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FOREWORD

This Malaysian Standard has been prepared by the Working Group on Cathodic Protection
under the authority of the Industry Standards Committee on Building and Civil Engineering.

This Malaysian Standard covers good up-to-date practice and contains both guidance on
general principles and detailed information on the cathodic protection of particular types of
structure or plant. Attention is drawn to the importance of considering any measures necessary
to prevent corrosion during the early stages of the design of structures and possible future
extensions. Design to prevent corrosion for example by selection of materials, avoidance of
unsuitable shapes or combinations of metal spraying or protective coating is important but
outside the scope of this standard.

A major area for cathodic protection is that concerned with off-shore applications. But off-shore
applications are to be covered in Part 2.

This Malaysian Standard was based on BS 7361 : 1991 ‘Cathodic Protection Part 1: Code of
practice for land and marine application’.

This standard also makes reference to the following :

NACE Standard RP 0387 : 90 - Metallurgical and inspection requirements for cast sacrificial
anodes for off-shore applications.

NACE Standard TM 0190 : 90 - Immersed current test method for laboratory testing of
aluminium anode.
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CODE OF PRACTICE FOR CATHODIC PROTECTION :
PART 1 : CODE OF PRACTICE FOR LAND AND MARINE APPLICATIONS

SECTION ONE : GENERAL

1.1 Scope

This Malaysian Standard covers the applications of cathodic protection for which principles of
use have been established, i.e. the prevention of the corrosion of buried or immersed metalwork
and the internal protection of containers for aqueous liquids.  It does not deal with the cathodic
protection of off-shore structures.

The code indicates general circumstances in which the application of cathodic protection is
likely to be economical as a method of corrosion prevention.  It covers general principles, their
application, the special problems arising in the protection of particular types of structure, the
safeguarding of neighbouring structures, electrical measurements, the commissioning,
operation and maintenance of cathodic protection systems, and safety aspects.  Off-shore
applications are to be covered in Part 2 (see Foreword).

NOTE 1.  Where detail of equipment is shown in the figures, the purpose is to assist in the reading of the text by

indicating typical arrangements.  The figures are not intended to establish preferred types of equipment.  Similarly, any
dimensions shown are to provide an indication of size, not to establish preferred dimensions.

NOTE 2.  The titles of the publications referred to in this code are listed in Appendix E.

1.2 Definitions

1.2.1 Anaerobic

The lack of free oxygen in the electrolyte adjacent to a metal structure.

1.2.2 Anodes

1.2.2.1 Anode

The electrode through which direct current enters an electrolyte.

1.2.2.2 Cantilever anode

An anode formed and supported as a cantilever.

NOTE.  This type of anode is used particularly for the impressed current protection of the inner surfaces of containers for
liquids.
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1.2.2.3 Continuous anode

A long flexible anode.

1.2.2.4 Sacrificial anode

An anode used to protect a structure by galvanic action.

NOTE.  Previously termed `galvanic anode' or  `reactive anode'.

1.2.2.5 Anode backfill

A low-resistance moisture-retaining material immediately surrounding a buried anode for the
purpose of decreasing the effective resistance of the anode to soil.

1.2.2.6 Anodic area

That part of a metal surface which acts as an anode.

1.2.3 Blistering (of paint film)

The formation of swellings on the surface of an unbroken paint film by moisture, gases, or the
development of corrosion products between the metal and the paint film.

1.2.4 Bonds

1.2.4.1 Bond

A piece of metal conductor, either solid or flexible, usually of copper, connecting two points on
the same or on different structures, to prevent any appreciable change in the potential of the
one point with respect to the other.

1.2.4.2 Continuity bond.

A bond designed and installed specifically to ensure the electrical continuity of a structure.

NOTE.  This may be permanent or temporary.  In the latter case it is used to connect two sections of a structure which
would otherwise be disconnected during a modification or repair.

1.2.4.3 Drainage bond

 A bond to effect electric drainage.

1.2.4.4 Remedial bond

 A bond installed between a primary and a secondary structure in order to eliminate or reduce
corrosion interaction.

1.2.4.5 Resistance bond

A bond either incorporating resistors or of adequate resistance in itself to limit the flow of
current.
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1.2.4.6 Safety bond

A bond connecting the metallic framework or enclosure of electrical apparatus with earth, in
order to limit its rise in potential above earth in the event of a fault, and so reduce the risk of
electric shock to anyone touching the framework or enclosure.

