are, chapter two will discuss 

the theoretical background of corrosion ,cathodic protection system and neural networks 

system and also review current literatures on using cathodic protection and NNT .On the other 

hand, chapter three shows the experimental works and how the data are acquired. Chapter four 

will analyze the data and explain the neural network model results and discuss those results .

Chapter five covers the conclusions and recommendations for future research. 
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2  Theory and Literature Review   

2.1 Introduction  
        This chapter deals with theoretical background of the work and its literature review .It 

includes the definition and principle of corrosion, corrosion forms and the classical techniques 

used to prevent corrosion and a detailed explanation of the used methods in cathodic 

protection )CP (is also presented . 

As mentioned in chapter one the aim of this work is applying neural network in the 

design of cathodic protection system, so this chapter will introduce the principle of neural 

network. 

2.2  Corrosion Principles and Mechanisms 

2.2.1 Understanding Corrosion 
             In general terms corrosion can be defined as the spontaneous reaction between a 

material and its environment which results in the degradation of that material ]Roberge,PR., 

1999[, Generally, this process results in the loss of properties of the material, causing 

economic losses, affecting safety, and raising environmental concerns .Metals corrode for a 

variety of reasons .Most metals are found in nature as ores and oxides, and the extraction of 

metals from their ores requires a considerable amount of energy .For example, iron is found in 

nature as ferrous oxide or iron ore .To convert the iron ore to some of the materials we know 

such as cast iron, stainless steel, or carbon steel, it must be alloyed with other elements .

Energy is required for the alloying process and it is introduced in the form of heat .The 

resulting materials have a much higher energy level than when they are in their corresponding 

ores and will show a natural tendency to return to their natural state .The process whereby 

these metals return to their natural state as ores is known as corrosion .Metals found in nature 

that require greater amounts of energy to convert them to useful engineering materials show a 

greater tendency to corrode while those that require less energy show a lower tendency to 

corrode .Examples of the former include magnesium, zinc, aluminum, and steel, while 

examples of the latter include gold, silver, and platinum . 

To describe the principles of corrosion the exact nature of the corrosion process must be 

described in detail. 
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2.2.2 Corrosion Cell 
             Corrosion is the deterioration of a material through reaction with its environment .

In the case of a metal, this deterioration occurs mainly through an electrochemical process .

The electrochemical process consists of four distinct parts :anode, cathode, electrolyte, and 

metallic path .These four parts constitute what is called the corrosion cell ]Unified Facilites 

Criteria  ) UFC(, 2003.[Electrochemical corrosion occurs only when all four parts of the 

corrosion cell are present .To understand the operation of a cathodic protection system, it is 

extremely important to understand these four parts of the electrochemical corrosion cell and 

Figure  2-1: Corrosion  ( illustrates the four essential elements of a corrosion cell. 

 

Figure  2-1: Corrosion Cell  ] Peabody A .W., 2001[ 

2.2.2.1 Anode 

         The first part of the corrosion cell is the anode .The anode is that portion of the 

metal surface that is corroded .It is the point at which metal dissolves, or goes into solution .

When metal dissolves, metal atom loses electrons and is oxidised .The reaction for iron is: 

  
                      

          ………… .  2-1                                                                                                               

The iron ion goes into solution and two electrons are left behind in the Metal ]Unified 

Facilites Criteria )UFC(, 2003 [.  

2.2.2.2 Cathode 

 The second part of the corrosion cell is the cathode which is that portion of the 

metal surface where reduction takes place and does not dissolve .The electrons left behind by 
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the oxidation reaction at the anode travel through the metallic path to the cathodic surface 

where they are consumed by reaction with an oxidising agent that must be present in the 

electrolyte .This consumption of electrons is called a reduction reaction .Three typical 

reactions are: 

2    2  
                          

       ) Acidic Solutions (                          ………… ..2-2 

With oxygen present: 

    4    4   
                          

  2  ) Acidic Solutions    (            ……..…. 2-3 

OR 

   2    4     4     ) Neutral or Alkaline Solutions (       ……… .  2-4 

H +and O2 are examples of the oxidising agents referred to above] Perez ,2003.[ 

        And the relationship between anode and cathode an electrode becomes either an 

anode or a cathode in an electrochemical corrosion cell depending upon its electrical potential 

compared to the other electrode .This electrical potential difference is the electromotive force 

of the cell and is the voltage difference between the anode and the cathode .The electrode 

which is more electrically active, or more negative in voltage, undergoes the corrosion, so by 

definition is the anode .The electrode that is more noble )less negative in potential (passes 

electrons to the electrolyte )reduction reactions (and by definition is the cathode and does not 

undergo corrosion )oxidation reactions] (Peabody A .W., 2001 [. As previously discussed, there 

are four distinct parts to the electrochemical corrosion cell, all four parts must be present for a 

complete circuit to exist and for current to flow )corrosion to occur.( 

2.2.2.3 Electrolyte 

 The third part of the corrosion cell is the electrolyte .The electrolyte is the location 

where ions flow .The electrolyte is any material in contact with both the anode and the 

cathode that will allow ions to migrate .The electrolyte is the part of a corrosion cell which 

allows oxidation and reduction reactions to occur .The electrolyte includes the source of 

elements or atoms that are required for ion transfer to and from the metal electrodes )anode 

and cathode] (Unified Facilites Criteria)UFC (,2003 [ . , the principle function of soil moisture 

is to furnish the electrolyte for carrying current .The ions in the electrolyte may be hydrogen 

and hydroxyl ions from the water itself and a variety of cations and anions, which depend 

upon the number and amount of soluble salts dissolved in the water .The presence of these 
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ions determines the electrical conductivity, expressed as resistivity )measured in ohm-cm(, of 

the electrolyte, as well as chemical properties such as acidity or alkalinity, and the 

development of chemical reactions between the primary products of corrosion and the 

electrolyte .For example, ferrous material is corroded by electrolytes that contain sulfates or 

chlorides from the soil because the corrosion products formed at the anode and the cathode 

are both soluble ]A.B .Chance Company, 2003.[ 

2.2.2.4 Metallic Path 

 The fourth part of the corrosion cell is the metallic path .The anode and the 

cathode must be electrically bonded or connected to complete the circuit ]A.B .Chance 

Company, 2003.[ 

This electron flow must be present for electrochemical corrosion to occur .In the case of a 

tank or pipeline, this can be the tank or pipe itself, or it can be a metallic bond to different 

metallic structures ]Unified Facilites Criteria )UFC(, 2003 [.  

 The corrosion reaction should be considered as a cyclic phenomenon where each 

of the components of the cell must be present and functioning in order for the overall 

electrochemical corrosion reaction to proceed .If any one of the components of the 

electrochemical cell are removed or if the individual reactions at either the anode or the 

cathode can be prevented from occurring then the entire corrosion process can be 

prevented]Unified Facilites Criteria)UFC (,2003 [.  

2.2.3 Anodic Reaction   
 

                     4          
                            

  4                 8     ……… .  2-5    

                                     

 This process is referred to as electrochemical corrosion .The reaction can only 

occur if there is a suitable electron acceptor to combine with the electrons released by the iron 

atom .Seawater contains dissolved atmospheric oxygen which readily serves this purpose .The 

oxygen is electrochemically reduced to hydroxyl ions in the cathodic reaction  ] Roberge,PR . 

,1999.[ 
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2.2.4 Cathodic Reaction 
 At the cathode there are many possible reactions .The simplest common cathodic 

reaction is the reaction of hydrogen ions, which are present in water solutions, with electrons 

to form hydrogen gas .In chemical shorthand this reaction is written: 

2    2    
                               

   2                                             … ..   2-6                                        

 This represents the reaction of two hydrogen ions )2H + ( with two electrons  ) e  - ( to 

form two hydrogen atoms, which then combine to form one molecule of hydrogen H2 (gas .As 

in the case of anodic reactions, there is no change in net charge in this reaction { )+ 2 (  +)- 2 (  =

0(}  ] Roberge, PR., 1999 [. Another common reaction at the cathode is the reaction of electrons 

with dissolved oxygen and the breakdown of water into hydroxyl ions .In chemical shorthand 

this reaction is written: 

2  4    8 ˉ   
                         

      8 ˉ                         … . 2-7             

                       Oxygen       Water      Electrons                        Hydroxyl Ion 

 This represents the reduction of dissolved oxygen )2O2 (in alkaline electrolytes 

where two oxygen and the breakdown of four water molecules )4H2O (results in the formation 

of eight hydroxyl ions )8OH  -] ( International Marine Coating, 2001 [.  

2.2.5 Underground Corrosion of Metallic Pipes 
  Many metals, such as iron, used in underground construction applications form a 

protective passive film of oxide immediately upon being exposed to air .At room temperature, 

the passive film of iron oxide can provide considerable protection against corrosion .Corrosion 

of iron and other metals in underground applications at normal or moderate temperatures is 

due to the formation of an electrochemical cell as explained in the previous section .Two 

electrically connected points with a potential difference and immersed in an electrolyte build 

an electrochemical cell .Electrons flow from the anode through the metal to the cathode and 

ions flow through the electrolyte completing the circuit . 

         Anode corrodes through the loss of metal ions to the electrolyte and the corrosion 

at the cathode is either completely prevented or slowed down .Although the theory is simple 

the correlation of this theory with actual corrosion of metallic materials used in underground 

construction is complicated due to many factors that singly or in combination affect the 

corrosion reactions  ] Romanoff 1957.[ 
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                These factors determine the rate and the type of electrochemical corrosion, such as 

uniform or localized corrosion .Electrochemical cells fall into three general classes :galvanic 

cells, concentration cells, and electrolytic cells  ] AWWA, 2004[ 

2.2.6 Common Forms of Corrosion Encountered on Buried 
Metallic Pipelines 

 This section will provide information on the commonly observed forms of 

corrosion of metallic pipelines embedded in backfill materials .Some corrosion forms such as 

the stray current corrosion which is the rate and occurrence of these corrosion forms are not 

related to the type of backfill  ) soil ( but in this section will mention for the stray current 

corrosion as example and because it is important to understand the corrosion. 

2.2.6.1 Uniform Corrosion of Metallic Pipe 

             Uniform corrosion or general corrosion is as shown in Figure  2-2  : Uniform  

corrosion process exhibiting uniform thinning that proceeds without appreciable localized 

attack .It is the most common form of corrosion and may appear initially as a single 

penetration, but with thorough examination of the cross section it becomes apparent that the 

base material has uniformly thinned  ] Roberge, PR., 1999.[ 

             This is characterized by an even distribution of corrosion that leaves the surface 

clean or coated with corrosion products .This even distribution is due to the movement of the 

anodic and cathodic sites on the metal’s surface .With uniform attack, fouling of the metal is 

usually a bigger problem than failure because for uniform corrosion to occur, the 

metallurgical composition of the metal must be uniform and the exposure conditions must be 

homogeneous over the whole surface . 

 

Figure  2-2  : Uniform Corrosion  ]  Pravitasari, A., 2009[ 
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2.2.6.2 Pitting Corrosion 

 Pitting corrosion is a localized form of corrosion by which cavities, or holes, are 

produced in the material .Pitting is considered to be more dangerous than uniform corrosion 

damage because it is more difficult to detect, predict, and design against .Corrosion products 

often cover the pits .A small, narrow pit with minimal overall metal loss can lead to the failure 

of an entire engineering system ]Bardal, E., 2003 [.  

              Figure  2-3  : Shows the details of a pipe wall at an anode undergoing pitting 

corrosion .  

 

            Figure  2-3  : Shows the details of a pipe wall at an anode undergoing pitting 

corrosion .] Ginzel, R.K .& Kanters, W.A. 2002 [.  

2.2.6.3 Corrosion Due to Dissimilar Metals 

 It occurs when dissimilar metals are in contact in the presence of an electrolyte, 

such as water )moisture (containing very small amounts of acid .The dissimilar metals set up a 

galvanic action that result in the deterioration of one of them ]Roberge, PR., 1999 [. The 

following is a list of the more common commercial metals, sequenced according to what is 

known as the Galvanic Series: 

1 .Aluminum                                            7 .Tin 

2 .Zinc                                                      8 .Lead 

3 .Steel                                                     9 .Brass 

4 .Iron                                                     10 .Copper 

5 .Nickel                                                  11 .Bronze 

6 .Stainless Steel 400 series                       12 .StainlessSteel300 series 
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 When any two metals in this list are in contact, with an electrolytic present, the 

one with the lower number is corroded .The galvanic action increases as they are farther apart 

in the Galvanic Series .It is not always metals true that there is greater corrosion the further 

down the scale one goes .In certain cases one metal immediately following another may be 

very corrosive .Figure  2-4 : shows Corrosion Due to Dissimilar Metals shows Corrosion Due 

to Dissimilar Metals examples. 

 One of the most important facts that an architect should know about a metal or an 

alloy is its reaction with other metals or alloys with which it may be in contact .  

 

Figure  2-4 : shows Corrosion Due to Dissimilar Metals examples  ] AWWA2004 [.  

2.2.6.4 Corrosion Due to Dissimilar Surface Conditions 

 Figure  2-5  : Illustrates the condition of dissimilarity of pipe surface condition 

]AWWAillustrates the condition of dissimilarity of pipe surface condition  .Bright pipe metal 

such as scratches caused by pipe wrenches or shallow threads adjacent to couplings or fitting 

are anodic to the pipe surface .these cells can be very active due to the unfavorable ratio of 

anodic to cathodic areas ]Lightenstein, Joram, 1978 [.  

 

Figure  2-5  : Illustrates the condition of dissimilarity of pipe surface condition  ] AWWA, 2004[ 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 14)147( 

 

2.2.6.5 Corrosion Due to Dissimilar Soils  

 Figure  2-6 : The condition of two completely different soils or illustrates the 

condition of two completely different soils or electrolytes. The rate of corrosion is determined 

by the resistance of the soil. If the soil resistance is low, the rate of corrosion will be rapid 

]Lightenstein, Joram, 1978[ 

 

Figure  2-6 : The condition of two completely different soils or electrolytes  ] AWWA 2004[ 

2.2.6.6 Corrosion Due to Differential Aeration of Soil 

 Figure  2-7 : the condition of a difference in aeration of illustrates the condition of a 

difference in aeration of soils . In this case, the soil throughout the depth of the trench is 

uniform, but the pipe rests on heavy moist undisturbed ground on the bottom of the ditch, 

while the rest of the pipe in contact with the drier backfill . The narrow strip of pipe in contact 

with the bottom of the ditch is the anodic area and the pitting can be very severe 

]Lightenstein, Joram, 1978 [.  
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Figure  2-7 : the condition of a difference in aeration of soils  ] AWWA 2004[ 

 

2.2.6.7 Stress Corrosion Cracking )SCC( 
 Stress corrosion cracking )environmentally induced-delayed failure (describes the 

phenomenon that can occur when many alloys are subjected to static, surface tensile stresses 

and are exposed to certain corrosive environments .Cracks are initiated and propagated by the 

combined effect of a surface tensile stress and the environment  ] US Army Corps of 

Engineers, 1995.[ 

 The stresses that cause SCC are either produced as a result of the use of the 

component in service or residual stresses introduced during manufacturing .Figure  2-8  : 

Microstructure image of stress corrosion  shows sample of microstructure image of stress 

corrosion cracking ]Roberge,PR., 1999 [.  

