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1. THEORETICAL BASIS FOR DATA ANALYSIS

1.1

Corrosion - Basic Theory
Corrosion can be defined as the destruction or deterioration of a material because of reaction with its
environment. The term can refer to a process or the damage caused by such a process.
Corrosion is the primary means by which metals deteriorate. Most metals corrode on contact with water (and
moisture in the air), acids, bases, salts, oils, aggressive metal polishes, and other solid and liquid chemicals.
Metals will also corrode when exposed to gaseous materials like acid vapours, formaldehyde gas, ammonia gas,
and sulphur containing gases.
Corrosion therefore is a natural degradation that occurs to most metals.
When steel is immersed in sea water for example, an electrical potential is set up at the metal/electrolyte
(seawater) interface. The predisposition for this to happen will be dependent on the characteristics of the
particular grade of steel and the electrolyte involved.
The corrosion process (anodic reaction) of the metal dissolving as ions generates electrons. These electrons are
utilised by a further process (cathodic reaction).
It is important to realize that these two processes have to balance their charges.
The sites hosting these two processes can be located close to each other on the metal's surface, or far apart
depending on the circumstances.
For corrosion to occur, all four of the following conditions need to be present;
Site for the reduction reaction to take place (cathode)
Site for oxidation reaction to take place (anode)
Electrical path – electrical continuity to allow electrons to transfer to the corrosion site
Ionic path – Medium that allows the metallic ions to be transported.
It should also be noted that changes in any of the four conditions can have a significant effect on the rate that the
corrosion process will occur.
This simple observation has a major impact in many aspects of corrosion prevention and control.
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In the corrosion cell illustrated below, iron atoms give two electrons to become positively charged ions. Oxygen
and water combine to form negatively charged ions as illustrated below:

1.2

Corrosion site

Steel
Anodic
Area
electrons

Non exotic steels submerged in the electrolyte
(seawater) will suffer from corrosion damage
due to the formation of anodic and cathodic
areas over its surface. As corrosion proceeds
these areas move and corrosion is deemed as
uniform. Various standards have been issued
which state that the corrosion rate for steel in
seawater is in the region of 0.1mm/year.
Frequently however, non-uniformity of
electrolyte, inhomogeneity of the metal, the
variability of oxygen access or the presence of
corrosion products can combine at specific
locations leading to localised corrosion, often
referred to as pitting corrosion. The corrosion
rates when pitting occurs can be substantially
higher than general corrosion rates and is
typically one of the main causes of corrosion
failure.

Fe=> Fe 2+ +2eOxygen + Water
O2 + 2H20+4e =>4OHIn acidic environments

Cathodic
Area

O2 + 4H + 4e => 2H20

Hydroxide
Water

Cathodic Protection (CP)
The basic principle of CP is simple. A metal dissolution is reduced through the application of a cathodic current.
Cathodic protection is often applied to coated structures, with the coating providing the primary form of corrosion
protection.
The first application of CP dates back to 1824 when the British scientist Sir Humphrey Davy used iron to
cathodically protect the copper bottoms on Royal Navy vessels.
Cathodic protection is one of the most widely used methods for preventing the corrosive deterioration of metallic
structures in contact with any forms of electrolytically conducting environments, i.e. environments containing
enough ions to conduct electricity such as soils, seawater and basically all natural waters. Cathodic protection
reduces the corrosion rate of a metallic structure by reducing its corrosion potential, bringing the metal closer to
an immune state. The two main methods of achieving this goal are by using either:
Sacrificial anodes with a corrosion potential lower than the metal to be protected.
An impressed current system provided by an external current source.
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1.2.1

Sacrificial Anodes
When two dissimilar metals are connected together in the presence of an electrolyte a current will flow between
them through the electrolyte because of the difference in their potentials. The more positive potential will
become the cathode and be protected from corrosion and the more negative potential metal becomes the anode.
The current flow is from the anode to the cathode and the anode is therefore consumed and deemed sacrificial.
The objective of cathodic protection is to make the pipeline the cathode by connecting anodes (typically zinc or
aluminium) at suitable intervals along its length thus protecting the pipeline from corrosion.
On a pipeline system which incorporates a sacrificial cathodic protection system and a coating, the coating is the
primary means to protect the pipeline; however any defects in the coating or those that develop over a period of
time are protected by the cathodic protection system. Current will flow from the anodes to the bare steel caused
by the defect making the bare steel the cathode and therefore protecting the defect.