1.2.4.7 Bond resistance

The ohmic resistance of a bond including the contact resistance at the points of attachment of
its extremities.

1.2.5 Carbonation

The chemical reaction between atmospheric carbon dioxide and the calcium hydroxide present
in Portland cement.

1.2.6 Cathode

The electrode through which direct current leaves an electrolyte.

1.2.7 Cathodic area

That part of a metal surface which acts as a cathode.

1.2.8 Cathodic disbonding   

The failure of adhesion between a coating and a metallic surface that is directly attributable to
cathodic protection conditions and that is often initiated by a defect in the coating system, such
as accidental damage, imperfect application or excessive permeability of the coating.

1.2.9 Cathodic protection

A means of rendering a metal immune from corrosive attack by causing direct current to flow
from its electrolytic environment into the entire metal surface.

1.2.10 Cell

A complete electrolytic system comprising of a cathode and an anode in electrical contact with
an intervening electrolyte.

1.2.11 Conductor

A substance (mainly a metal or carbon) in which electric current flows by the movement of
electrons.

1.2.12 Corrosion

The chemical or electrochemical reaction of a metal with its environment, resulting in its
progressive degradation or destruction.

NOTE.  This standard is concerned with corrosion by electrochemical action.
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1.2.13 Corrosion product   

The chemical compound or compounds produced by the reaction of a corroding metal with its
environment.

1.2.14 Corrosion interaction

The increase or decrease in the rate of corrosion, or the tendency towards corrosion, of a buried
or immersed structure caused by the interception of part of the cathodic protection current
applied to another buried or immersed structure or current from other sources.

NOTE 1.  For convenience, also referred to as `interaction'.

NOTE 2.  Also known as `corrosion interference'.

1.2.15 Crossing point   

A point where two buried or immersed structures cross each other when viewed in plan.

1.2.16 Current density   

The current per unit geometrical area of the protected structure, coated and uncoated, in
contact with the electrolyte.

1.2.17 Dielectric shield   

A protective covering of insulating material applied to a painted structure in the immediate
vicinity of an anode to prevent the paint being stripped by alkali produced by the high current
density at the steel surface close to the anode.

NOTE.  This is usually applied to a ship's hull.

1.2.18 Differential aeration   

The unequal access of air to different parts of a metallic surface.

NOTE.  This often results in the stimulation of corrosion at areas where access of air is restricted.

1.2.19 Drainage

1.2.19.1 Electric drainage

A means by which protection of an underground or underwater metallic structure against
electrochemical corrosion is achieved by making an electrical connection between the structure
and the negative return circuit (rail, feeder, busbar) of a d.c. electric traction systems.

NOTE.  For convenience, also referred to as `drainage'.

1.2.19.2 Forced drainage

A form of drainage in which the connection between a protected structure and a traction system
includes an independent source of direct current.
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1.2.19.3 Polarized electric drainage

A form of drainage in which the connection between a protected structure and a traction system
includes a unidirectional device or devices such as a rectifier or a relay and contactor.

NOTE.  For convenience, also referred to as `polarized drainage'.

1.2.19.4 Drainage tests

Tests in which current is applied for a short period, usually with temporary anodes and power
sources, in order to assess the magnitude of the current needed to achieve permanent
protection against electrochemical corrosion.

1.2.20 Driving potential (of a sacrificial anode system)

The difference between the structure/electrolyte potential and the anode/electrolyte potential.

1.2.21 Earth (1)

The conducting mass of earth or of any conductor in direct electrical connection therewith.

NOTE.  The conducting mass of earth also includes expanses of natural water.

1.2.22 Earth (2)

A connection, whether intentional or unintentional, between a conductor and the earth.

1.2.23 Earth (3)

To connect any conductor with the general mass of earth.

1.2.24 Electrode

A conductor of the metallic class (including carbon) by means of which current passes to or
from an electrolyte.

1.2.25 Electrolyte

A liquid, or the liquid component in a composite material such as soil, in which electric current
flows by the movement of ions.

1.2.26 Electronegative

The state of a metallic electrode when its potential is negative with respect to another metallic
electrode in the system.

1.2.27 Electropositive

The state of a metallic electrode when its potential is positive with respect to another metallic
electrode in the system.
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1.2.28 Electro-osmosis   

The passage of a liquid through a porous medium under the influence of a potential difference.

1.2.29 Galvanic action   

A spontaneous chemical reaction which occurs in system comprising a cathode and an anode
in electrical contact and with an intervening electrolyte, resulting in corrosion of the anode.