 And when stress corrosion cracking occurs, the environment is usually one in 

which the material exhibits good resistance to general corrosion. 
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Figure  2-8  : Microstructure image of stress corrosion cracking  ] Bardal, E., 2003[ 

2.2.6.8 Crevice Corrosion 

 Crevice corrosion is a localized form of corrosion associated with stagnant 

microenvironments that tend to occur in crevices, such as under gaskets, washers fastener 

heads, surface deposits, disbanded coatings, lap joints, and clamps .Limited oxygen diffusion 

into the crevice sets up a differential aeration cell between the crevice and the external 

surface .Reduction of oxygen cannot be sustained in the crevice which causes the crevice to be 

an acidic, anodic environment  ] US Army Corps of Engineers, 1995 [.  Figure  2-9  shows the 

stages of a typical crevice corrosion process. 

 

 

Figure  2-9  : Propagation of Crevice corrosion 

2.2.6.9 Stray Current Corrosion  
 Stray current corrosion is caused by an earth path of direct current )DC (from a 

source external to an underground metallic structure as shown in Figure  2-10: Stray current  .
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“NOTE :On a direct current )DC (operated transit system; the sources are the rectifier 

substations, overhead catenary, trains and running rails”  ] Eugene D .Kale & Martin Sanders, 

2002.[This corrosion is usually found after failures in the foreign structure occur .Stray 

current corrosion is the most severe form of corrosion because the metallic structure is forced 

to become an anode and the amount of current translates directly into metal loss .If the 

amount of current leaving a structure to enter the electrolyte can be measured, this can be 

directly translated into metallic weight loss .And Different metals have specific amounts of 

weight loss when exposed to current discharge .This weight loss is normally measured in 

pounds )or kilograms (of metal lost due to a current of one amp for a period of one year )one 

amp-year .(For example, if a stray current of just two amps were present on a steel pipeline, 

the result would be a loss of 18.2 kilograms40.2 pounds (of steel in one year  ] UFC 2003 [.  

 

Figure  2-10: Stray current corrosion  ] J.E.I .Metallurgical, Inc.2009[ 

 

Table  2-1: Weight loss of specific metals at a current of one ampere for one yearUFC 

2003 [.  

Table  2-1: Weight loss of specific metals at a current of one ampere for one year 

Metal )Ion( Weight loss )kg( Weight loss )pound( 

Magnesium 4.00 8.8 

Aluminum 2.95 6.5 

Zinc )Zn(++ 10.66 23.6 

Chromium 5.65  12.5 
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Cadmium  18.39 40.5 

Iron )Fe (++ 9.13 20.1 

Cobalt  9.63 21.2 

Nickel  9.58 21.1 

Copper )Cu (+ 20.77 45.6 

Copper )Cu (++ 10.39 22.8 

2.2.7 Factors That Affect Underground Corrosion 
2.2.7.1 Aeration  

 Aeration characteristics of a soil are dependent primarily on particle size and 

distribution .Corrosion decreases with the increase in aeration ]Metals Handbook, 1987 [.  

2.2.7.2 Moisture  

 Contents depend on season, location, soil type, particle size and ground water 

level .The degree of wetness contributes to the corrosion by dissolving soluble salts thereby 

changing the soil composition .Generally, corrosion increases with higher moisture contents 

)for normal ranges ( ] Uhlig, H .H., 1971 [ . In underground corrosion moist soil is the 

electrolyte that allows electrochemical Corrosion by allowing the flow of current between 

anodic and cathodic areas . In addition to hydrogen and hydroxyl ions from the water itself the 

electrolyte also contains and a variety of cations and anions .The amount and type of the ions 

depend on the soluble salts dissolved in the electrolyte 

2.2.7.3 Soil Resistivity  

 It depends on natural ingredients the amount of salts dissolved in soil, and the 

moisture content .The corrosivity increases with the reduction of soil resistivity .Table  2-2 

Soil Resistivity and Corrosion . provides the relationship between soil resistivity and 

corrosivity )Metals Handbook,1987.( 

Table  2-2 Soil Resistivity and Corrosion. 

Soil Resistivity Class 

)ohm -meter( 

Typical Corrosion Rate 

)mils/year 
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Less than 25  Severely Corrosive  )> 13( 

26 – 50  Moderately Corrosive )9 -12( 

51 – 100  Mildly Corrosive )4 – 9( 

Greater than 100  Very Mildly Corrosive )< 4( 

 

2.2.7.4 pH Value 

  pH Value of soil affects the corrosion process greatly .The more acidic the soil is, 

the higher the corrosion rate .pH value ranges generally from 5 to 10 in soil, a value of 7 

indicates neutrality )lower values, acidity; and higher values, alkalinity].(35 [The general 

relationship between the pH values and the corresponding corrosion is shown in      Table  2-3  : 

pH Values and CorrosionMeteal Handbook, 1987 [.  

     Table  2-3  : pH Values and Corrosion]Meteal Handbook 1987[ 

Soil Characteristics  PH Values Corrosion Rate 

Extremely Acid Below 4.5 Highest Corrosion 

Very Strongly Acid  4.5 - 5.0  

Strongly Acid  5.1  - 5.5  

Medium Acid  5.6 – 6.0  

Slightly Acid  6.1 – 6.5  

Neutral  6.6 – 7.3 Least Corrosion 

Mildly Alkaline  7.4 – 7.8  

Moderately Alkaline  7.9 – 8.4  

Strongly Alkaline 8.5 – 9.0  

Very Strongly Alkaline  9.1 - Higher Higher Corrosion 
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2.2.7.5 Measurement Methods 

 Research has shown that there are so called statistical factors that affect the 

corrosion data .Logan )1939 (has concluded that the observed maximum pit depth in pipeline 

investigations will increase with increase in the surveyed pipe area .This can cause different 

pitting factor values to be reported for the same pipe .Pitting factor is the ratio of the observed 

maximum pit depth to the average depth of pits observed in the surveyed area of the pipe 

]Logan, K.H., 1939 [.  

2.2.8 Mechanisms of Corrosion  
         There are two mechanisms of corrosion process, namely chemical and 

electrochemical . Chemical corrosion results from direct reaction of metals with their 

environment leading to the formation of corrosion products on the metallic surface  ] Ali, 

Ghalib  . A.2007 [. Initially the corrosion products occur as a film and later as a layer, whose 

thickness increases according to the law which depends on the metal, environment, and 

ambient conditions ]MGDAFF International Ltd., 2000.[ 

 The electrochemical mechanism is much more frequent than the chemical one and 

consists of two partial reactions, namely anodic reaction and cathodic reaction, which occur in 

different places .The electrochemical reaction occurs through a combination of chemical 

reaction and the exchange of electrical charges )current (between areas where these chemical 

reactions are   occurring  . The entire process is commonly known as an electrochemical cell as 

shown in Figure  2-11: The electrochemical cell MGDAFF International Ltd.,2000 [.  
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Figure  2-11: The electrochemical cell ]MGDAFF International Ltd., 2000[ 

The electrochemical cell is made up of four components ]Introduction to Corrosion and 

Cathodic Protection, 2000 & Ulick Evans R, 1971:[ 

 1 .An anode where corrosion occurs. 

 2  .A metallic or conductive path for the exchange of electrons. 

 3  .A cathode for the consumption of electrons. 

 4  .An electrolyte for the supply and exchange of ions. 

 At the anode, metal atoms give up one or more electrons and become metal ions .

The general formula for this corrosion reaction is ]Steiger Wald R.F., 1968 [:  

                         
                                 

      ……… .  2-8                                                         

              

    Where:      M   = metal atom,       Mn +  = metal ion ,     ne   = electron 

 The metal ions formed in the corrosion reaction leave the metal structures and 

enter the environment .The free electron that is formed in the corrosion reaction remains 

within the metal structure, but there are a variety of possible reactions at the cathode .The 

general reaction is written as :  

                                   
                                

          ……… ..  2-9                                                 
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Where        :R + =  positive ion in solution   ,    e   = electron,   R   = reduced atom 

  One common reaction is the reaction between hydrogen ions, present in water 

solutions, and electrons to form hydrogen gas .In other cathodic reaction, different ions react 

with electrons .Note that there is no direct reaction of the metal in the cathodic reaction, 

although the cathodic reaction must occur for the corrosion reaction to proceed, there is no 

corrosion occurring at the cathode .The electrons formed at the anode transfer through the 

metallic path and are consumed at the cathode .Metal loss occurs where the current is 

discharged from the anode into the electrolyte .The most common electrolytes involved with 

pipeline corrosion and most other common corrosion problems are soil, seawater, and fresh 

water, lakes, and streams ]Steiger Wald R.F., 1968 [.  

2.2.9 Polarization 
            The rate of an electrochemical reaction is limited by various physical and chemical 

factors .Hence, electrochemical reaction is said to be polarized or retired by these 

environmental factors .Polarization can be conveniently divided into two different types, 

activation polarization and concentration polarization ]Stephen K .lower, 1999 [. In analysis of 

rates of reaction, there is an important principle, i.e .the rate   of reaction is determined by the 

slowest step  .When  small   currents   are involved, the transport of cathode reactant, e.g .

dissolved oxygen , through  the  solution is relatively  easy  and  the  activation  process  is  

the  rate  determining  step .However, when large current flows, the cell demands a greater 

charge transfer than can be accommodated by the electrolyte . The speed of passage of 

dissolved oxygen species becomes the slowest step and is thus rate determining .Under these 

conditions we refer to the process as diffusion controlled ]Shreir L.L.1976 & Mil-HDBK, 

1999 [ as the degree of the polarization increases, the rate of corrosion decreases .The 

polarization of anode may be less than, or greater than, that on the cathode as shown in Figure 

 2-12   : Illustrates Evans diagrams ]Uhlig H.H., 1976 [.  
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Figure  2-12   : Illustrates Evans diagrams ]Uhlig H.H., 1976 [.  

 The corrosion reaction is said to be anodically controlled if polarization occurs at 

the anode where the corrosion potential is then near the open circuit of cathode potential 

Figure 2-12b .Mixed control occurs when polarization occurs in some degree at both anodes 

and cathodes Figure 2-12c.When electrolyte resistance is so high that the resultant current is 

not sufficient to appreciably polarize anodes or cathodes, resistance control occurs  .The 

corrosion is then controlled by the IR drop through the electrolyte Figure 2-12d .A reaction 

with a higher thermodynamic tendency may result in a smaller corrosion rate than with a 

lower thermodynamic tendency Figure 2-12e.The corrosion potential Ecorr. gives no indication 

of corrosion rate as shown in Figure 2-12f  ] Uhlig  H.H.,1976.[ 

2.2.9.1    Activation Polarization 

               The most important example is that of hydrogen ion reduction at a cathode ]Mil-

HDBK, 1999[ 

   2    2  
                      

             2  10 
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2    2
                  

   2                                              ……… .  2  11 

 Where   ) Hads (represents hydrogen atoms adsorbed on the metal surface .This 

relatively rapid reaction is followed by a combination of adsorbed hydrogen atoms to form 

hydrogen molecules and bubbles of gaseous hydrogen ]West J.M., 1971 [.  

                                     2
                             

                          2‐12                                           

           This reaction is relatively slow, and its rate determines the value of hydrogen over 

voltage on platinum .The controlling slow step of H+ discharge is not always the same but 

varies with metal current density and environment .Pronounced activation polarization also 

occurs with discharge of OH- at an anode accompanied by oxygen evolution: 

4          
                          

2 4                     2‐13  

 This is known as oxygen over voltage .The activation polarization  of any kind 

increases with anodic and cathodic current density according to the Tafel equation ]Aldo 

Cordier Dutra, 1990 [.  

For anodic reaction 

        .                                                         ………… . .  2‐14    

For cathodic reaction 

.                      2‐15   

    Where  A , α, R , z , T , F , ia & ia are activation polarization , symmetry    factor , 

gas constant , equivalent electron , temperature , Faraday's constant, cathodic and anodic 

current density respectively     .      

 These equation may be simplified to : 

                                                            ……… . .  2‐16                                      

                                                                  

                                            2‐17                                                                            
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 Where   βA, βc and io are constants of a given metal and environment and are both 

dependent on temperature .The exchange current density io represents the current density 

equivalent to the equal forward and reverse reactions at the electrode at equilibrium .The 

larger the value of  io  and the smaller the value of  βA and βc the smaller is the corresponding 

over - voltage. 

      Activation polarization refers to electrochemical reactions which are controlled by 

a slow step in the reaction sequence as shown in Figure  2-13  : Hydrogen-reduction reaction 

under activation control )simplified (] Aldo Cordier Dutra,1990 [ . The species must first be 

adsorbed or attached to the surface before the reaction can proceed according to )step1 .(

Following this, electron transfer )step2 (must occur, resulting in a reduction of the species .As 

shown in )step3(, two hydrogen molecules then combine to form a bubble of hydrogen gas 

)step4 .(The speed of reduction of the hydrogen ions will be controlled by the slowest of these 

steps ]Aldo Cordier Dutra, 1990 [.  

 

Figure  2-13  : Hydrogen-reduction reaction under activation control )simplified (] Aldo 

Cordier Dutra,199 [(  

2.2.9.2 Concentration Polarization ηc 
               Concentration polarization refers to electrochemical reactions which are controlled 

by the diffusion in the electrolyte .  It is the slowing down of a reaction due to an insufficiency 

of the desired species or an excess of the unwanted species at the electrode .This type of 

polarization occurs at the cathode when reaction rate or the cathode current is so large that the 

substance being reduced cannot reach the cathode at a sufficiently rapid rate .Since the rate of 

reaction is determined by the slowest step, the diffusion rate will be the rate determining step .

At very high reduction rates, the region adjacent to the electrode surface will become depleted 

of ions .If the reduction rate is increased further, a limiting rate will be reached which is 
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determined by the diffusion rate of ions to the electrode surface .This limiting rate is the 

limiting diffusion current density iL .It represents the maximum rate of reduction possible for 

a given system, the expressing of this parameter is ]Aldo Cordier Dutra,1990 & 

Foroulis,Z.A,1982 [.  

                                                         ……… .  2‐18          

 Where iL is the limiting diffusion current density, Df is the diffusion coefficient of 

the reacting ions, CB is the concentration of the reacting ions in the bulk   solution, and  is 

the thickness of the diffusion layer. 