1.2.2

Impressed Current
An impressed current system is a form of cathodic protection, which uses a rectifier to convert alternating current to
direct current. The current is sent through an insulated wire to the "anodes," which are often made of inert
materials such as platinised titanium immersed in the electrolyte (water or the seabed). The current then flows
through the electrolyte to the structure, and returns to the rectifier through an insulated wire. The structure is
protected because the current going to the structure overcomes the corrosion-causing current normally flowing
away from it.
A schematic indicating the mechanisms for both sacrificial anodes systems and an impressed current system is
shown below.
Sacrificial Cathodic Protection
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Distribution of Electric Field
The distribution of potential field lines caused by the CP system and the effect of local variations is illustrated
below.
Equi-potential Fields In The Presence of Zinc Anode and Bare Steel
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To check the condition of a cathodically protected pipeline the following two parameters are used:
Electrochemical potentials
Electric field strengths
1.2.4

Electrochemical Potentials
The electrochemical potential of a steel member is a parameter defining the protective level produced by the
cathodic protection system installed on the structure. It is accepted that a properly protected pipeline must have
a potential level between -800 mV and -1050 mV (ref. marinised Ag/AgCl) if zinc sacrificial anodes are installed
and between -800 mV and -1100 mV for aluminium anodes.
If the potential reading is more positive than -800 mV, the point of measurement is considered to be underprotected creating a possible environment for corrosion action on the steel surface. It should be stated that the
rate with which corrosion actually takes place varies significantly between that of freely corroding steel with a
potential of –650mV wrt Ag/AgCl and the protection potential of –800mv.
On areas of potentials more negative than -1050 mV/-1100 mV, the production of hydrogen ions instead of
hydroxyl ions may lead to the possibility of hydrogen being produced at the cathode of the steel surface.
Commonly referred to as HIC (Hydrogen Induced Cracking), atomic hydrogen being very small can enter
through the metal atomic lattice structure and there recombine to form molecular hydrogen, as this continues the
molecular hydrogen can exert large forces if unable to dissipate. If this occurs at the site of a defect, grain
boundary or at the tip of a micro crack rapid failure can occur especially if combined with fatigue or in high tensile
conditions, situations of this kind can also be found in welds. An extreme case of ductility loss from hydrogen is
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the brittle fracture of susceptible materials under applied or residual tensile stresses. This form of cracking,
which typically changes from transgranular to intergranular with increasing yield strength and other processing
variables, is normally referred to as hydrogen embrittlement cracking (HEC).
(SOHIC). stress-oriented hydrogen-induced cracking, another hydrogen failure mechanism which produces an
array of blister cracks linked together in the thickness direction by transgranular cleavage.
It is important to bear in mind that the susceptibility for these types of problems is very much dependent on the
combination of metal hardness, stress & fatigue.
It has been found that certain high strength steels and exotic steel alloys which have been cathodically protected
have actually failed with potentials levels as positive as –800mV. In these cases specialised anodes with inbuilt
voltage limiting devices have to be used to avoid this problem.
These devices ensure that the potential difference between anodes and structure cannot be less than -300mV,
leading to protection potentials in the range ~-800 to -750mV. This does, of course, mean that the generally
accepted criterion for protection of any carbon steel in the structure (-800mV) may not be fully achieved, but in
practice, corrosion rates even at -750mV will be acceptably low. Potential limiting devices have been applied
offshore, particularly on mobile jack-ups.
Cathodic disbondment is also another common problem associated with cathodic overprotection, whereby the
hydrogen combines between the steel surface and a coating; if the hydrogen gas cannot diffuse then blisters can
form on the coating and eventually fail.
For pipelines under anaerobic conditions i.e. buried, it is generally accepted that a potential more negative than 900 mV is required to achieve satisfactory protection.
The unpolarised* potential of zinc and aluminium in seawater is in the order of
-1050 mV and -1100 mV respectively, depending on material quality, surface condition and temperature.
*Polarisation
Metallic surfaces can be polarised by the application of an external voltage or by the spontaneous production of
a voltage away from equilibrium. This deviation from equilibrium potential is called polarisation. The magnitude
of polarisation is usually described as an over voltage ( ) which is a measure of polarisation with respect to the
equilibrium potential (Eeq) of an electrode.
The simplest way to obtain a
potential values on a submerged
structure or pipeline is to use a
proximity CP probe, within which is
housed a hard sharp tip to make
contact with the surface being
measured linked to an Ag/AgCl
measuring cell via a high impedance
voltmeter.
Typically this type of probe can be
either used by a diver or through the
ROV umbilical, with the data read on
a voltmeter.
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Electrical Field Gradient (FG) Measurement
Although the measurement of cathodic protection potentials will give an adequate “snapshot” of the cathodic
protection level at the time of the survey, significantly more detailed information on anode output, current drain at
exposed steel and the general operating performance of the CP system can be obtained by the addition of
another Ag/AgCl measuring half cell. (see relationship below)
These readings are obtained from measuring the IR drop between two half cells in seawater (see below and can
be used in conjunction with data analysis to define anode current output, remaining anode life, indication of
marginal protection and current drain caused by coating damage.