1.2.30 Groundbed

A system of buried or submerged electrodes connected to the positive terminal of an
independent source of direct current, in order to lead to earth the current used for the cathodic
protection of a buried or immersed metallic structure.

1.2.31 Grounding cell   

Two electrodes of zinc or other sacrificial material that are separated by insulating spacers and
packaged in a low-resistivity back-fill material.

NOTE.  These provide, for surges and alternating currents, a low-resistance path between sections of a structure and
from structure to earth but drain only a small direct current from the cathodic protection system.

1.2.32 Holiday

A defect in a protective coating at which metal is exposed.

NOTE.  This may, in some cases, be as small as a pinhole.

1.2.33 Hydration (of cement)

The chemical and physical reactions between cement and water from which the material
derives its strength.

1.2.34 Impressed current

The current supplied by a rectifier or other direct-current source (specifically excluding a
sacrificial anode) to a protected structure in order to attain the necessary protection potential.

1.2.35 Instantaneous-off potential

The structure electrolyte potential measured immediately after the synchronous interruption of
all sources of applied cathodic protection current.

1.2.36 Joints

1.2.36.1 Isolating joint

A joint or coupling between two lengths of pipe, inserted in order to provide electrical
discontinuity between them.
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1.2.36.2 Insulated flange   

A flanged joint between adjacent lengths of pipe in which the nuts and bolts are electrically
insulated from one or both of the flanges and the jointing gasket is non-conducting, so that there
is an electrical discontinuity in the pipeline at that point.

1.2.37 Interaction test

A test to determine the severity of corrosion interaction between two buried or immersed
structures.

1.2.38 Ion   

An atom, or group of atoms, carrying a positive or negative electrical charge.

1.2.39 Joint cathodic protection scheme   

A scheme in which different structures, usually separately owned, are bonded together and
protected by a common cathodic protection installation.

1.2.40 Passivity

The state of the surface of a metal or alloy susceptible to corrosion where its electrochemical
behaviour becomes that of a less reactive metal and its corrosion rate is reduced.

NOTE.  This is generally the result of protective film formation.

1.2.41 pH

1.2.41.1 pH value

A logarithmic index for the concentration of hydrogen ions in an electrolyte.

NOTE.  See A1.

1.2.41.2 Acid   

Containing an excess of hydrogen ions over hydroxyl ions.

1.2.41.3 Alkaline

Containing an excess of hydroxyl ions over hydrogen ions.

1.2.41.4 Neutral

Containing equal concentrations of hydrogen ions and hydroxyl ions.

1.2.42 Pitting

A non-uniform corrosion of a metal whereby a number of cavities, not in the form of cracks, are
formed in the surface.
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1.2.43 Polarization

Change in the potential of an electrode as the result of current flow.

1.2.44 Polarization cell

 A device inserted in the earth connection of a structure that drains only a small current from the
source used to provide cathodic protection for the structure, but provides a low resistance path
to currents from high d.c. voltages and all a.c. voltages carried by the structure.

1.2.45 Protection current

The current made to flow into a metallic structure from its electrolytic environment in order to
effect cathodic protection of the structure.

1.2.46 Protection potential

The more negative level to which the potential of metallic structure, with respect to a specified
reference electrode in an electrolytic environment has to be depressed in order to effect
cathodic protection of the structure.

1.2.47 Protective coating

A dielectric material adhering to or bonded to a structure to separate it from its environment in
order to prevent corrosion.

1.2.48 Reaction (anodic, cathodic)

A process of chemical or electrochemical change, particularly taking place at or near an
electrode.

1.2.49 Redox potential

The potential taken up by a platinum electrode with respect to a reference electrode.

NOTE.  See A2.

1.2.50 Reference electrodes

1.2.50.1 Reference electrode

An electrode the potential of which is accurately reproducible and which serves as a basis of
comparison in the measurement of other electrode potentials.

NOTE.  Sometimes termed a `half cell'.

1.2.50.2 Calomel reference electrode

A reference electrode consisting of mercury and mercurous chloride (calomel) in a standard
solution of potassium chloride.
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1.2.50.3 Copper/copper sulphate reference electrode

A reference electrode consisting of copper in a saturated copper sulphate solution.

1.2.50.4 Silver/silver chloride reference electrode

A reference electrode consisting of silver, coated with silver chloride, in an electrolyte containing
chloride ions.