Combining the laws governing diffusion with Nernest equation yields  ] Aldo Cordier Dutra, 

1990.[ 

                  2.3                       2‐19            

 Where E is the half–cell potential, E0 the standard half–cell potential, R is the gas 

constant, T is the absolute temperature, n is the number of electrons transferred, F is the 

Faraday constant, aoxid and ared are the concentrations of oxidized and reduced species        .       

The following expression can be developed ]Aldo Cordier Dutra, 1990 & Foroulis, Z.A, 

1982.[ 

         
.   1                  2‐20      

 For the case of hydrogen evolution, any change in the system which increases the 

diffusion rate will decrease the effects of concentration polarization and hence increases 

reaction rate .Thus, increasing the velocity or agitation of the corrosive medium will increase 

rate only if the cathodic process is controlled by concentration polarization, agitation will 

have no influence on corrosion rate as shown in Figure 2-6 ]Aldo Cordier Dutra, 1990.[ 
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Figure  2-14  : Concentration polarization during hydrogen reduction ]Aldo Cordier 

Dutra,1990[ 

2.2.9.3 Combined Polarization  
              Both activation and concentration polarization usually occur at an electrode .At low 

reaction rates activation polarization usually controls, while at higher reaction rates 

concentration polarization becomes controlling ]Uhlig.H.H.,1985 [. The total polarization of an 

electrode is the sum of the contribution of activation  polarization and concentration 

polarization ]Aldo Cordier Dutra,1990 & Foroulis,Z.A,1982.[ 

                                           2‐21                         

During reduction process such as hydrogen evolution or oxygen reduction, concentration 

polarization is important as the reduction rate approaches the limiting diffusion current 

density as shown in Figure 2-7 .The overall reaction for activation process is given by]Mil -

HDBK, Dwight A.Beranek, Getmoy and Michael Aimone 2001 .[   

           .   1               …………   2‐22         

This case can be shown in Figure  2-15 : Combined polarization Aldo Cordier Dutra, 1990 [.  
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Figure  2-15 : Combined polarization curve  ] Aldo Cordier Dutra, 1990[ 

2.2.9.4 Resistance Polarization ηR  
              In corrosion, the resistance of the metallic path for charge transfer is negligible .

Resistance over potential ηR is determined by factors associated with the solution or with the 

metal surface ]Uhlig H.H., 1976 [.  Resistance polarization ηR is only important at higher 

current densities or in higher resistance solution ]Howard Rogers T., 1968 [. It may be defined 

as  : 

.                    ………… . .  2‐23  

 Where Rsol . is the electrical resistance of solution, which is dependent on the 

electrical resistivity    ) Ω cm (of the solution and the geometry of the corroding system, and 

is the resistance produced by films or coatings formed on the  surface of the sites, which 

block contact between the metal and the solution, and increase the resistance over potential. 

            The total polarization at a metal electrode then becomes as the algebraic sum of the 

three types described above  ] Stephen K .lower,1999 & Aldo Cordier Dutra,1990 [.  

                               2  24 

2.2.9.5 Corrosion Prevention  

 Corrosion is a process in which metals have a natural tendency to return to their 

oxidized forms .It is a cathode and an electron pathway and an electrolyte to take place .The 

process of corrosion is mostly a nuisance as it leads to the damaging of metals therefore it 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 29)147( 

 

must be prevented from taking place .This is often the case in buried metallic structures such 

as pipelines, oil and gas wells, offshore structures, ship hulls, marine piling and water tanks 

]Furlng R .L .Kean and Mr .K .G .Davies, 2000 [.  

 Various time-proven methods for preventing and controlling corrosion depend on 

the specific material to be protected; environmental concerns such as soil resistivity, humidity 

and exposure to saltwater or industrial environments; the type of product to be processed or 

transported and many other factors .The most commonly used methods include organic, 

metallic protective coatings, corrosion resistant alloys, plastics, polymers, corrosion 

inhibitors, and cathodic protection-a technique used on pipelines, underground storage tanks 

and offshore structures that create an electrochemical cell in which the surface to be protected 

is the cathodic and corrosion reactions are mitigated ]Furlng R .L .Kean and Mr .K .G .

Davies,2000 [.     

2.3 Cathodic Protection  

  Most metals occur in nature in the chemically combined state and energy must be 

supplied to win them from their ores so it is clearly the combined state which is energetically 

preferable for most metals . 

 The spontaneous passage of the metal into the chemically combined state is called 

corrosion .Although the process is obviously inevitable in most cases and its prevention is 

difficult, we find in practice that its control is both possible and practicable ]Peabody A .W., 

1974.[ 

 One mean of controlling corrosion is by the use of cathodic protection .To many 

people unfamiliar with the principle of corrosion, cathodic protection is a rather dubious 

method of corrosion control ]Stephen K .lower, 1999 [.  

2.3.1 Principles of Cathodic Protection 
           A metal that has been extracted from its primary ore )e.g .metal oxides (has a 

natural tendency to revert to that state under the action of oxygen and water .This action is 

called corrosion and the most common example is the rusting of steel .Corrosion in aqueous 

solution proceeds by an electrochemical process, anodic and cathodic electrochemical 
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reactions must occur simultaneously .The change from the metallic to the combined form 

occurs by an anodic reaction equation   
                                 

      ……… .  2-8  

]Uhlig .H.H., 1971 [. :
 A common example 

                                 
2                                            ………  2-25 

This reaction produces free electrons, which pass within the metal to another site on the metal 

surface )the cathode(, where it is consumed by cathodic reaction .In acidic water where 

hydrogen ions )H + ( are plentiful, the following reaction occurs  ] Nelson E .E., 1956 & Uhlig .

H.H., 1971 [.  

  2 2
                                

                                       2-26                                                            

2 2
                                

  2                          2-27 

 In alkaline solutions, where hydrogen ions are rare, the reduction of water will 

occur to yield alkali and hydrogen, as shown below ]Nelson E .E., 1956 [.  However, unless the 

water is deserted, reduction of oxygen is the most likely process, again producing alkali at the 

surface of the metal .                

2 4
                                

  4         ……………  2-28 

         In neutral or alkaline solution, the cathodic corrosion process is usually the reduction of 

oxygen .Corrosion thus occurs at the anode but not at the cathode so reactions )2-25 (and )2 -

10 (are shown schematically in Figure  2-16, where anodic and cathodic sites are nearby on the 

surface of a piece of metal .The rate of these two reactions can change by withdrawing 

electrons or supplying additional electrons to the piece of metal .It is an established principle 

that if a change occurs in one of the factors under which a system is in equilibrium, the system 

will tend to adjust itself so as to annul, as far as possible, the effect of that  change ]Nelson E .

E.,1956 &  Uhlig .H.H., 1971.[ 

   Thus, if we withdraw electrons from the piece of metal, the rate of reaction )2-25 (will 

increase to attempt to offset our action and the dissolution of iron will increase, whereas 

reaction )2 -10 (will decrease conversely .If we supply additional electrons from an external 

source to the piece of metal, reaction )2-25 (will decrease to give reduced corrosion and 

reaction )2-10 (will increase .The latter case will apply to cathodic protection .Thus to prevent 

corrosion we have to continue supplying electrons to the steel from an external source to 
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satisfy the requirements of the cathodic reaction and this can be done by connecting an 

external anode to the metal to be protected and passing of an electrical current so that all areas 

of the metal surface become cathodic and therefore do not corrode ]Nelson E .E., 1956 & 

Uhlig .H.H., 1971.[ 

 

Figure  2-16  : Anodic and cathodic reaction at a metal surface ]Nelson E .E., 1956[ 

 These principles may be expressed in a more quantitative manner by plotting the 

potential of the metal against the logarithm of the anodic and cathodic reaction rates expressed 

as current densities .Typical anodic and cathodic curves are illustrated in Figure  2-17 .  

 

Figure  2-17: Kinetics of anodic and cathodic reaction ]Nelson E .E., 1956 [.  
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           The corrosion current, Icorr. and the corrosion potential, Ecorr. occur at the point of 

intersection of the anodic and cathodic curves, i.e .where anodic and cathodic reaction rates 

are equal .If electrons are pumped into the metal to make it more negative, the anodic 

dissolution of iron is decreased to a negligible rate at a potential E1, whereas the rate of 

cathodic current is increased to I1 .Hence, a current I1 must be supplied from an external 

source to maintain the potential at E1 where the rate of dissolution of the iron is at a low value .

If the potential is reduced to E2 the current required from the external source will increase to 

I2 .Further protection of the metal is insignificant, however and the large current supplied 

from the external source is wasted, the metal is then said to be over protected ]Nelson E .E., 

1956.[ 

 

 

 

2.3.2            Methods of Applying Cathodic Protection  
2.3.2.1    Sacrificial Anodes  

              Sacrificial anodes systems use anodes which have a less noble potential than steel 

when immersed in sea water .The potential difference should not be too small, because it 

might be obliterated entirely by polarization; nor too great, because then regulating apparatus 

would be needed to prevent the    passage of too much current .These essential requirements 

are met by aluminum, magnesium and zinc .Sacrificial anodes for the underwater hull are 

invariably aluminum or zinc . 

 Magnesium anodes are used in fresh water tanks and some other specialized 

applications .All three metals are alloyed with some proportions of other metals in order to 

improve the anode performance .The chemical composition of the material used is crucial, 

otherwise infective service is rendered .Backyard manufactures of anodes are to be avoided .

Zinc and aluminum anodes are competing for popularity . 

 Zinc maintains a high popularity because of tradition .It was around before 

aluminum and has been very satisfactory .The fact remains though, that the principal 

advantage of zinc over aluminum is that it has no height limitation on mounting in tanks .That 

is, it is not subject to sparking or thermite reaction when falling from any height . 
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This advantage is of little interest in most situations .The advantages of aluminum over zinc 

are : -  

1- Lower cost per ampere hour. 

2- Lower loss weight of anodes for equivalent life system. 

          The cathodic protection of a steel pipe with sacrificial anode is illustrated in     Figure 

 2-18 .Electrons are supplied to the steel pipe, via the electrical connection and a 

corresponding amount of anode material goes into solution as metal ions, according to the 

laws of electrolysis .Some anode materials are lost by self-corrosion and the anode is not 

converted into electrical energy with 100 %efficiency ]Nelson E .E., 1956 [.  

 .  

 

    Figure  2-18  : Application of cathodic protection by sacrificial anodes . ] Nelson E .E., 1956 [  
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2.3.2.2 Impressed Current  

     The arrangement for protecting a buried pipeline is illustrated in Figure  2-19 .

Buried pipe receives current from DC power source via an auxiliary inert electrode buried in 

the ground .The auxiliary electrode sometimes consists of scrap iron .In this case, the iron will 

dissolve from the anode by reaction )2-25 (and the electrode is described as a consumable 

anode . 

 

Figure  2-19  : Application of cathodic protection by using an impressed current]Nelson E .E., 

1956[  

and a land-based arrangement for CP in soil is shown in Figure 2.20 A backfill of a 

carbonaceous material such as coke breeze or graphite particles is used around the anode 

]Uhlig HH. 1971 [.  
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Figure 2.20: Cathodic protection of a buried pipeline by impressed current  ] Uhlig HH .1971[ 

For a metal or an electrochemically inert material the surrounding environment will be 

oxidized and in water reaction will occur .In saline solution however chlorine may be 

produced at the anode, this may present problems in confined spaces. 

         2  
                                     

       4   4            …………  2-29 

       A range of materials have been used as non-consumable anodes for impressed current 

systems . 

2.3.3            Design of Cathodic Protection System  
2.3.3.1   Potential  

2.3.3.1.1   Criteria of Cathodic Protection 

           By measuring the potential of the protected structure, the degree of the protection 

including over protection can be determined quantitatively .This measurement is generally an 

accepted criterion and is used by corrosion engineers  ] Stephen K .lower, 1999 & Donald L .

Basham, Kathleen I .Ferguson, 2003.[ 

       The basis for this determining is the fundamental concept that cathodic protection is 

complete when the protected structure is polarized to the open circuit anode potential of local 

action cell ]Stephen K .lower, 1999 [.  Basically, potential criteria are used to evaluate the 

change in structure potential with respect to the environment, which is caused by cathodic 

protection current flowing to the structure from the surrounding soil or water .The structure -

to-electrolyte potential is measured using a standard half-cell )reference electrode] (Norsok 

Standard, 1997 [.  

             Thus, the most widely accepted criterion for the protection of steel structure is that 

they should be polarized to a potential of  - 0.85 V vs .copper electrode ]Lee R .U., Ambrose 

D .R., 1998 [ . In addition, elevated temperatures in the pipe are known to promote corrosion to 

the pipe thus for piping or piping areas that operate at temperatures significantly above the 

surrounding temperature and an operating cathodic protection of -0.95 V or more should be 

considered, under this condition, anodic reactions )oxidation (on iron surface are fully stopped 

and metal will not corrode ]Deny A .Jones, 1996 [.  

The potential values for protection of different materials are shown in Table  2-4 
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Table  2-4  : Potentials required for protection ]Nelson E .E., 1956[ 

Metal Potential vs) .Cu/CuSO4( 

steel -850mV 

Steel)sulfate reducing bacteria( -950mV 

Copper alloy -500 to –650 mV 

Lead -600 mV 

Aluminum -950 to –1200 mV 

 

 The potential of a cathodically protected structure is determined ideally by placing 

the reference electrode as close as possible to the structure to avoid an error caused by IR drop 

through the electrolyte ]Peabody A .W., 1974 [ . Protective potentials in seawater for available 

type of reference electrode are shown in Table  2-5 

 

 

 

Table  2-5 Protective potential in seawater for available type of reference electrode ]Mil -

HDBK.1984[ 

Reference Electrode Electrolyte Protective Potential in 20Ω.cm 

seawater at 25C˚ 
calomel Saturated KCL -800 mV 

Ag/AgCl Seawater -800 mV 

Cu/CuSO4 Saturated CuSO4 -850 mV 

Zinc)mil-A-18001H( Seawater +240 mV 

2.3.3.1.2 Over Protection  

         If the structure is over-protected and the potential is reduced to a potential region 

where reduction of water reaction )2-26 (can take place, further current will be required from 

the external source and current will be wasted and will increase consumption of auxiliary 
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anodes ]Nelson E .E.,1956 &  Mil-HDBK,1984 [ . In Figure  2-20 : Diffusion-controlled 

reduction of oxygen ]Nelson E .E., 1956 [. , reducing the potential from E1 to E2 will increase the 

current required from the external source from I1 to I2 as a result of an increased rate of 

reduction of water .As it can be seen from equation )2-26 (when over-protection is excessive, 

hydrogen can be generated at the protected structure in sufficient quantities to cause blistering 

of organic coatings, hydrogen embrittlment of the steel  ] Corr-Rad Engineering and marketing 

Mumbai-India,2000 [.  