CP & Field Gradient Measurement

V2

Cell 2

Vfg

d2

V1
Vd

Vcp

Cell 1

d1

VT

1.3

Remote Cell to Cell Technique
We have now considered two forms of data acquisition related to obtaining information on potential and electric
field strength.
As can be seen potential values (CP) can only be obtained at the time of making contact on the pipeline or
structure.
If we consider the following scenario it is possible to obtain a continuous potential profile along the pipeline. This
can be achieved using the remote “cell to cell” technique.
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Remote Half Cell Monitoring Overview

In the example below a remote Ag/AgCl half cell is deployed over the side of the survey vessel. The reason the
cell is called a “remote” half cell is that this half cell is sufficiently far away from the pipeline to ensure that the
pipeline CP system does not affect the potential, thereby providing a baseline with which to measure the
differences between the half cell on the probe which are caused by the local variations in the CP system close to
the pipeline or structure as the ROV surveys along the pipeline.
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Continuous potential using a remote half cell
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-1070mV

1.4

Anode Stab Calibration Adjustment
During the survey, cell drift and global potential changes can affect the accuracy of the measured potential.
To compensate for these variations, regular calibration contact measurements are required to remove these
offsets. Shown below is a schematic of how the stab and calibration adjustment is undertaken.
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Interpretation of CP and Field Gradient Data
The potential profiles and field gradient readings obtained along the pipeline give valuable information of the
corrosion protection level and CP system performance. The potential gives general protection level information
while the field gradient may give more detail on anode activity and areas requiring higher current distribution
such as at damaged areas, field joints, and spool pieces, etc. Also, from field gradient readings, anode current
output can be calculated and the remaining anode life can be estimated.
Therefore, from the close relation between potential and field gradient measurements, along the pipeline it is
possible to compute the level and distribution of potential and current density along the pipeline giving a general
representation of the efficiency and effectiveness of the CP system and the quality of the pipeline coating
integrity.
Typical results can be summarised as follows:
•
•
•

A well protected pipeline is expected to have:
Low electric field strength, and thus, low anode current output
General potential levels between -900 mV and -1050 mV against Ag/AgCl for zinc anodes, and between
-900 mV and -1100 mV for Aluminium alloy anodes.

A poorly or marginally protected pipeline is expected to have:
•
•
•
•

High negative field strengths and higher current output at anodes
Large drops in the potential profiles at the anode due to high current output.
High positive field strength readings at local areas of high steel concentration.
General potential levels more positive than -800 mV.
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Anode and Current Density Calculation

The remaining life of the anode is calculated as a function of the anode current output value (calculated from the
measured electric field strength). This indicates for how many years the anode will last if the current output is
constant.