1.2.50.5 Standard hydrogen electrode

A reference electrode consisting of an electro-positive metal, such as platinum, in an electrolyte
containing hydrogen ions at unit activity, and saturated with hydrogen gas at 1 atm.

1.2.50.6 Sensing electrode   

A permanently-installed reference electrode used to measure the structure/electrolyte potential
and to provide a reference signal to control the protection current of an automatic impressed
current system.

1.2.51 Saponification

The chemical process of forming a soap; more particularly a deterioration by softening of paint
films caused by the action of aqueous alkali on fatty-acid constituents of the film.

1.2.52 Stray current

Current flowing in the soil or water environment of a structure and arising mainly from cathodic
protection, electric power or traction installations, and which can pass from the environment into
the structure and vice versa.

NOTE.  Stray alternating current is not considered in depth in the standard (see 3.8.4).

1.2.53 Structures

1.2.53.1 Protected structure

A structure to which cathodic protection is applied.

1.2.53.2 Unprotected structure

A structure to which cathodic protection is not applied.

1.2.53.3 Primary structure   

A buried or immersed structure cathodically protected by a system that may constitute a source
of corrosion interaction with another (secondary) structure.

1.2.53.4 Secondary structure

A buried or immersed structure that may be subject to corrosion interaction arising from the
athodic protection of another (the primary) structure.
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1.2.54 Structure/electrolyte potential

The difference in potential between a structure and a specified reference electrode in contact
with the electrolyte at a point sufficiently close to (but without actually touching) the structure to
avoid error due to the voltage drop associated with any current flowing in the electrolyte.

NOTE.  Similar terms such as metal/electrolyte potential, pipe electrolyte potential, pipe/soil (water) potentials etc., as
applicable in the particular context are also used.

1.2.55 Sulphate-reducing bacteria

A group of bacteria found in most soils and natural waters, but active only in conditions of near
neutrality and freedom from oxygen, which reduce sulphates in their environment with the
production of sulphides.

1.2.56 Utilization factor

That proportion of anode material on an anode that may be consumed before the anode ceases
to provide a current output as required in the design.

1.3 Exchange of information

The application of cathodic protection externally to buried or immersed objects causes direct
current to flow through the soil or water and this may accelerate the corrosion of other buried
structures or plant. Therefore the owners of any other structures, or plant near the cathodic
protection installation and/or protected structure should be consulted. This does not apply to
plant protected internally by cathodic protection.  There are also possibilities of electrical
interference with telecommunication circuits and of causing false operation of railway signalling
circuits.

Cathodic protection equipment may give rise to certain hazards, particularly in areas where
there are flammable liquids or gases.  In such cases, consultation between the installer and
owner is necessary. Where the equipment is required to be flameproof, the relevant provisions
of BS 5345 apply.

1.4 Quality and performance of equipment

The quality and standard of performance of the components of a cathodic protection system
should be not inferior to those specified in the appropriate British Standard.

In addition to the standards referred to in the text of this code, relevant British Standard
specifications and codes of practice are listed in Appendix E.
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SECTION TWO :  GENERAL PRINCIPLES

2.1 Introduction

This section covers the electrochemical aspects of corrosion and cathodic protection as an aid
to the understanding of the rest of this code.

2.2 Behaviour of buried or immersed metals in the absence of
cathodic protection.

2.2.1 The nature of metal corrosion

 When a metal corrodes in contact with an electrolyte, neutral atoms pass into solution by
forming positively charged ions. Excess electrons are left in the metal. The process is shown for
iron in equation 1.

Fe Fe++  + 2e- (1)

Thus corrosion is accompanied by the flow of an electric current from metal to electrolyte due to
the movement of positive ions into the electrolyte and of electrons into the metal.  Any area at
which current flows in this direction is referred to as an anodic area, and the reaction is called
an anodic reaction.  The metallic ions may react with negative ions in the electrolyte to give
insoluble corrosion products (for example, rust in the case of steel). Such reactions do not
materially affect the corrosion process except where insoluble corrosion products are able to
stifle further corrosion attack (see 2.2.4).

Overall electric neutrality has to be maintained. For the corrosion reaction to proceed, therefore,
the movement of electrons into the metal and positive ions into the electrolyte at the anodic
areas has to be counterbalanced by the passage of current from the solution to the metal and
the consumption of electrons at other areas, known as cathodic areas. Various reactions can
occur at cathodic areas (see 2.2.5); they are known as cathodic reactions. Thus during the
corrosion process, electrons are transferred through the metal from one site on the metal
surface to another (electronic conduction) and positive ions are transported through the
electrolyte (electrolyte conduction). The current flowing round the circuit is proportional to the
corrosion rate. For example in the case of iron or steel, two electrons are released for each
atom going into solution, as shown in equation 1, and a 1A corrosion current of 1A corresponds
to a loss of about 9 kg of metal year.