 

Figure  2-20 : Diffusion-controlled reduction of oxygen ]Nelson E .E., 1956 [.  

2.3.3.2 Current Density Requirements  

     A critical part of design calculation for cathodic protection systems is the amount 

of current required per square area )called current density (to change the structures potential to 

–0.85 V vs .copper electrode, the current density required to shift the potential indicates the 

structures surface condition .For economic and technical reasons a low current is desirable 

]Wyatt B.S., 1977 & Sacor Engineering S .A., 1999 [. The major factors, which influence 

current requirement, include the following  ] Wyatt B.S., 1977 & Mil-HDBK, 2001 [. :            

1 - The environment; steel in highly-corrosion seawater will require significantly more current 

to achieve protection than a comparable structure buried in less-corrosive soil .                         

2 -The presence of coating; if an object is coated, then a much lower current will be required, 

as the only areas requiring protection are defects or holidays in the protective coating .For 

example a well coated structure )pipeline well coated with coal-tar epoxy (will require a very 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 38)147( 

 

low current density about 0.035 µA/cm2. an uncoated structure would require high current 

density about 10.76 µA /cm2  . Typical current requirement in a different range of environment 

is given in Table  2-6 Typical current density required for cathodic protection of 

uncoated steel ]Delano P .Wegener, 2004 [.  

Table  2-6 Typical current density required for cathodic protection of uncoated steel ]Delano 

P .Wegener, 2004 [.  

Environment Current density)uA/cm2( 

Neutral soil 0.430 – 1.614  

Well aerated neutral soil 2.152 – 3.228 

Wet soil 2.690 – 6.456 

Highly acidic soil 5.380 – 16.140 

Sulfate-reducing bacteria Up to 45.192  

Heated soil 5.380 – 26.900 

Stationary fresh water 5.380 

Moving fresh water containing dissolved oxygen 5.380 – 16.140 

seawater 5.380 – 26.900 

2.3.4 Choice of Cathodic Protection System  
              In the design of a cathodic protection scheme, a decision must be made as to 

whether the scheme should be a sacrificial anode or impressed current system ]Uhlig .H.H., 

1971 & Faulkner L.L., Menkes S.B, 1983 .[ Galvanic anodes are most efficiently used on 

coated structures, and have the advantage of being ]Uhlig .H.H., 1971 [.  

1 - Simple to install.  

2 - Independent of any source of electric power )self-powered.( 

3 - Low maintenance requirement. 

4-Less likely to cause stray current interference problem on neighboring structures. 
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5-Moreever when the current requirement is small, a galvanic system is more economical than 

impressed current system . 

Disadvantages are :  

     1 - Low driving voltage. 

     2 - Limited to use in low resistively soils. 

3- Not an economical source of large amounts of cathodic protection current. 

  An impressed current system is used to protect large bare and coated structures and 

structures in high resistivity electrolytes and has the following advantages :  

1 - The large driving force available can protect a large, even uncoated, structure in high 

resistively environments. 

2 - Comparatively few anodes are used. 

     Disadvantages are ]Uhlig .H.H., 1971 & Faulkner L.L., Menkes S.B, 1983 [:  

1 - Increased maintenance. 

2 - May cause interference on other structures . 

3 - High operating costs. 

2.3.5  Applications of Cathodic Protection  
     This can be applied to all structures when continuously immersed in water or 

permanently buried in soil ]Wilson Waton, 2001 [.  Facilities, which may employ cathodic 

protection in corrosion control program, include for example ]Cathodic Protection, 2004 [:  

1. Potable water distribution system. 

2. Natural gas distribution system. 

3. Compressed air distribution system. 

4. Fuel compressed air distribution system. 

5. Underground fuel storage tanks and ground level tank bottoms. 

6. Ships hull, heat exchangers and pipelines. 
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2.3.6 Economics of Cathodic Protection  
    For buried pipelines, the cost of cathodic protection is far less than for any other 

means offering equal assurance .The guarantee that there will be no corrosion on the soil side 

of the pipe has made it economically feasible to transport oil and high-pressure natural gas 

across the American continent .It has also permitted the use of thinner-walled pipe .Wall 

thicknesses need only be sufficient to withstand the internal pressures .No extra allowance has 

to be added for external corrosion .In some cases the saving alone has more than paid for the 

installation of the cathodic protection equipment  ] Karayianis N .B .and Anastasios N 1993 & 

Fausett L., 1993 [.  

           Similarly, other cathodic protection systems have more than paid for their 

installation costs by reduced maintenance costs and/or longer operating periods between 

routine in sections and/or maintenance periods  ] Karayianis N .B .and Anastasios N 1993 [.  

 

 

 

 

 

2.4 Neural Network   
           Work on artificial neural networks, commonly referred to as neural networks has 

been motivated right from its inspection by the recognition that the brain computes in an 

entirely different way from the conventional digital computer .The struggle is to 

understand the brain .It owes much to the pioneering work of Fausett.L ]Zurada J .M., 

1996[, who introduced the idea of neurons as structural of the brain .Typically, neurons 

are five to six orders of magnitude slower than silicon logical gates; events in silicon 

chip happen in the nanosecond range, whereas neural events happen in the millisecond 

range .However, the brain compensates for the relatively slow rate of operation of a 

neuron by having a truly staggering number of neurons )nerve cells (with massive 

interconnections between them, it is estimated that there must be on the order of 10 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 41)147( 

 

billion neurons in the human cortex, and 60 trillion synapses or connections ]Patterson, 

D .W.1996 [ . The net result is that the brain is an enormously efficient structure . 

 In its most general form, a neural network is a machine that designs the model the 

way in which the brain performs a particular task or function of interest ]Zurada J .M., 1996 [.  

It resembles the brain in two respects: 

1-Knowledge is acquired by the network through the learning process . 

2-Inter - neurons connections strength known as synaptic weights are used to store the 

knowledge  . 

2.4.1 Application of Artificial Neural Network  
           Artificial neural network can be classified by application domain of  artificial neural 

networks which have a long list of research and real applications which include speed 

processing, image processing and computer vision, pattern classification and recognition, 

system control, robotics, forecasting and  modeling, optimization and management of 

information and medical diagnosis.Also, there is a great role of neural networks as a means 

for implementing expert systems, because of their ability to  solve a specific problem . 

        Neural networks have attracted considerable interest in the field of nonlinear dynamical 

systems, with a growing research literature on  modeling, identification, filtering, and control. 

        Also, there are many applications of multilayer neural networks to pattern classification 

problems in the engineering field due to their adaptive and parallel processing ability . 

        Finally, from a theoretical point of view, it has been observed that even with one hidden 

layer, and appropriately chosen number of neurons can approximate any continuous function 

]A .Fairs, 1995 [.  

2.4.2         Artificial Neural Networks )ANNs:( 
This section introduces artificial computational models of neurons .Then, the 

important issues of network architectures and learning are discussed .Various ANN models 

are organized by their architecture and the learning paradigms involved. 

2.4.2.1 Computational Models of Neurons 

The artificial neuron or processing element PE was designed to mimic the 

characteristic of the biological neuron .McCulloch and Pitts, proposed a binary threshold unit 
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as a computational model for a neuron .A schematic diagram of a McCulloch-Pitts neuron is 

shown in Figure  2-21 .] Wasserman,P.D1989[ 

 

Figure  2-21 : McCulloch-Pitts model of neuron 

This mathematical neuron computes a weighted sum of its n input signals, ,           

1,2,… . , , and generates an output of “1” if this sum is above a certain threshold u, and 

an output of “0” otherwise .The output y, is given by 

  ∑            2-30 

Where    (.) is a unit step function at zero )threshold function (which represents the 

activation function )transfer function (of the neuron )PE(, and wj is the synapse weight 

associated with the jth input .For simplicity of notation, consider the threshold u as another 

weight w0   =  u  ) called bias and denoted b (which is attached to the neuron with a constant 

input   x0   = 1 .Positive weights correspond to excitatory synapses, while negative weights 

model inhibitory synapses . 

McCulloch and Pitts, ]Wasserman, P .D.1989[, proved that with suitably chosen 

weights a synchronous arrangement of such neurons is, in principle, capable of universal 

computation .There is a crude analogy here to a biological neuron :wires and interconnections 

model axons and dendrites, connection weights represent synapses, and the threshold function 

approximates the activity in soma .The model of McCulloch and Pitts contains a number of 

simplifying assumptions, which do not reflect the true behavior of biological neurons. 

The McCulloch-Pitts neuron )PE (has been generalized in many ways .An obvious 

generalization is to use activation functions other than the threshold function, e.g., a piecewise 

linear, sigmoid, or Gaussian, shown in Figure  2-22. 
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  The threshold function is defined by  

              
1               0
0               0            2-31 

  The logistic function is a standard sigmoid function and is defined by 

                         2-32    

 Which strictly increases for positive scaling constant   > 0, where  is the slope 

parameter .Strict monotonic implies that the derivative of   is positive and defined by 

     1                         …………… ..   2-33 

        The sigmoid function is by far the most frequently used function in ANNs     .It is a 

strictly increasing, continuous, function that exhibits smoothness . 

  The hyperbolic tangent is a sigmoid function and is defined by 

                        ………… ..  2-34     

      Which is monotone increasing 1  for positive scaling constant 0 , where   

is the slope parameter .The derivative of  is positive and defined by 

                      1                        2-35 

Since  
1

1
  then using the tanh function instead of the logistic one is 

equivalent to apply a linear transformation  before and )again a linear transformation (

1  after the processing on neural layer )this is equivalent in a linear transformation 

of weights and biases .(The tanh function has the advantage of being symmetrical with respect 

to the origin . ] Wasserman, P .D.1989 [.  

  The piecewise linear function is defined by 

0                      1 

           1 1

1                      1     

     ……………  2-36 

  The Gaussian function is defined by  
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                                  ……………  2-37   

Variance  is a parameter whose value controls the smoothness properties of the 

interpolating function. 

 

Figure  2-22 Different Types of Activation Functions  ] Wasserman, P .D.1989[ 

2.4.2.2 Neural Network Architectures 

An assembly of artificial neurons is called artificial neural networks .ANNs can be 

viewed as weighted directed graphs in which nodes are artificial neurons )PEs (and directed 

edges )with weights (are connections from the outputs of neurons to the inputs of neurons .

Based on the connection pattern )architecture(, ANNs can be grouped into two major 

categories as shown in Figure  2-23 .The first is feedforward networks in which no loop exists 

in the graph, and the second one is feedback  ) or recurrent( networks in which loops exist 

because of feedback connections .The most common family of feedforward networks is a 

layered neural network in which neurons are organized into layers with connections strictly in 

one direction from one layer to another .Figure  2-23 also shows typical networks of each 

category .] Jain,A.K.,Mao.J .and Mohiuddin, K.1996 .[    
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Figure  2-23 : Taxonomy of Neural Network Architectures].Jain,A.K.,Mao.J .and Mohiuddin, 

K.1996   .[ 

Different connectivity’s yields different neural network behaviors .Generally speaking, 

feedforward neural networks are static networks, i.e., given an input, they produce only one 

set of output values not a sequence of values .Feedforward neural networks are memory less 

in the sense that the response of a feedforward network to an input is independent of the 

previous state of the network .Recurrent networks are dynamic systems .Upon presenting a 

new input pattern, the outputs of the neurons are computed .Because of the feedback paths, 

the inputs to each neuron are then modified, which leads the network to enter a new state. 

The most popular artificial neural networks are the multilayer perceptron )MLP .(This 

thesis is concerned with The radial basis function neural networks )RBFNNs (and ridge 

function neural networks )RGFNNs(, because these networks have been proved to be 

universal approximator, and can be used to approximate any continuous multivariate function 

to any degree of accuracy provided that we have enough number of neurons in the hidden 

layer, ]Hornik, K., Stinchcombe, M .and White, H., 1989 [.  
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2.4.3        Feedforward Neural Networks  ) FFNNs:( 
 This section presents two types of feedforward neural networks which have been 

considered by many scientists among them, ] Principe, J .C., Euliano, N .R .and Lefebvre, W .

C .2000 & Hecht-Nielsen, R .1990 [.  

2.4.3.1 Single -Layer Perceptron: 
 The simplest of all neural networks is perceptron .The perceptron has multiple inputs 

fully connected to an output layer with multiple McCulloch-Pitts processing elements )PEs(, 

shown in Figure  2-24]Shayma Mehdi Salih,2005 [.  

 

Figure  2-24   : Perceptron with s Inputs and n Outputs 

Each input   is multiplied by an adjustable constant   ) the weight (before being 

fed to the ith processing element in the output layer, yielding 

∑    , 1,2, … . ,         …………  2-38 

Where a threshold is a function and  is the bias for each PE and the number of 

outputs is normally determined by the number of classes in the input data .This PEs add the 

individual scaled contributions and respond to the entire input space. 

The goal of the perceptron is illustrated in Figure  2-25, which shows two classes of 

patterns  ) input data (which are class 0 and 1 . A pattern is simply a point in s-dimensional 

space . In the case illustrated in Figure  2-25  ) which is the situation of interest relative to the 

perceptron(, the two classes can be separated from each other by a simple linear hyperplane 

)in 2-dimensional space a hyperplane is a line, in 3-dimensional space it is an ordinary plane, 

and in s-dimensional space it is an  ) s-1 ( - dimensional space flat surface .( Classes that have 

this property are termed linearly separable  ] Hecht-Nielsen, R., 1990 [.  
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The goal is to find a set of weights , , … . ,  for which the output of the 

perceptron will always match the class number of the point entered into the perceptron .The 

perceptron weight vector w determines a hyperplane in s-dimensional space .If a point  

, , … . ,  lies on one side of the hyperplane )marked with a “0”(, then the output of the 

perceptron is 0 .If the point lies on the “1” side of the hyperplane, then the perceptron output 

is 1 .In the situation illustrated, the perceptron will perform correctly because its hyperplane 

has been oriented properly relative to the two )linearly separable (classes, ]Hecht-Nielsen, R., 

1990 [.  

 

Figure  2-25 : A Pattern Classification Problem 

2.4.3.2 Multilayer Perceptron )MLP( 
 Multilayer perceptron )MLP ( ) or semilinear feedforward neural networks (extend the 

perceptron with hidden layers, that is, layers of  processing elements )PEs (that are not 

connected directly to the external world .Figure  2-26 shows a one-hidden-layer MLP )i.e .

input layer, one hidden layer and output layer (with s inputs, n hidden PEs and  outputs PEs .