2

1
R2

R1

= 2R, Diameter
R
Pipe or Anode

1. ∆E2-1 =ρ * R * i * ln (R2/R1)
FG at a defined position in mV/m
Where;
R= Radius of pipe or anode in metres
i = current density mA/m2
ρ = resistivity of seawater ohms/m
r = distance from centre of pipe to measuring position
R1= distance from centre of pipe to point 1
R2 = as above from point 2
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Remaining Life Calculations
The following formula is used to calculate the remaining life for anodes stabbed:

R.L.=

(Wo x u)-W
__________
Ixm

and
W =

I x m(Y-Yo)
__________
u

where;
R.L.
Wo
u
W
I
m

= remaining life (years)
= initial weight of the anode (kg)
= utilisation factor = 0.85
= consumption of anode material (kg)
= output current in A given by the measurement
= practical consumption of anode e.g.
3.62 Kg/A.year for Aluminium*

*The “m” values vary dependent on the electrochemical efficiency of the anode based on temperature and
composition for further details see DnV RP B401 Section 6.6)
Y
Yo

= year of survey
= year of installation

It should be stated that the remaining life is only estimation because the anode current may change considerably
over time.
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External Factors Affecting Data Acquisition

2.1.1 ROV
Electrical equipment on the ROV can affect the potential measurements obtained during a CP/FG survey.
Electrical currents can be produced by faults in cameras, lights and other electrical equipment used during a
survey and these can produce spikes & offsets in both the CP & field gradient data.
If the CP/FG signal is analogue i.e. where the raw voltages are passed through the ROV umbilical then
interference and offsets can be produced depending on the quality of the insulation and other external influences
for example, slip rings on the ROV winch.
The ROV’s own cathodic protection system can also create electrical fields, which can also affect the
measurements of the CP/FG logging system.
2.1.2 Probe Deployment
During survey it is important that the probe is close as possible to the pipeline & radially orientated, otherwise
offset errors can be introduced.

R

R

R
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The drawing below illustrates the offset errors that can be introduced due to incorrect probe orientation.

Requirement for Regular Calibration Contacts
The sketch below illustrates the requirement for regular calibrations contacts. This situation generally arises when a
pipeline is buried and regular calibration contacts cannot be taken. Significant errors can be introduced if regular
calibration contacts cannot be made.
Direction of pipeline survey

Active coating
damage

Anode

Can detect local
variations, but not global
changes in CP potential

Survey Start Position

2

CP Potential mV

2.1.3

1

1
2

True Potential Profile with regular contacts
CTC Close proximity survey with one contact at start

Position Km

Error increases due to
insufficient calibration
contacts. Error can be
100’s of mV
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Remote Electrode Deployment
The deployment of the remote cell is important and must be a sufficient distance from the pipeline being
surveyed so as to avoid the local influences of the pipeline CP system also affecting the remote half cell. Hence
the term “remote”.
As can be seen from the graph below, the potential gradient attenuation will vary with burial depth & distance,
however, typically these local effects will not be observed at distances greater than 3 metres.
The example given below is typical of an active anode.

Probe 0m from pipe surface 200mV/m
200

Pipeline condition
Field Gradient (millivolts per meter)

2.1.4
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Fully exposed
140

Half buried
Crown visible
Buried

100

Probe 0.5 m from pipe surface 60mV/m
60
Probe 1.0 m from pipe surface 20mV/m
20

0

0.5

1.0

2.0

3.0

4.0

Axial Distance from pipe surface ( meters )
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Technical Specification for CP-DAS Digital System
The CP-DAS Cathodic Protection Data Acquisition System combines cathodic protection profile and electric field
gradient measurements of submarine pipelines and structures during ROV surveys.
For pipelines the CP profile of the pipeline is measured with reference to a marinised Ag/AgCl cell in conjunction
with the offset value from the calibration contact measurement and a remote half cell usually deployed from the
survey vessel.- commonly referred to as the “towed remote”.
The electric field gradient (FG) is measured simultaneously with the potential by means of the integral matched
pair of Ag/AgCl reference cells which can be used to detect “active “ coating damage and allow current output
and remaining life of the pipeline’s sacrificial anodes to be calculated. The data is correlated with the
corresponding position fix (KP), provided by the survey computer. It is possible to display the raw CP & FG
values on video overlay if required.
Given that the pipeline diameter & pipe to probe distance and seawater resistivity is known then it is also
possible to calculate the current density on the surface of the pipeline.
On sub sea structures it is also possible to conduct potential and field gradient surveys. Continuous potential
readings can be obtained by making an earth connection to the jacket structure. Contact measurements can also
be obtained on members and anodes.
If anode information is known, current output and remaining life calculations can be undertaken to determine the
condition of the structure.