2.2.2 Polarization   

The potential difference between any metal and its surrounding electrolyte varies with the
density and direction of any current crossing the interface. This variation is referred to as
polarization. The potential difference is also dependent on the types of chemical reaction
occurring at the metal surface. The metal/electrolyte potential difference may be measured
using a reference electrode and the arrangement  shown in Figure 1.  Since  the  measured
potential difference  also depend on the type of reference  electrode which is used, the type of
reference electrode must always be stated. The polarization of a metal surface may be
conveniently represented by plotting potential against the logarithm of current flowing to or from
the metal surface, i.e the degree of polarization of the anodic and cathodic reactions. A
schematic representation is shown in Figure 2. Although the current of the cathodic reaction is
in the negative direction, it is shown in the Figure in the positive direction for convenience.



MS 1347 : PART 1 : 1994

12

I is the polarization current Ecorr is the corrosion potential
Icorr is the corrosion currrent

Figure 1.  Arrangement for measurement Figure 2.  Schematic polarization
of structure/electrolyte potential curves

It  will be easily  seen that  at the corrosion  potential Ecorr the anodic and cathodic  currents  are
equal  in  magnitude  and  opposite  in  sign.  Hence  all  the  electrons  produced  by  the
anodic  reaction  are consumed  by  the cathodic  reaction  which  is  the  condition  existing  on
a  freely corroding metal surface. Icorr is the corrosion current at the corrosion potential Ecorr.

From the Figure it can be seen that if the potential of the metal can be reduced by external
means, the corrosion (anodic) reaction rate will decrease and the cathodic reaction rate will
increase.  Conversely, the corrosion rate is increased by making the metal more positive.

2.2.3 Formation of cells   

If the potentials of two different metals with respect to an electrolyte are measured with the
arrangement shown in Figure 3, and the metal marked A is found to be more negative when the
switch is closed, current will flow in the direction shown by the arrows. Metal A will therefore be
the anode and will be corroded, while metal C acts as the cathode.

Commonly used metals and conducting materials are listed below in such order that each
normally acts as an anode with respect to all the materials which follow it:

(a) magnesium (most electronegative of the materials listed);
(b) zinc;
(e) aluminium (certain aluminium alloys may be more electronegative);
(d) iron and steel;
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(e) lead;
(f) brass;
(g) copper;
(h) graphite, coke etc. (most electropositive of the materials listed).

Thus, for example, the connection of magnesium to iron results in a cell in which the
magnesium acts as an anode and the iron as a cathode.

Cells may also arise due to differing properties of the electrolyte in contact with different parts of
the same metal surface. An increased concentration of oxygen tends to make the potential of a
metal more positive; thus variation of soil density and porosity is a common cause of corrosion
cells.  Arrangements giving rise to such cells are shown in Figure 4. The size of the cells may,
vary greatly.  In Figure 4(c), for example, the anodic area may be small.  The resultant pitting
can, however, lead to rapid penetration of the metal.

2.2.4 Passivity

If the corrosion product forms an adherent film on the surface of the metal, further attack may be
prevented. The corrosion resistance of stainless steels, for example, is due to protection by
oxide films.  The metals aluminium, titanium and tantalum also form highly resistant and
adherent oxide films which restrict the rate at which metal ions can pass into solution.

2.2.5 Reactions at cathodic areas   

Equations 2 and 3 show the most common reactions that occur at cathodes.

2 H+ + 2 e- H2 (2)
Hydrogen Electrons Hydrogen
ions ions gas

O2 +         2 H2O +4 e-                  4 OH- (3)
Oxygen           Water Electrons         Hydroxyl

ions                  ions

The first of these reactions is favoured by acidity (excess of hydrogen ions) while the second is
favoured by the presence of dissolved oxygen and near-neutral conditions. Both tend to make
the electrolyte alkaline near the cathode (excess of hydroxyl ions over hydrogen ions: see
Appendix A).
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Figure 3.  Formation of a cell

In contrast to the anodic reaction (for example equation 1), cathodic reactions do not involve the
passage of metal into solution.  Hence, in general, corrosion does not occur at cathodic areas.
In aerated, near-neutral conditions, the iron ions produced at the anode react with the hydroxyl
ions formed at a nearby cathodic site to produce ferrous hydroxide.  However, ferrous hydroxide
is readily converted to rust in the presence of oxygen, thus the overall reaction which proceeds
through a series of intermediate steps is that, given in equation 4.