It is the most popular of all neural network architectures, because it is relatively easy to 

understand and use ]Hecht-Nielsen, R.,1990 [.  
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Figure  2-26   : A Multilayer Perceptron with One Hidden Layer 

In principle, each unit of the input layer can be connected to each unit )PE (of the 

hidden layer; this connection has been associated with a weight, which is a real number .The 

weight attached to the link from input unit j to unit i on the hidden layer is denoted by 

        1,2, … . ,     1,2, … . ,  .In a typical operation, each unit on the input layer 

will contain a real number .Let the jth input unit contain the real number   .Then unit i on 

the hidden layer will receive from unit j on the input layer the quantity   .  .The total input 

that unit i receives from all the input units is then ∑   , 1,2, … . ,  . Unit i on the 

hidden layer now processes this input with a continuous sigmoid function   ) activation 

function(, the commonly used activation functions are logistic function and hyperbolic tangent 

function, see equations                ,                             2-32 

And                                              ………… ..  2-34  

This output is then transmitted, with a weight   , from the unit i in the hidden layer to the 

output unit p in the output layer .Each output unit implements a linear combination of these 

sigmoid functions .The output then has the form 

∑   ∑    ,     1,2, … . ,         …………  2-39 

The above formula can be generalized to neural network with multiple hidden layers, 

)in chapter three we discuss the case of two hidden layers  (] Hecht-Nielsen, R., 1990 [.  

2.4.4 Advantages of Artificial Neural Network  
1. Adaptive learning  
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An ability to learn how to do tasks based on the data given for training or initial 

experience . ] Ali, Ghalib, A, 2007[ 

2. Self—organization 

 An artificial neural network can create its own organization or representation of the 

information it receives during learning time. 

3. Real time operation 

Artificial neural network computation may be carried out in parallel, and special 

hardware devices are being designed and manufactured which take advantage of this 

capability. 

4. Fault tolerance via redundant information coding 

Partial destruction of network leads to the corresponding degradation of performance .

However some network capabilities may be retrained even with major network 

damage . ] Ali, Ghalib, A, 2007 [.  

5. Generalization 

Generalization is the process of describing the whole from some of the parts, reasoning 

from the specific to the general case, or defining classes of objects from acknowledge 

of one or more instances ]McCulloch-pitts, 2001 [.  

6. Parallelism 

            Parallelism is fundamental in the architecture of neural networks when the 

neurons are    considered as sets of elementary units .Operating simultaneously allows 

a great speed of calculation ]M .Norgaard, O . Ravn, N.K .Poulsen and L.K .Hansen, 

2000 [.  

2.4.5 Learning 
The ability to learn is a fundamental trait of intelligence .Although a precise definition of 

learning is often difficult to state, learning in the context of artificial neural networks can be 

defined as: 

 Learning is the process of estimating an unknown )input/output (depending or 

structure of a system using a limited number of observations .Thus the ability to learn 

by example and generalize is the principal characteristics of artificial neural networks. 
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 A neural network is trained by presenting several patterns that the neural network must 

be learned according to learning rule )algorithm.( 

 An artificial neural network stores the knowledge that has been learned during the 

training process in the synaptic weights of the neuron . ] Jain, A.K., Mao.J .and 

Mohiuddin, K.1996   .[ 

The ability of artificial neural networks to automatically learn from examples makes 

them very attractive and exciting .Instead of having to specify a set of rules, ANNs appear to 

learn them from the given collection of representative examples .This is one of the major 

advantages of neural networks over traditional expert systems. 

In order to understand or design a learning process, one must first have a model of the 

environment in which a neural network operates, i.e., what information is available to the 

neural network, this model is referred as a learning paradigm .Second, one must understand 

how weights in the network are updated, i.e., what are the learning rules which govern the 

updating process .A training algorithm refers to a procedure in which learning rules are used 

for adjusting weights in the neural network . ] Jain,A.K.,Mao.J .and Mohiuddin, K.1996   .[ 

There are three main learning paradigms, namely, 

   1-Supervised 

In supervised learning or learning with a teacher, the neural network is provided 

with a correct answer to every input pattern .Weights are determined so that the 

neural network can produce answers as close as possible to the known correct 

answers. 

2-Unsupervised 

Unsupervised learning or learning without a teacher does not require any correct 

answer associated with each input pattern in the training data set .It explores the 

underlying structure in the data, or correlations between patterns in the data, and 

organizes patterns into categories from these correlations. 

3-Hybrid learning 

Hybrid learning combines supervised learning and unsupervised learning .

Typically, a portion of weights in the network are determined using supervised 
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learning, while the others are obtained from unsupervised learning .

]Jain,A.K.,Mao.J .and Mohiuddin, K.1996   .[ 

Learning theory must address three fundamental and practical issues associated with learning 

from samples: 

    1-Capacity 

Capacity concerns how many patterns can be stored, and what functions and decision 

boundaries can be formed by a network. 

    2-Sample complexity 

Sample complexity determines the number of training patterns needed to train the 

network in order to guarantee a valid generalization .Too few patterns may cause 

“over-fitting” )wherein the neural network performs well on the training data set, but 

poorly on independent test patterns drawn from the same distribution as the training 

patterns( 

   3-Time Complexity . 

Computational complexity refers to the time requirement for a training algorithm to 

estimate a solution from the training patterns .Many existing training algorithms have 

high computational complexity .Designing efficient algorithms for neural network 

learning is a very active research topic .  There are four basic types of learning rules :

)1 (error-correction, )2 (Boltzmann, )3 (Hebbian, and )4 (competitive learning. 

This work will use error-correction learning rules )Backpropagation algorithm .( 

]Jain,A.K.,Mao.J .and Mohiuddin, K.1996   .[ 

2.4.6 The Backpropagation )BP (Training: 
The multilayer perceptron )MLP (are trained with error-correction learning .The 

resurgence of interest in neural networks can be traced to the discovery of a method to train 

MLP that is best known as backpropagation  ) BP(, or the generalized delta rule .The 

derivation of the method is as follows, ]Principe, J .C., Euliano, N .R .and Lefebvre, W .C., 

2000 [.  

The gradient of the error function E with respect to the weights has the form 

∑                             ………… . 2-40 
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    Where   1,2, … . ,    and 1,2, … . ,    and the output of the perceptron is  

∑    , 1,2, … . ,     …………  2-41  

For MLP, the output has the form 

∑   ∑    ,     1,2, … . ,                 ………. 2-42 

Then  

∑ ∑           ……… ..  2-43 

Substitute in equation )1.17 (in equation )1.16 (yield 

∑          2-44 

Usually in implementing the backpropagation )BP (algorithm, the activation function, 

is the logistic function   because it has a simple derivative, i.e .the derivative can be 

evaluated in term of the original function, thus by the rules of gradient descent learning, the 

change to the weights becomes 

1 ∑     ……… . 2-45 

Where 1,2, … . , ,    1,2, … . ,        0,1,2, ….   is the iteration index . ] Principe, J .

C., Euliano, N .R .and Lefebvre, W .C., 2000.[ 

2.4.7 The Backpropagation Training Algorithm 
Training the BP requires the following steps  

1- Set the weights and thresholds to small random values for all the neurons. 

2- Put the I/P vector into the I/P layer, and specify the desired O/P layer. 

3- Use one of the activation functions to calculate the O/P of the hidden and O/P layers. 

4- Calculate the error )Yd – Y0.( 

5- Calculate   the O/P layer and the changes in the weighsΔ . 

6- Work back to the hidden layer, calculate  for the hidden layer andΔ . 

7- Repeat by going to step 2 . ] Remis E.J., 1998.[ 

         These steps are shown in Figure 2-19 .From the training steps, we can see that the 

Bp learning algorithm involves a forward-propagation step followed by backward - 
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propagation step .Both the forward and back ward propagation steps are done for each pattern 

presentation during training .The forward propagation step begins with presentation of an 

input pattern to the input layer of network, and continues as activation level calculations 

propagates forward through the hidden layer .Each successive layer processing unit, sums its 

inputs and applies a sigmoid function to compute its output .The output layer of units then 

produces the output of the network]M.Norgaard,O.Ravan, N.K .Poulsen and L.K .

Hansen,2000[. 

 

Figure  2-27  : The back-propagation training steps  ] DeGiorgi V.G.,2004[ 

        The backward-propagation step begins with the comparison of the network's output 

pattern to the target vector .When the difference or error is calculated the backward – 

propagation step calculates error values for hidden units and changes for their incoming 

weights, with output layer and moves backward through the successive, hidden layer .In 

backward propagation step, the network corrects its weights in such a way as to decrease the 

observed error  ] Gurrappa I., 2004 [.  

  The error value )  (with each processing unit reflects the amount of error associated 

with that unit .This parameter is used during the weight -correction procedure, while learning 

is taking place .A large value for )  (indicates that large correction should be made to the 
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incoming weight, and its sign reflects the direction in which the weights should be changed .

The patterns of the training set are presented to the network repeatedly .Each training iteration 

consists of presenting each input/output pattren pair once .   

          When all patterns in the training set have been presented, the training iteration is 

completed and the next framing iteration is begun .A typical back-propagation example might 

entail hundreds or thousands of training iteration ]DeGiorgi V.G., 2004.[ 

2.5 Recent Works  
 Several researchers studied the cathodic protection systems in many applications and 

also many researchers have used the neural network, the genetic algorithms and fuzzy logic in 

several applications .Review of many previously published works is presented here. 

 Gurrappa I.,)2004 ( ,studied the types of cathodic protection and anodes available 

apart from a brief review on sacrificial and impressed current cathodic protection )ICCP (

anodes .Further, the advantages and disadvantages of each are also discussed .The necessity of 

designing of an effective cathodic protection system for cooling waters pipelines has been 

emphasized .In addition, the economics of cathodic protection has been highlighted with an 

example .After installation of CP system, operation and maintenance part have also been 

mentioned  .] Douglas P .Riemer, Mark E .Orazem, 2004[ 

 DeGiorgi V.G,)2004(, Evaluated three different representations of propellers .The first 

method for modeling the propellers is the disk model used in past analyses .In the second 

case, the propeller is modeled in detail including individual blades .In the third detailed 

approach, a propeller is modeled as a solid that is shaped to simulate the complex geometry of 

a rotating assembly .Calculated potential fields for these two advanced geometric 

representations are compared with results based on the solid disk     representation .The hull 

geometry used in all cases is that of the US Navy CVN aircraft carrier class ]William H .Hartt 

and Wei Chu, 2005 [.  

     Douglas P .Riemer et al)2004(, developed a  mathematical model for predicting the 

cathodic protection of pipeline networks and extend it to treat cathodic protection of the 

bottoms of cylindrical form above ground storage tanks .A single tank was modeled for which 

protection was provided by an anode located infinitely far from the tank bottom, by a series of 
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anodes distributed around the circumference of the tank, and by an anode grid laid directly 

underneath the tank bottom .The influence of an insulating barrier associated with  

secondary spill containment was also modeled for the arrangements in which anodes are 

placed adjacent to the tank bottom .The performance predictions are strongly dependent on 

anode placement, the oxygen content of the soil, and the presence of insulating barriers 

associated with secondary spill containment ]Santana Diaz E., R .Adey,2005 [.  

             William H .Hartt et al,)2005 ( ,developed  a CP design protocol to deep water 

petroleum production compliant risers .This was accomplished by focusing both existing and 

newly developed pipeline CP principles and concepts of the specific geometric and 

operational aspects of these risers ]Shaker Saleh Al-Kelaby, 2002 [.  

         Santana Diaz E .et al,)2005(,  developed a  tool which allows for the optimization of 

the position and the current no matter what the shape of the model is and its performance is 

analyzed on the studies of the hull of a frigate ]Shayma Mehdi Salih ,2005 [.  

  Shaker S .Al_Kelaby,)2002 ( ,designed  an impressed current cathodic protection 

system to prevent corrosion on metal specimen )cathode (using graphite electrode as anode .

The performance of the CP process has been tested for four major factors that affect the 

process, these are; the specimen length, the distance, the impressed current and concentration .

His results show that the cathode length does not affect limiting current density, cathodic 

protection current density and free corrosion rate  ] Luiz C .Wrobel, 2004 [.  

  Shaymaa M .Saleh,)2005  ( ,  studied the effect of different three variables such as 

NaCl concentration , distance between cathode and anode and the temperature on the cathodic 

protection current density in order to protect submerged pipelines from corrosion .The 

structure used is carbon steel metal pipe .The carbon steel results showed that the cathodic 

protection current density increases with increasing the above studied variables .Also )iCP (

showed sharp increasing when the fluid was stirred .The corrosion potential becomes more 

negative as temperature increases so that cathodic protection criterion is investigated to be 

more negative to some extent in order to make adequate protection ]Luiz C .Wrobel, "2005[( 

 Luiz C .Wrobel,)2004(, used genetic algorithms with the combination of BEM 

formulation to obtain a robust and efficient technique for identifying the parameters of 

polarization curves in CP systems .Numerical examples were provided which demonstrated 
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the feasibility of this approach .The algorithms were shown to be insensitive to the position of 

the sensors and to the initial guess of the parameter values ]Mohammed AlMardy, 1999 [.  

  Luiz C .Wrobel,)2005 ( , presented a boundary element methodology coupled to 

genetic algorithms for inverse problems in corrosion engineering .The problems studied 

include the identification of parameters characterizing the polarization curve, the 

identification of coating holidays and the optimization of anode positioning and their 

impressed current .Several results of applications are discussed, including CP studies of 

practical three-dimensional engineering problems  .] ASM, Metals Hand book, 1985 [.  

From the above works a neural network technique was rarely studied in cathodic 

protection field and the behavior of several variables was rarely cited in literature .The present 

work deals with the behavior of these variables and a neural network was chosen to examine 

the variables affected cathodic protection to obtain simulation for cathodic protection results 

which may be used online in the field. 

 

 

 

 

 

 

 

 

 

3 Experimental work  

3.1 Introduction  
Experimental work was carried out to determine the modeling of cathodic protection for 

bare and coated pipe )with different coats(, current demand, and resistivity of ground bed, 

proper distance between cathodic pipe and anode and finally attenuation potential of the pipes . 
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Weight-loss and electrochemical polarization methods were used for six solution resistivities 

)4934.579, 1044.139, 538.785, 62.856, 34.322 and 24.5 Ohm.cm (which represent moderate 

to sever conditions of large extent of land in north Iraq-Turkey pipeline in Nineva city to Um -

Qaser in Basrah city )South of Iraq (.  

The experimental work was divided into Laboratory and field work as depicted in 

Figure  3-1. 

3.1.1 Laboratory work  
1. Preparation of solution 

2. Ground bed resistance 

3. Metal resistance 

4. Polarization studies in different solution and current demand 

5. Corrosion rate under different solution resistivities using weight-loss measurements 

and corrosion modeling 

6. Cathodic protection measurements will obtain for bare and coated pipe with different 

lengths .Potential measurements, current density measurements, distance between 

anode and cathode, measurement of resistivity of anode bed. 