3.1

System Specification

3.1.1

Performance
•
•
•
•

3.1.2

Potential readings ref. Ag/AgCl 99.9% purity
Resolution 1 mV, accuracy ± 5 mV (DnV - RP B403)
Electric Field Strength (FG) Ag/AgCl ± 500µV
Remote Cell Ag/AgCl 99.9% purity
Components

• Probe with integral contact tip and two Ag/AgCl half cells to measure potential & field gradient.
• Cable connection to ROV twisted pair for RS485 communication plus one copper conductor for remote half
cell.
• Computerised logging unit incorporating ISIS logging & post processing software.
• Remote half cell.
• Calomel calibration electrodes.
• Zinc reference testing blocks.
• Set of interconnecting leads.
• Spares 100% back up if required
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Subsea Digitiser
•
•
•
•
•
•
•

3.1.4

37 cm
10 cm
5 kg
c/w whip
24 V DC
RS 485 or RS 232
2000 msw

Length
Diameter
Weight in Air

70 cm
7 cm
1.5kg

Topside Interface Unit
•
•
•

3.1.6

Length
Diameter
Weight in Air
Five Pin Sub con
Power Requirements
Transmission Protocols
Pressure tested to

Twin Half Cell Contact Probe
•
•
•

3.1.5
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RS232 to RS 485 Converter
Power Requirements 220 VAC
Includes Subsea Digitiser 24 VDC bench test power outlet

Logging Computer
Windows based laptop or desk top c/w two RS232 ports for communication with Subsea unit & navigation
input/output transmission includes ISIS CP logging & post processing software
CP-DAS…Cathodic Protection Data Acquisition System
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Probe Connections
CP Probe Connection to Subsea digitiser; Five pin Sub con Male
•
•
•
•
•
•

Pin 1 – Black
Pin 2 – White
Pin 3 – Red
Pin 4 – Green
Pin 5- Orange
Note Pins 4 & 5 are not used

Connection from ROV to Subsea digitiser; Five Pin Sub con Female
•
•
•
•
•

Pin 1 – 24 VDC
Pin 2 – 24 VDC
Pin 3 – RS 485
Pin 4 – RS 485
Pin 5 – Remote
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CP- DAS Overview
Schematic Data Input Lines from Twin Half Cell contact & remote probe

Input to Digitiser Measured potentials and
ranges

Cell2

C1 v C2 Range –20 , +20 mV Accuracy
+_0.05mV
C1 v Stab Tip Range 0, -1500mv
Accuracy +_ 1mV

Cell 1

C1 v Remote Range –20,+ 20 mV
Accuracy + _1mV

Stab tip
3 x Channels Measured continuously
C1 v C2

Remote

C1 v Stab Tip
C1 v Remote

ROV Topside Junction Box

Remote

ISIS RS485 to RS232 Convector

ISIS CP Logging CP

Data output RS 232 /RS485
Through ROV Umbilical

24 VDC input from ROV Power
Supply & Remote Ag/AgCl
Conductor

Including conductor for remote
Ag/AgCl

ISIS Sub sea Digitiser
Cell 2

Mounted on ROV

Cell
Cell22

Cell 1

Cell
Cell 1

Five pin male & female
Subcon connectors
Probe Whip to 5 pin Subcon

Stab tip

Stab tip

Brown to Pin1 Black
Blue to Pin 2 White
Yell/Green to Pin 3 Red

Note Female whip from
ROV
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3.2.1

Subsea Digitiser with RS232 Communications Option
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