4 Fe + 3 O2 + 2 H2O  2 Fe2O3.H20 (4)
Hydrated
ferrous oxide or rust

In practice the rate of corrosion is often determined by the rate at which the cathodic reaction
can be maintained.  For example, if the relevant reaction is that given by equation 3,
replenishment of oxygen may be the controlling factor.

In near-neutral anaerobic soils, sulphate-reducing bacteria give rise to a further type of cathodic
reaction and soils of this kind are often particularly aggressive to iron and steel.  It is possible by
determining pH and redox potential, to assess whether conditions are such that
sulphate-reducing bacteria are likely to be active (see Appendix A).

The reactions occurring at cathodes do not directly result in corrosion. It should be noted,
however, that the environment of the metal is altered, for example it becomes more alkaline
(see above). In the case of aluminium, zinc and occasionally lead, corrosion may result.
Alkalinity may also cause deterioration of paints and other coatings by saponification.  Effects of
the cathodic reactions that arise when cathodic protection is applied are listed in 3.8.1.
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NOTE.  Arrows indicate the direction of current flow:

Figure 4.  Cells due to differential aeration
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2.3 Cathodic protection

2.3.1 Basis of cathodic protection

Corrosion requires the existence of anodic and cathodic areas.  The corrosion process in
aerated water is shown in Figure 5. If electrons are caused to flow into the structure from an
external source, then the positive ions leave the metal surface less readily but the cathodic
process is enhanced.

These principles can be illustrated using polarization curves as shown in Figure 6. If the
potential of the metal is reduced by the external supply of electrons from Ecorr, to Ep, then the
anode current and hence the corrosion attack, will cease and cathodic protection will have been
achieved. Ep is called the protection potential.

Ecorr is the corrosion
Ep is the protection potential
Ip is the protection current

Figure 5.  Anodic and cathodic reactions Figure 6.  Relationship between
at a steel surface polarization and cathodic
protection

The cathodic current (Ip) at the protection potential has to be sustained by the external source
achieved by connecting the structure to an auxiliary anode which has to provide the necessary
current density to all parts of the surface of the structure which will then become the cathode. If
the anode is a material such as magnesium, the current will flow because of the potential
difference arising from the cell formed and the auxiliary anode will be consumed. This type of
anode is called a sacrificial anode.  Alternatively, the potential difference may be derived from a
separate d.c. voltage source.  Such an arrangement is termed an impressed current system and
allows a wide choice of materials for the auxiliary anode.
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These materials are normally chosen so that they are consumed at only a very low rate.  Typical
Figures for the average current density required to maintain the protection potential in particular
applications are given in the relevant sections of this code.  It is stressed, however, that the
average Figures provide general guidance only.

2.3.2 Cathodic protection criteria

2.3.2.1 General

The potential difference between a metal surface and the electrolyte (soil or water) is normally
used as the criterion that satisfactory cathodic protection has been achieved. The minimum
values that need to be achieved (the protection potentials) are listed in Table 1. Values more
positive than these will allow corrosion to occur. The values depend on the reference electrode
used; factors affecting the choice of reference electrode are discussed in 4.2.1.

In practice the potential may vary considerably over the surface of the metal. It is therefore
important in assessing, for example, a cathodic protection installation on a buried pipeline, to
ensure that the measurements should enable the least negative metal/soil potential to be
located. This will necessitate measuring at a sufficient number of points along the route of the
pipeline, taking into account the considerations given in 4.3.2.

Unless the reference electrode is placed very close to the metal surface, measurement of the
potential difference between the metal surface and the electrolyte can be considerably affected
by the potential drop produced by the protection current as it flows, through the surrounding
electrolyte to the structure. This effect, which is often referred to as `IR drop', has the effect of
making the measured potential more negative than the actual, potential at the metal/electrolyte
interface.  Unless a method of measurement is used that eliminates or sufficiently reduces the
effects of IR drop (see 4.3.2.2) adjusting the cathodic protection current to the value that gives
the relevant protection potential shown in Table 1 may not provide full protection. IR drop is
dependent on electrolyte resistivity and is particularly pertinent to buried structures. With a
coated structure the resistance of the coating will also have an effect. The instantaneous-off
potential method as a means of minimizing IR drop error is rapidly gaining acceptance.
However, alternative techniques are available which can be shown to reduce IR errors to
acceptable levels may be employed.