7. Derivation of the model for bare and coated pipes in the laboratory   . 
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Figure  3-1 Research Sequence 
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3.1.2 Field work 
1. Anode bed resistivity 

2. Size of pipe 

3. Cathodic protection measurement for coated pipe with different anode bed resistances, 

potential, current and bed length. 

4. Corrosion rate of different zones in LPG-south of Iraqi Um Qaser Gas Company. 

3.2 Experimental Apparatus 

The cathodic protection system for performing the experimental work is illustrated in 

Figure  3-2 .It is composed of the following components: 

3.2.1 Electrolyte Reservoir  
 The electrolytic solution container of 1000 liter volume made of glass was used a 

thermometer to measure temperature and heater controller was also used. 

3.2.2 Electrolyte 
3.2.2.1 Sodium Chloride )NaCl( 

NaCl general purpose reagent )GPR (of purity 99.5  %minimum, supplied by BDH 

Ltd .was employed. 

3.2.2.2 Distilled Water 

Distilled water supplied by Al-Mansour Company  ) Ministry of Industry (.  

3.2.2.3 Inhibitor 

Hexamin which used as inhibitor was supplied by BDH Ltd. 

3.2.2.4 Alkaline Solution 

One liter of alkaline solution contained :50 g sodium hydroxide )NaOH(, 40 g 

sodium meta0silicate )Na2SiO3(, 5 g sodium phosphate )Na5P3O10 (and 5 g sodium 

carbonate )Na2CO3 (and the rest was distilled water. 

3.2.2.5 Pickling Solution 

Pickling solution was supplied by Rayon State Establishment .One liter of pickling 

solution contained 23  %hydrochloric acid )HCl(, 70 g hexamine and the rest was 

distilled water . 
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1 .Glass bath 2 .Solution 3 .Anode 4 .Cathode 

5.Multi-range 

Ammeter 
6 .D.C.power supply 7 .Resistance box 8 .Drain point 

9 .Test point 
10 Multi-range 

voltmeter 

11.Reference 

electrode 
12 .Capillary tube 

Figure  3-2: Schematic diagram of experimental apparatus 

3.2.3 Auxiliary Electrode )Anode( 
Auxiliary electrode was anode made of cast iron which was analyzed by Al-Sumud 

Company  ) Ministry of Industry (  . The results are shown in Table  3-1. 
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Table  3-1: Composition of the anode 

Comp. C Si Mn P Cr Mo Cu Zn Fe 

Wt % 0.75 14.2 1.5 0.008 5.0 0.02 0.018 0.14 Balance

 

3.2.4 Working Electrode 
 Working electrode was tube specimen of carbon steel, a length of the cathode was 

placed horizontally 3, 6 and 12 cm .The specimens had 2.1 cm inside diameter and 2.65 cm 

outside diameter. 

 The metal specimen was placed in the water bath at a depth of 10 cm below the 

solution and also 10 cm above the bottom of the solution in the glass bath .The tube specimen 

of carbon steel was analyzed by the Specialized Institution of Engineering Industries -

Baghdad .The results are summarized in Table  3-2. 

Table  3-2 Composition of carbon steel specimen 

Comp. C Si Mn P Cr Mo Cu V  Fe 

Wt % 0.0755 0.1507 0.416 0.0013 0.017 0.043 0.059 0.0497 Balance

 

3.2.5 Multi -range Ammeter 
 A digital multi-range ammeter, type 7500A FIUKA Packard was used to monitor 

current from 0 to 2 ampere and to measure the total current passing through the cathodic 

protection system. 

For more accuracy a clamp meter was used to check the DC-current through the system. 

3.2.6 DC Power Supply 
 A filtered DC power supply which is often equipped with current and voltage 

limiters offers the best stability and control .Its type was Philipharris, Sherston, England with 

a range from 0 to 25 volts and 10 amperes. 
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3.2.7 Multi -range Resistor )Resistance Box( 
 A variable resistance, Dambridge type with accuracy of 0.1 Ω was used .The 

variable resistance range from 0 – 0.1MΩ. 

3.2.8 Drain Point 
 The point, which is connects the pipe to DC power supply . 

3.2.9 Test Point 
 It is a point connected to test bar which is welded on the pipe for testing potential 

or current. 

3.2.10 Multi -range Voltmeter 
 A digital multi-range voltmeter type 8000A, FIUKA with range from 0 to 1000 

volts, was used to measure voltage. 

3.2.11 Reference Electrode 
  The cathodic potential was determined with respect to Saturated Calomel 

Electrode )SCE  .( Hg/Hg2Cl2/sat KCl, with temperature range from 0 to 60o C. 

3.2.12 Capillary Tube 
A lugging capillary bridge leading to the reference electrode was mounted near the center 

along the cathode )pipe (length within 1-2 mm from the side of the cathode .The opening of 

the capillary tube near sample metal )cathode (was equal to 1 mm diameter. 

3.2.13 pH -meter 
A digital pH -meter with three decimal points was used to read hydrogen ion concentration .A 

calibration procedure was used to calibrate the meter before any measurements using standard 

buffers solutions of 4, 7 and 9 pH. 

3.2.14 Conductivity Meter 
A digital conductivity meter, type WTW with range from 0.01 to  10,000 μΩ/cm was used. 

3.2.15 Electrical Resistivity 
 The probe of the four-point device type DUMAS, was made of stainless steel .It 

was made to contact the specimen by the application of uniform pressure via adjustable screw .

The output digital voltage was measured by voltmeter Philips type 1020 .The procedure was 
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repeated for three different resistivities of the specimen, and then they were calculated as 

13.9×10-6 Ω.cm. 

3.2.16 PellHole Density 
The pellhole density of coating material was measured with transmission light microscope 

)BX-300 WETZLAR Germany (which lights transmission the coated material from below 

where the pellhole is seen if it is found. 

3.2.17 Coating Resistance Meter 
 A digital coating resistance meter )Agilent High resistance meter 433913, made in 

USA (which belongs to Science and Technology Ministry was used. 

3.2.18 High Voltage Breakdown 
 BAUR oil tester was used to measure high voltage breakdown of coating materials  

3.2.19 Soil box 
 The soil box can be used for the measurement of specific resistivity of electrolytes 

i.e .soil sample, water and conducting fluids. 

 The specific resistivity is measured by using normal 4 - terminal earth resistance 

meter in accordance with Wenner’s 4 - electrode method. 

 The 4 terminals of the soil box are connected to the 4 - terminals of the meter in 

the same sequence viz the end plates are connected to the outer )current (terminals H1 and H2 

and the inner electrodes of the box are connected to inner )potential (terminals of the meter. 

 The dimension of the box and position of electrodes are designed so that resistivity 

of electrolyte sample in the box is obtained by multiplying the resistance value in Ohm 

indicated by the meter by the factor 10 cm )printed on box .(For example, if the meter 

indicates 350 Ohm, the resistivity is 3500 Ohm cm. 

 The test sample should be filled up to the top of the box .The soil samples should 

be carefully filled and compacted to ensure proper contact with the plates and rod electrodes 

and also to remove air bubbles and voids. 
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 The test box method gives very accurate results for fluids but the value measured 

for soil samples may differ from those measured at actual site due to variations of natural 

conditions including moisture, compaction, void ratio, particle size etc.. 

3.3 Experimental Program 

3.3.1 Specimen Preparation  
 The metal tube specimens )cathode (were 3, 6, 9, 100 and 224 cm cut from carbon 

steel pipe with wire cutting in Al-Nida Company )Ministry of Industry ( without any effect. 

 Prior to use the specimens were abraded in a sequence of emery papers grads 120, 

200, 320, 400 and 600 washed with tap water followed by alkaline solution for 20 minutes, 

rinsed with tap water, pickled for 5 minutes, rinsed again with tap water, then washed with 

distilled water and dried with paper tissue .Then they were immersed in analar methanol for 

two minutes, then dried and immersed in analar acetone for 2 minutes and dried with clean 

tissue .The specimens then were stored in vacuum desiccator over high activity silica gel .The 

specimens were stored in desiccator for 1.5 hour before they were used and then they were 

weighted to nearest 0.1 mg accuracy using Analytical balance type METTLER KH160 .After 

the exposure to the corrosion environment the specimens were washed with tap water then 

brushed with smooth brush and running tap water to remove any parts of corrosion products .

Then the outer surface of specimen was insulated with Teflon tape and the specimens were 

immersed in alkaline solution, rinsed with tap water, immersed in pickling solution, rinsed 

again with tap water, distilled water, dried with clean tissue, immersed in methanol and 

immersed in acetone, dried with clean tissue, kept in desiccator for 1.5 hour and then 

weighted .Blank tests showed no appreciable weight loss caused by the cleaning with acidic 

solution. 

3.3.2 Working Solution Preparation  
 Cathodic production tests and corrosion test were carried out in 4934.579, 

1044.139, 538.785, 62.856, 34.322 and 24.5 Ω.cm solution prepared from analar sodium 

chloride with purity greater than 99.5 wt %, added to distilled water .The presence of NaCl 

increases the electrical conductivity of the solution which was measured using digital 

electrical conductivity meter .Table  3-3 lists the values of the solution electrical conductivity. 
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 The pH of solution was measured before each test and monitored during the test 

run .During the test run, the level of the solution in the bath was continuously observed to 

compensate for the water loss by vaporization. 

Table  3-3  : Solution electrical conductivity 

Concentration, % NaCl content, g/l Conductivity, μΩ/cm Resistivity, Ω cm 

0.01 0.1 208 4934.579 

0.05 0.5 983 1044.139 

0.1 1.0 1905 538.785 

1.0 10.0 16330 62.856 

2.0 20.0 29900 34.322 

3.0 30.0 41900 24.5 

 

3.3.3 Experimental Procedure 
Experimental work involves four parts 

3.3.3.1 Cathodic Protection Measurements 

 They involve current and voltage measurements along the specimen for bare and 

coated pipe . Before starting each run, the cross sectional area of specimen was covered with 

thermal silica to prevent the contact of brine with the specimen ends . The specimen and the 

auxiliary electrodes )anode (were fixed into the plastic stands as shown in Figure  3-3. 
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Figure  3-3 : Photograph of experimental apparatus 

 The electrode potential was measured with respect to saturated calomel electrode 

as shown in Figure 4.2 using multi-range voltmeter .According to galvanostatic technique the 

voltage of DC power supply was held constant and the resistance of the circuit was changed 

until obtaining potential value of 800 mV versus SCE .The current of immersed pipe was 

recorded giving the best value for cathodic protection. 

 The experimental run lasted five hours and the potential versus SCE was recorded 

every hour . To investigate the effect of impressed current on the system it was changed to 

different values in many steps, by altering the resistance of the circuit .  

3.3.3.2 Position of Anode 

Current and potential measurements were taken at different positions of the anode )end and 

middle (at different distances to study the variation of position in cathodic protection testing. 
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3.3.3.3 Anode bed Resistivity 

 All testing of current and potential measurements were taken at different anode 

bed resistivities. 

3.3.3.4 Corrosion Rate Measurements 

 The corrosion rate was determined by weight loss at different times with different 

solutions to obtain the proper model. 

3.3.3.5 Polarization Measurements 

 In polarization experiments the test section components )cathode, anode and 

reference electrode (were mounted in their positions .After the electrolyte )NaCl solution (

preparation, the electrolyte was stirred by using a glass rod in order to obtain a homogenous 

solution then the heater controller in bath was set to the required temperature of 30o C to 

achieve thermal equilibrium before starting the experimental run. 

 The electrical circuit was connected to the reference electrode )SCE (after 

checking all the electrical connections .When the bath reached the required temperature, the 

polarization electrical circuit was set to the ON position in order to draw the curve of any 

given conditions )solution resistivity and length of specimen )pipe((, according to a 

galvanostatic technique by making the voltage of the DC power supply constant and changing 

the current by altering the resistance of the circuit .At each setting of the resistance two 

parameters were recorded, that is, potential and current of cathodic system by means of a 

voltmeter to measure the cathodic portion of the polarization .One minute at least was allowed 

in order to record the steady state values of the polarization process which is shown in Figure 

 4-19. 

After reaching )Ecorr (of the specimen )pipe (used the run was ended by turning off the power 

supply and water bath was emptied from the used electrolytes. 

The system was then washed by using tap water and distilled water to make sure that there 

was no electrolyte left in the system .This procedure was repeated exactly for other solutions 

and specimen )pipe (length . Each run was repeated twice with a third run when 

reproducibility was in doubt. 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 68)147( 

 

3.4 Neural Network Application in Cathodic Protection System 
 In this work, the neural network is used to assess the potential difference required 

to control cathodic protection systems, and to predict corrosion rate. 

 The two hidden layers network were used, this number is chosen randomly .The 

selection of neurons number was specified by trial and error .For the potential difference 

assessment, the Input layer receives the five variables )Length, Current Density, Resistivity, 

Distance and Voltage of Power station .(The output layer gives the potential difference as 

network result . On the other hand for corrosion rate prediction, the input layer receives three 

parameters )Resistivity, surface area and time (and the output layer gives corrosion rate as 

output . 

 The transfer function used in the first hidden layer is the tan-Sigmoid function and 

in the second layer is pure line and the training algorithm used is the backpropagation training 

algorithm with one variable learning rate. 

  The neural network training was carried after obtaining the experimental results 

for the potential difference and the corrosion rate in different conditions. The experiment 

results were used to train the neural networks which had been constructed and trained to 

assess the potential difference using )120 data samples (for the coated pipe and )420 data 

samples (for bared pipe form the experimental data. The constructed network for predicting 

the corrosion rate had been trained using )250 data samples .(   

 The trained Neural Networks were tested. These networks were built and 

simulated using the scientific and engineering package MATALB® R2009a. 
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4 Results and Discussion 

4.1 Introduction 
An entire buried metallic surface can be forced to become cathode and it will not 

corrode because it becomes cathodically protected .To reduce the amount of current needed to 

stop corrosion, cathodic protection is frequently used in conjunction with protective coating .

The protection then provides current only to those steel surfaces which become exposed to the 

electrolyte due to coating failure or damage. 

This chapter gives the experimental results obtained in the present work, like protection 

potential and the corrosion rate for bare and coated pipes .Also, this chapter includes the 

effect of location of the anode and cathode for different solution resistivities, current and 

voltage calculation in order to evaluate proper conditions for bare and coated pipe with neural 

network methods . The effects of various variables on experimental results are stated. 

In discussing the results, optimization process combined with neural network models of 

the corrosion control by cathodic protection will be presented .This enables the optimum 

system design to be achieved both in terms of locations and currents . 

It is hoped that a satisfactory explanation offered would give further insight into the 

phenomenon of cathodic protection .With results of this study on pipeline cathodic protection, 

neural network models may be employed to characterize important parameters, which affect 

high quality corrosion control .The models enable workers in the field to describe the exact 

geometry of pipeline including anodes, surface condition and polarization properties. 

4.2 Electrochemical Reactions 
The following reactions take place in the cathodic protection system  

On cathode : 

   2  4 
             

4                    … . 4-1 

         4 4
                 

2             … . 4-2 

    2  2 
                     

2         … . 4-3 

On anode :   4
             

2  4           …. 4-4 

         2
             

2                             … . 4-5 
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4.3 Experimental Results 

The experimental results are introduced in the following manner. 

1. Electrical conductivity and resistivity of environment. 

2. Corrosion rate weight loss results. 

3. Polarization results. 

4. Current demand results. 

5. External coating system. 

6. Location of anode for structures. 

7. Potential and current distribution along the pipe )bare and coated.( 

4.3.1 Electrical Conductivity and Resistivity 
Quite aside from the mature and concentration of dissolved salts, the conductivity, or 

electric current carrying capacity of water, is an important property in corrosion processes .

Electrical resistivity, the term most commonly used in corrosion technology is the reciprocal 

of conductivity. 

 
 

            … . 4-6 

Water from an average chemical laboratory has a resistivity of about 150,000 

Ohm.cm, and when re-distilled once in glass apparatus, about 500,000 Ohm.cm. 

It has sometimes been suggested that there is an approximate relationship between the total 

NaCl content and solution resistivity as summarized in Figure 4-1 .This figure shows the 

relationship between NaCl content and resistivity as in equation 4-7 

  556.6      0.931             … . 4-7 
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Figure  4-1  Environment solution resistivity versus total NaCl content, at 30 C 

Katakrishna et al) .1984 (said that 30,000 ppm NaCl represents the saline media 

especially the sea water and 100 ppm corresponds to the conductivity of the soil while Table 

4-1 correlates resistivity values with degree of corrosivity .The interpretation of soil resistivity 

varies among corrosion engineers. However, Table 4-1 is a generally accepted guide, while 

Table 4-2 correlates the effect of chloride on corrosion of buried steel pipelines. 

Table  4-1: Soil resistivity versus degree of corrosivity ]Peabody, 2001[ 

Soil resistivity, Ohm.cm Degree of corrosivity 

0 – 500 Very corrosive 

500 – 1,000 Corrosive 

1,000 – 2,000 Moderately corrosive 

2,000 – 10,000 Mild corrosive 

Above 10,000 negligible 
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Table  4-2  : Effect of chloride on corrosion of buried steel pipelines ]Peabody, 2001[ 

Chloride concentration,  ppm Degree of corrosivity 

> 5,000 Sever 

1,500 – 5,000 Considerable 

500 – 1,500 Corrosive 

< 500 Threshold 

 

A detailed discussion on corrosion is beyond the scope of this work .The researcher 

believes the anticipated corrosion activity for steel exposed to environment resistivity of range 

between the values is as shown in Table 4-3. 

Table  4-3: Environment resistivity versus corrosion activity 

Resistivity, Ohm.cm Corrosion activity 

0 – 850 Extremely corrosive 

850 – 2,500 Corrosive 

2,500 – 10,000 Moderately corrosive 

Above 10,000 Progressively less corrosive 

The following information can be derived from field observation on soil resistivity 

measurement: 

 Areas where corrosion can be anticipated vary in soil resistance. 

 Optimum locations of corrosion control equipment must be determined accurately. 

 The amount of cathodic protection current is necessary for given life expectancy. 
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4.3.2 Corrosion Rate Results 
Corrosion rates have been expressed in a variety of ways in the literature .The results 

of weight loss experiments in the present work are expressed in gram loss per square meter 

per day )gmd .(  

                       … . 4-8 

Where W is the loss in weight in gram, A is the area exposed to the corrosion 

environment in m2 and t is the time of exposure to corrosion environment in days .This 

expression takes account of the influence of area and time. 

4.1.1.1 Corrosion Rate Results without Impressed Current 

Weight loss experiments were carried out to measure corrosion rate of carbon steel in 

different resistivity environments without impressed current. 

Figures 4-2 to 4-4 show the corrosion rate for different surface areas .The results 

indicate that the corrosion rate is increasing with decreasing environment resistivity for 

different surface area . 

 

Figure  4-2: Corrosion rate as a function of environment resistivity at 30o C and surface area 

of 25 cm2 
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Figure  4-3: Corrosion rate as a function of environment resistivity at 30o C and surface area 

of 50 cm2 

 

Figure  4-4: Corrosion rate as a function of environment resistivity at 30o C and surface area 

of 74.9 cm2 
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4.1.1.2  Corrosion Rate Results with Impressed Current 

The system was investigated as a function of environment resistivity, impressed 

current, location of anode, corrosion rate, corrosion current and corrosion potential .The 

effects of these variables were observed as shown in Figures 4-5 to  4-16. 

From measuring the weight loss one can calculate the corrosion current value and 

corrosion rate value according to Faraday’s law. 

      
∆ . .

. .
  10            … . 4-9 

where : 

icorr  =corrosion current density, μA/cm2    

ΔW   = weight loss, g ,         n   = number of electrons  ,   F   = Faraday’s number =96487 C/g eq. 

Mt  =molecular weight of metal )Fe =55.847 g/mol(  ,   t   = exposure time, s 

A   = surface area of metal specimen, cm2 

 

Figure  4-5: Effect of location of anode and corrosion rate on corrosion current for 99.9 cm2 

surface area and 34.322 Ohm.cm resistivity at 30o C for five hours. 
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Figure  4-6: Effect of impressed current density and location of anode on corrosion current for 

99.9 cm2 surface area and 34.422 Ohm.cm resistivity at 30o C for five hours. 

 

Figure  4-7  : Effect of location of anode and corrosion rate on corrosion potential for 99.9 cm2 

surface area and 34.322 Ohm.cm resistivity at 30o C for five hours. 
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Figure  4-8  : Effect of impressed current density and location of anode corrosion potential for 

99.9 cm2 surface area and 34.322 Ohm.cm resistivity at 30o C for five hours. 

 

Figure  4-9  : Effect of location of anode and corrosion rate on corrosion current for 99.9 cm2 

surface area and 538.784 Ohm.cm resistivity at 30o C for five hours 
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Figure  4-10  : Effect of impressed current density  and location of anode on corrosion current 

for 99.9 cm2 surface area and 538.784 Ohm.cm resistivity at 30o C for five hours . 

 

Figure  4-11:  Effect of location of anode and corrosion rate on corrosion current for 99.9 cm2 

surface area and 538.784 Ohm.cm resistivity at 30o C for five hours. 
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Figure  4-12  : Effect of impressed current density and location of anode corrosion potential for 

99.9 cm2 surface area and 538.784 Ohm.cm resistivity at 30o C for five hours.

 

Figure  4-13: Effect of location of anode and corrosion rate on corrosion current for 99.9 cm2 

surface area and 4934.579 Ohm.cm resistivity at 30o C for five hours. 
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Figure  4-14: Effect of impressed current density and location of anode on corrosion current 

for 99.9 cm2 surface area and 4934.579 Ohm.cm resistivity at 30o C for five hours. 

 

 

Figure  4-15  : Effect of location of anode and corrosion rate corrosion potential for 99.9 cm2 

surface area and 4934.579 Ohm.cm resistivity at 30o C for five hours. 
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Figure  4-16  : Effect of impressed current density and location of anode corrosion potential for 

99.9 cm2 surface area and 4934.579 Ohm.cm resistivity at 30o C for five hours. 

4.1.2 Cathodic Polarization Results under Isothermal 
Conditions 

The limiting current density of oxygen reduction iL is determined from the plateau BC 

in Figure 4-17 .iL is the final limiting values of oxygen reduction reaction, while i2 refers to 

enhanced stage of hydrogen evolution reaction. 

The limiting current plateau is not absolutely flat, thus the method given by Grabe and 

Makanjoula )1999 (will be adopted to find the limiting current density value. 

    
   

                      … . 4-10 

The limiting current obtained from these polarization curves was used to calculate 

minimum cathodic protection current density. The effect of environment resistivity on the 

current-potential curves is shown in Figures 4-18 to 4-23 .From these figures one can notice 

that the corrosion potential )Ecorr (is more negative with decreasing environment resistivity 

while limiting current density increases with decreasing environment resistivity. 
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Figure  4-17   : Typical cathodic region of polarization curve of carbon steel in air saturated 

NaCl solution ]Grabe and Makanjoula, 1999[ 

 

Figure  4-18: Polarization curve for carbon steel at environment resistivity 4934.579 Ohm.cm 

at 30o C and surface area 74.9 cm2 
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Figure  4-19  : Polarization curve for carbon steel at environment resistivity  1044.139 

Ohm.cm at 30o C and surface area 74.9 cm2 

 

Figure  4-20 Polarization curve for carbon steel at environment resistivity 538.784 Ohm.cm at 

30o C and surface area 74.9 cm2 
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Figure  4-21: Polarization curve for carbon steel at environment resistivity  62.856 Ohm.cm at 

30o C and surface area 74.9 cm2 

 

Figure  4-22: Polarization curve for carbon steel at environment resistivity  34.322 Ohm.cm at 

30o C and surface area 74.9 cm2 
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Figure  4-23: Polarization curve for carbon steel at environment resistivity 24.5 Ohm.cm at 

30o C and surface area 74.9 cm2 

4.1.2.1 Current Demand Results 

Current demand values are presented in Figures 4-18 to 4-23 .The figures show the 

effect of impressed current density )icp (on protection potentials .The limiting current density 

values are presented in Figure  4-24. 

4.1.2.2 Corrosion Potential  

Behavior of corrosion potential versus time for different environment resistivities is 

presented in Figure 4-25 and Figure 4-26 represents Ecorr for different environment 

resistivities. 

From this figure it can be noticed that samples respond to corrosion potential .This 

occurred in different resistivities used, as evidenced by the slower rate of polarization and less 

negative potential values measured. 
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Figure  4-24  : Limiting current density for various environment resistivities 

 

 

Figure  4-25: Corrosion potential versus time for different environment resistivities at 30o C 

and surface area 74.93 cm2 
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Figure  4-26  : Steady state, Ecorr for different environment resistivities 

4.1.2.3 Effect of Limiting Current 

It is shown in Figures 4-18 to 4-23 for isothermal conditions that the limiting current 

density increases with decreasing environment resistivity. This behavior is expected as 

explained above due to the decreased environment resistivity with increasing NaCl content as 

shown Figure 4-1, yielding higher corrosion rates as Figures 4-18 to 4 -23 .This is confirmed 

by a series of experiments which were carried out at various controlled cathodic current with 

recording the corresponding potentials. 

Figure 4-24 shows a linear relationship between the limiting current density and 

environment resistivity, i.e .limiting current increases with decreased environment resistivity .

This can be attributed to the relaxation of electrons mobility ]Shreir, 2001[, so that corrosion 

rate will increase due to decrease in the environment resistivity as corrosion diffusion is 

controlled by the oxygen reduction ]Uhlig, 1985 [.  

4.1.3 External Coating Systems 
 Primary protection is achieved by using coatings to provide an insulating barrier 

between the pipeline and its corrosive environment .Cathodic protection is applied to a 
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pipeline to provide corrosion protection at coating defects and therefore is considered to be a 

supplementary system. 

For the majority of the pipes in this work the systems which have been used are; 

mastic asphalt with texture, mastic asphalt without texture, polyethylene tape and PVC tape. 

4.1.3.1 Coating Resistance 

The coating resistance and thickness were measured )with Agilent high resistance meter, type 

4339B, made in USA (at pressure one kg/cm2 and 500 volts, as shown in Table 4-4. 

Table  4-4 Thickness and resistance of coating sample 

Sample Thickness, mm Resistance, Ohm 

Mastic asphalt with texture 3.23 3.9×1017 

Mastic without texture 2.51 4.2×1015 

Polyethylene tape 0.89 2.34×1016 

PVC tape 0.06 1.6×1016 

 

4.1.3.2 Effect of Coating Design  

There are many coating methods applicable to pipelines, the ones generally used being 

asphalt, coating with resin hardening in the water, polyethylene coatings, polyurethane 

coatings and different coatings according to their manufacturing. 

Selecting the method of application is the major problem here; there are no set rules 

for each method according to many studies because only few performance data are available 

as studies state, this is their know-how .So experts are very important in selecting their 

coatings .One should select the method on the basis of pipeline shape, its materials, the natural 

conditions, the working life, the degree of protection, the conditions for application, the 

maintenance, the performance and the cost. 
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4.1.3.3 Current Density and Pellhole Inspection  

Current requirements or current density measurements are related to coating resistance 

measurements as shown in Figure 4-27 .Current density data are calculated from the drain 

point measurement on impressed current system. 

 

Figure  4-27: Current density for different insulations through 12 months 

The total current provided to a section of pipeline )assuming adequate protection (is 

divided by the area of that section of line to determine average current densities.Obviously for 

a pipeline in a given environment resistivity a decrease in the resistance of coating will result 

in an increase in the current required for protection with time, as shown in Figure 4-27 . 

Pellhole inspection provides the opportunity to visually inspect and test, on site, the condition 

of a coating .pellhole inspection can be quite useful in determining the status of a coating 

system .Figure 4-28 shows the number of locations of rejectable pitting defects found in the 

various pipeline coating systems. 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 90)147( 

 

 

Figure  4-28: Rejectable defect-pellhole inspections 

4.1.4 Location of Anode for Structure 
Anode was placed so that all major pipelines would receive protection current 

whenever the impressed current system was off .Figures 4-29 and 4-30 show the effect of 

different environment resistivities  ) R (on the distribution of potential along the length of pipe 

from the end to the drain point )L (at different current densities  ) CD) (0.048 mA/cm2 and 0.06 

mA/cm2(, different distance between anode and cathode )D) (150 cm and 60 cm (and voltage 

of power supply, for coated pipes. 
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Figure  4-29   : Effect of environment resistivity )R (on the distribution of potential along the 

length of pipe from the end to the drain point )L (for coated pipe 
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Figure  4-30: Effect of environment resistivity )R (on the distribution of potential along the 

length of pipe from the end to the drain point )L (for coated pipe 

Figures 4-31 and 4-32 show the effect of different distances between anode and 

cathode )D (on the distribution of potential along the length of pipe from the end to the drain 

point )L (at different current densities  ) CD) (0.024 mA/cm2 and 0.38 mA/cm2(, different 

environmental resistivities  ) R) (1044.139 Ω.cm and 24.5 Ω.cm (and voltage of power supply 

for coated pipes .  
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Figure  4-31  : Effect of distance between anode and cathode )D (on the distribution of 

potential along the length of pipe from the end to the drain point )L (for coated pipe 

 

Figure  4-32  : Effect of distance between anode and cathode )D (on the distribution of 

potential along the length of pipe from the end to the drain point )L (for coated pipe 

Figures 4-33 to 4-46 shows the effect of the current density on distribution of potential 

along the length of pipe from the end to the drain point )L (for bared pipe in different solution 

resistivities and distance between anodes and cathodes values  . 
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Figure  4-33  : Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-34: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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Figure  4-35 Effect of Current density on distribution of potential along the length of pipe from 

the end to the drain point )L( for bared pipe 

 

 

Figure  4-36  Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 



              Neural Network Corrosion Control by Impressed Cathodic Protection 

Change the Thesis No. E xxxx M using the Document Properties box 

Hussein Kadhim Mohammed AL-Shareefi 

  Page 96)147( 

 

 

Figure  4-37: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-38  : Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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Figure  4-39: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-40  : Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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Figure  4-41: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-42: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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Figure  4-43: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-44: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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Figure  4-45: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 

 

Figure  4-46: Effect of Current density on distribution of potential along the length of pipe 

from the end to the drain point )L (for bared pipe 
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4.2 Modeling the Calculation of Potential Difference Using Neural 
Network  

As mentioned in advance there are many parameters affecting the value of potential, 

these parameters are: 

1. Distance between anodes and cathodes )D( 

2. Current density )CD ( 

3. Length of pipe from end to drain point )L  ( 

4. Resistivity of solution )ρ( 

5. Voltage of power station  

The process to build a mathematical model to represent the effect of all these parameters 

on the potential is complicated, because the change of the potential with respect to each 

parameter is nonlinear  .For this fact the artificial neural network is used. 