Subject to the above considerations, cathodic protection of a particular metal is achieved by
bringing it to the potential shown in Table 1 or to a more negative potential.

Special recommendations relating to particular metals are given in 2.3.2.2 to 2.3.2.6.

2.3.2.2 Iron and steel

As shown in Table 1, a more negative potential is recommended for iron and steel when they
are installed in conditions that are likely to become anaerobic, for example clay soils. This is
because of the effects of sulphate reducing bacteria.

2.3.2.3 Stainless steels

Polarization of stainless steels to excessively negative potentials may result in hydrogen
evolution which can cause blistering and loss of mechanical strength.

In many environments, stainless steels will not need protection.  In some cases anodic
protection is used.
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Stainless steels are, however, often susceptible to crevice corrosion. A crevice may be
encountered at a riveted or bolted seam for example, or between a metal and a non-metal such
as at a gasketed joint.  Crevice attack is a particular form of differential aeration corrosion and is
most often encountered in a marine environment. It has been found that cathodic protection will
significantly reduce the incidence and severity of this form of corrosion. Polarization to potentials
given for iron and steel in Table I is necessary. It should be noted however that a stainless steel
surface may become more susceptible to crevice corrosion attack if it receives cathodic
protection for some time and is then disconnected from the cathodic protection system.

Experience has shown that random pitting of stainless steel may not be influenced by cathodic
protection, despite the evidence from certain laboratory studies.

2.3.2.4 Steel in concrete

Iron and steel that is fully enclosed in sound concrete free from chlorides would not normally
require cathodic protection. If steel is only partly enclosed in concrete, the protection potential is
determined by the part that is exposed to soil or water as is indicated in Table 1. If cathodic
protection is to be applied, for example, because of evidence of chloride intrusion other criteria
may, need to be adopted for the steel in concrete. Correct or reliable measurement of the actual
steel electrolyte potential is not always possible and a criterion based on the level of polarization
achieved may be more appropriate.

One such system gaining general acceptance is to require as evidence of protection that the
instantaneous-off potential (see 4.3.2.3) should be 100 mV more negative than the fully
decayed potential (measured up to 4 h later). The cathodic protection of reinforcing steel in
concrete is discussed in Appendix B.

2.3.2.5 Aluminium

Aluminium may corrode if the potential is made too strongly negative and, for this reason, it is
not normally included in cathodic protection schemes. There have been indications that
corrosion can be prevented if the potential is maintained between the limits shown in Table 1.

2.3.2.6 Lead

In alkaline environments, lead may occasionally be corroded at very negative potentials.
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Table 1. Minimum potentials for cathodic protection

Metal or alloy Reference electrode (and condition of use)

Copper/copper

sulphat (in soils
and fresh water), V

Silver/silver

chloride/saturated
potassium
chloride (in any
electrolyte), V

Silver/silver

chloride/sea-water
(see note), V

Zinc/sea-water
(see note 1). V

Iron and steel

i) aerobic
environment

ii) anaerobic
environment

Lead

Copper-based

alloys

Aluminium

i) positive limit
ii) negative limit

- 0.85

- 0.95

- 0.6

- 0.6 to - 0.65

- 0.95
- 1.2

- 0.75

- 0.85

- 0.5

- 0.4 to - 0.55

- 0.85
- 1.1

- 0.8

- 0.9

- 0.55

- 0.45 to - 0.6

- 0.9
- 1.15

+ 0.25

+ 0.15

+ 0.5

+ 0.6 to + 0.45

+ 0.15
- 0.1

NOTE 1. For use in clean, undiluted and aerated sea-water. The sea-water is in direct contact with the metal electrode.

NOTE 2. All Figures have been rounded to the nearest 0.05 V.
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SECTION THREE : APPLICATION : CONSIDERATIONS APPLICABLE TO
MOST TYPES OF STRUCTURE

3.1 Introduction

This section indicates the range of applications of cathodic protection and presents factors
which determine whether it would be economical in particular cases. The general basis of
design for cathodic protection systems is described and the general features of materials and
equipment are indicated.

3.2 Range of application

Cathodic protection can, in principle, be applied to any metallic structure or plant that is in
contact with a mass of soil or water. The application of cathodic protection to metal surfaces that
are intermittently immersed for example due to the action of tides, may also be beneficial.