The proposed neural network is used to model the prediction of the potential difference 

required to control cathodic protection systems .In this work many neural networks are 

trained .The structure of each network is )Input Layer  - two hidden layers – output layer .(

Each network has a different number of neurons in the hidden layers .The numbers is chosen 

randomly .The selection of neurons number was specified by trial and error .The Input layer 

receives the five variables )Length, Current Density, Resistivity, Distance and Voltage of 

Power station .(The output layer gives the potential difference as network result. 

The transfer function used in the first hidden layer for each network is the tan-Sigmoid 

function and for the second layer is pure line .The back propagation training algorithm with 

one variable learning rate was used to train these neural networks. 

The neural network training was carried after obtaining the experimental results for the 

potential difference in different conditions )Length, Current Density, Resistivity, Distance and 

Voltage of Power station .(The experimental results were used to train the neural network .

Each network had been constructed and trained using )120 data samples (for the coated pipe 

and )420 data samples (for bared pipe form the experimental data. 

The trained Neural Networks were tested using samples taken from experimental 

work .This neural network was simulated using the scientific and engineering package 

MATALB® R2009a. 
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4.2.1 Neural Networks for Coated Pipe 
The tested networks output were compared with respect to tests samples to find the optimum 

neural network .The best fit obtained with the network has the following structure: 

1. One Input layer  )Receiving Five parameters ( 

2. Two Hidden layer 

a. 13 neurons in the 1st hidden layer 

b. 8 neurons in 2nd hidden layer 

3. One output layer  )give one output( 

Figure 4-47 shows the comparison between the optimum neural network )NNT (

outputs with experimental data for the same conditions )Length, Current Density, Resistivity, 

Distance and Voltage of Power station (for each point for the optimum network, and Figure 4-

48 shows the regression for this network. 

Figures 4-49 to 4-58 show the comparison between the other neural networks )NNTs (

outputs with experimental data, and their regression curves .Figures 4-59 to 4-62 show the 

comparison between the distribution of potential along length of pipe from the end to the 

drain point from experimental data and the distribution of potential along length of pipe from 

the end to the drain point from NNT output . 
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Figure  4-47  : Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of the optimum NNT which has two hidden layers )13 neurons 1st Hidden 

Layer and 8 neurons in 2nd Hidden Layer( 

 

Figure  4-48  :  Regression for the optimum NNT which has two hidden layers )13 neurons 1st 

Hidden Layer and 8 neurons in 2nd Hidden Layer (for coated pipe  
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Figure  4-49: Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of NNT which has two hidden layers )5 neurons 1st Hidden Layer and 13 

neurons in 2nd Hidden Layer( 

 

Figure  4-50: Regression for the optimum NNT which has two hidden layers )5 neurons 1st 

Hidden Layer and 13 neurons in 2nd Hidden Layer (for coated pipe 

 

Figure  4-51  : Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of NNT which has two hidden layers )8 neurons 1st Hidden Layer and 6 

neurons in 2nd Hidden Layer( 
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Figure  4-52  : Regression for the optimum NNT which has two hidden layers )8 neurons 1st 

Hidden Layer and 6 neurons in 2nd Hidden Layer (for coated pipe 

 

Figure  4-53  : Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of NNT which has two hidden layers )4 neurons 1st Hidden Layer and 11 

neurons in 2nd Hidden Layer( 

 

Figure  4-54: Regression for the optimum NNT which has two hidden layers )4 neurons 1st 

Hidden Layer and 11 neurons in 2nd Hidden Layer (for coated pipe 
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Figure  4-55  : Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of NNT which has two hidden layers )14 neurons 1st Hidden Layer and 4 

neurons in 2nd Hidden Layer( 

 

Figure  4-56: Regression for the optimum NNT which has two hidden layers )14 neurons 1st 

Hidden Layer and 4 neurons in 2nd Hidden Layer (for coated pipe 
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Figure  4-57  : Comparison between Experimental Data and NNT Data of Potential Difference 

for coated pipe of NNT which has two hidden layers )13 neurons 1st Hidden Layer and 6 

neurons in 2nd Hidden Layer( 

 

Figure  4-58: Regression for the optimum NNT which has two hidden layers )13 neurons 1st 

Hidden Layer and 6 neurons in 2nd Hidden Layer (for coated pipe 
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Figure  4-59: Comparison between the Data Predicted by NNT with experimental data of the 

distribution of potential along length of pipe from the end to the drain point 

 

Figure  4-60: Comparison between the Data Predicted by NNT with experimental data of the 

distribution of potential along length of pipe from the end to the drain point 
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Figure  4-61: Comparison between the Data Predicted by NNT with experimental data of the 

distribution of potential along length of pipe from the end to the drain point 

 

Figure  4-62: Comparison between the Data Predicted by NNT with experimental data of the 

distribution of potential along length of pipe from the end to the drain point 

4.2.2 Neural Networks For bared pipe 
For this type of pipe the collected experimental data are not stable as shown in Figure 

4-63 .The fluctuation of the data occurs due to the interference between the corroded part of 

pipe and the protected parts; this will cause the un-stability of potential  .This un-stability of 

potential did not happened in the coated pipe because the coated pipe has uniform structure 

due to the insolation of coated layers which gives uniform polarization . 

 

Figure  4-63  : The fluctuation of potential for bared pipe 
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This fluctuation is affecting on the training process of neural networks  .For that 

reason all proposed networks did not give good results as shown in Figures 4-64 to 4-68 .  

 

Figure  4-64: Comparison between Experimental Data and NNT Data of Potential Difference 

for bared pipe of NNT which has two hidden layers )13 neurons 1st Hidden Layer and 8 

neurons in 2nd Hidden Layer ( 
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Figure  4-65: Comparison between Experimental Data and NNT Data of Potential Difference 

for bared pipe of NNT which has two hidden layers )5neurons 1st Hidden Layer and 20 

neurons in 2nd Hidden Layer ( 

 

Figure  4-66: Comparison between Experimental Data and NNT Data of Potential Difference 

for bared pipe of NNT which has two hidden layers )10 neurons 1st Hidden Layer and 25 

neurons in 2nd Hidden Layer ( 
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Figure  4-67: Comparison between Experimental Data and NNT Data of Potential Difference 

for bared pipe of NNT which has two hidden layers )10 neurons 1st Hidden Layer and 30 

neurons in 2nd Hidden Layer ( 
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Figure  4-68: Comparison between Experimental Data and NNT Data of Potential Difference 

for bared pipe of NNT which has two hidden layers )20 neurons 1st Hidden Layer and 30 

neurons in 2nd Hidden Layer ( 

4.3 Modeling the calculation of Corrosion Rate Using Neural 
Network  

As shown in this chapter there are three parameters affecting the value of corrosion 

rate, these parameters are: 

1. Time  

2. Surface area 

3. Resistivity of solution )ρ( 

The proposed neural network is used to model the prediction of the corrosion rate 

without Impressed Current .In this work many neural networks are trained .The structure of 

each network is )Input Layer  - two hidden layers – output layer .(Each network has different 

number of neurons in the hidden layers .The numbers is chosen randomly .The selection of 

neurons number was specified by trial and error .The Input layer receives the three variables 

)Time,  Surface area and Resistivity of solution .(The output layer gives the corrosion rate as 

network result. 
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The transfer function used in the first hidden layer for each network is the tan-Sigmoid 

function and for the second layer is pure line .The back propagation training algorithm with 

one variable learning rate was used to train these neural networks. 

The neural network training was carried after obtaining the experimental results for the 

corrosion rate in different conditions )Time, Surface area and Resistivity of solution .(The 

experimental results were used to train the neural network .Each network had been 

constructed and trained using )250 data samples.( 

The trained Neural Networks were tested using samples taken from exprimental work .

This neural network was simulated using the scientific and engineering package MATALB® 

R2009a. 

The tested networks output were compared with tests samples to find the optimum 

neural network .The best fit obtained with the network hasthe following structure: 

1. One Input layer  )Receiving three parameters ( 

2. Two Hidden layers 

a. 15 neurons in the 1st hidden layer 

b. 4 neurons in 2nd hidden layer 

3. One output layer  )give one output( 

Figure 4-69 shows the comparison between the optimum neural network )NNT (

outputs with experimental data for the same conditions )Time, Surface area and Resistivity of 

solution (for each point for the optimum network, and Figure 4-70 shows the regression for 

this network. 

Figures 4-71 to 4-80 show the comparison between the other neural networks )NNTs( 

outputs with experimental data, and their regression .Figures 4-81 to 4-92 show the 

comparison between the experimental data and the predicted data by NNT with experimental 

data of corrosion rate . 
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Figure  4-69: Comparison between Experimental Data and NNT Data of the optimum NNT 

which has two hidden layers )15 neurons 1st Hidden Layer and 4 neurons in 2nd Hidden 

Layer (without Impressed Current 

 

Figure  4-70 :  Regression for the optimum NNT which has two hidden layers )14 neurons 1st 

Hidden Layer and 4 neurons in 2nd Hidden Layer (without Impressed Current. 
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Figure  4-71 : Comparison between Experimental Data and NNT Data of NNT which has two 

hidden layers )3 neurons 1st Hidden Layer and 5 neurons in 2nd Hidden Layer (without 

Impressed Current 

 

Figure  4-72: Regression for the NNT which has two hidden layers )3 neurons 1st Hidden 

Layer and 5 neurons in 2nd Hidden Layer (without Impressed Current. 
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Figure  4-73  :  Comparison between Experimental Data and NNT Data of NNT which has two 

hidden layers )6 neurons 1st Hidden Layer and 4 neurons in 2nd Hidden Layer (without 

Impressed Current 

 

Figure  4-74   : Regression for the NNT which has two hidden layers )6 neurons 1st Hidden 

Layer and 4 neurons in 2nd Hidden Layer (without Impressed Current. 
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Figure  4-75  : Comparison between Experimental Data and NNT Data of NNT which has two 

hidden layers )12 neurons 1st Hidden Layer and 3 neurons in 2nd Hidden Layer (without 

Impressed Current 

 

Figure  4-76: Regression for the NNT which has two hidden layers )12 neurons 1st Hidden 

Layer and 3 neurons in 2nd Hidden Layer (without Impressed Current 
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Figure  4-77: Comparison between Experimental Data and NNT Data of NNT which has two 

hidden layers )14 neurons 1st Hidden Layer and 5 neurons in 2nd Hidden Layer (without 

Impressed Current 

 

Figure  4-78: Regression for the NNT which has two hidden layers )14neurons 1st Hidden 

Layer and 5 neurons in 2nd Hidden Layer (without Impressed Current 
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Figure  4-79  : Comparison between Experimental Data and NNT Data of NNT which has two 

hidden layers )10 neurons 1st Hidden Layer and 5 neurons in 2nd Hidden Layer (without 

Impressed Current 

 

Figure  4-80: Regression for the NNT which has two hidden layers )10neurons 1st Hidden 

Layer and 5 neurons in 2nd Hidden Layer (without Impressed Current 
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Figure  4-81  :  Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 

 

Figure  4-82: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 
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Figure  4-83  : Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 

 

Figure  4-84  : Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 
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Figure  4-85: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 

 

Figure  4-86: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 25 m2( 
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Figure  4-87: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 

 

Figure  4-88: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 
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Figure  4-89  : Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 

 

Figure  4-90: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 
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Figure  4-91  : Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 

 

Figure  4-92: Comparison between the Data Predicted by NNT with experimental data of 

corrosion rate )surface area 50 m2( 
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5 Conclusions and Recommendations 

5.1 Conclusions 
1. The neural network control protects the pipeline from the corrosion .The controller is 

flixible, and the curve mode correspondes well with the changing of the enviroment 

resistivity. 

2. The controller gives good results, compensating for changes in enviroment resistivity, 

distance between cathode and anode and protection voltage on pipeline. 

3. The results agree with physical experimental data compared with the field results. 

4. The neural networks have shown excepitional performence in predicting the corrosion 

protection by impressed current cathodic system. 

5. The neural networks are used as regression tool, especially when used for pattern 

recognition and function. 

6. The neural networks mimic the protection pipeline and operation of protection neurons 

and have the the unique quility of self-learning, mapping, and functional 

approximation as shown in this work. 

7. They are highily nonlinear, massively parallel and can capture complex interactions 

among input/output variables in the system without any prior knowledge about the 

nature of these interactions. 

8. The neural networks for feature categorization are used as a tool for classification of 

damage and prediction of expected future degree of damage as shown in most of 

polarization cureves and others. 

9. The model that was developed can be useful for planning, monitoring, and design of 

remedial works as well as improvement of their cathodic protection. 

10. Effect of the dominant influence parameters on the score of each damage category 

during 50 years has been investigated by their variation in extreme conditions .The 

method could be a useful tool for planning the maintenance of the structures .

Obviously the tool can be used only as a forecast, and need to be assesed by pipeline 

survey. 

11. New data sets obtained by additional examinations of pipeline in different 

envioroment could be used for an additional training of artificial neural network 

)ANN (and for a validation of the prediction. 
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12. It was demonstrated that the developed ANN model was successfully trained and 

validated for the range of data from the investigated pipeline. 

5.2 Recommendations 
1- The more the data are available, especially for older reinforced concrete structures, 

the more reliable prediction of expected future damage degree by ANN could be 

performed. 

2- Extending the experiments to a range of temperature greater than 30 C  .  

3- Studying the influence of isothermal fluid flow on ICCP system. 

4- Studying the effect of stray current on cathodic protection system. 
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