Economic considerations, however, sometimes restrict the range of application. It may, for
example, be uneconomical to protect certain types of existing structure because the cost of
making them suitable for cathodic protection is excessive.

The function of the structure or plant under consideration will determine the benefit to be
expected by suppressing corrosion. If the consequences of penetration by corrosion are
important, for example, hazards due to leakage of toxic or flammable gas or liquid, or
interruption of the operation of a large plant or the failure of a ship's plate, the need to ensure
complete reliability will become overriding and complete cathodic protection to the potentials
listed in Table 1 would be regarded as economical even under otherwise unfavourable
circumstances.  However, it should be noted that the first increment of potential fall is more
effective in reducing corrosion than the next increment and in some circumstances, e.g. with
non-hazardous contents or where a degree of corrosion can be tolerated by the structure, less
negative potentials than those listed in Table 1 may be acceptable and/or economical.

Cathodic protection has been applied to a large variety of structures, including pipelines,
storage tanks, ships and industrial plant.

3.3 Basis of design

It has been shown in section 2 that cathodic protection is achieved by causing current to flow
from the surrounding electrolyte into the structure at all points.

The criterion for protection is that the potential of the metal with respect to the electrolyte
immediately adjacent to it should be, at all positions, more negative than the appropriate
protective potential given in Table 1. The current required to achieve this will vary according to
type of structure and environmental conditions as shown in Table 2. Figure 7(a) represents, in
outline, the components of a cathodic protection system which consists of a buried or immersed
anode, a connection to the structure to be protected and, in the case of impressed current
systems only, a source of e.m.f.
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Current flows in the metallic parts of the circuit in the directions indicated by the arrows and
returns through the electrolyte (soil or water) to the protected structure. When the potential drop
through the electrolyte and/or the structure is appreciable, the potential change due to the
cathodic protection is non-uniform as shown in Figure 7(b).  The following factors tend to
increase the non-uniformity of the cathodic protection:

(a) small separation between the anode and the structure (particularly if the electrolyte
resistivity is high);

(b) high resistivity of soil or water (particularly if anodes are close to the structure);

(c) high current density required to protect the structure;

NOTE 1.  The current density will  be  governed  by  the  quality of the coating, if any, and the  availability  of  oxygen  at
the surface of the metal or the activity of sulphate-reducing bacteria (see 2.2.5).

(d) high electrical resistance between different parts of the structure;

(e) non-uniform coating quality;

NOTE 2.  The potential  difference  between  the  metal  and  its environment is liable to be less at a coating defect.

The tendency for the current density to be highest at points nearest the anode may occasionally
be an advantage since it is possible to concentrate the effect at a point where it is most needed.
For example, when corrosion of iron or steel occurs due to proximity of a more electropositive
metal, the attack is often local and only a small proportion of the surface may require protection.

Normally, however the whole of the metal surface is to be protected and non-uniformity, as
shown in Figure 7(b), is uneconomical because some parts of the surface receive more current
than is required to attain the protection potential. Moreover, since the potential should,
generally, not be made too strongly negative, it may be impossible to compensate for poor initial
design by increasing the current and thereby making the potential more negative.  Additional
anodes will therefore be needed and, in the case of protection by impressed current on
extensive structures, this will also entail the provision of additional sources of e.m.f. Thus, if the
use of cathodic protection is envisaged, a first step is to consider whether the structure or plant
can be designed, or modified if it already exists, in such a way as to make the installation of
cathodic protection more economical. Consideration should also be given to the correct placing
of anodes both as regards separation from the structure and their distribution over the surface.
When structures such as pipelines are being protected with impressed current, considerations
such as the availability of power supplies may, however, have an important bearing on the
design.
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Table 2.  Recommended current densities for bar (uncoated) steel surfaces

Current densities, mA/sq.m

Onshore soil resistivities
      Less than 1,000 Ω.cm

      1,000 to 5,000 Ω.cm
      5,000 to 10,000 Ω.cm
      Greater than 10,000 Ω.cm

5 to 10
2 to 5
1 to 2
0.5 to 1

Seawater of 20 Ω.cm @ 20°C
      Fixed structures
      Moving vessels
      Sea-mud of 400 Ω.cm @ 20°C

40 to 110
100
10 - 30

Internals with seawater @ 20°C
      Storage and ballast tanks
      Circulating water boxes
      Pipelines internal*

90 to 130
2,000
200 - 2,000

*  Depends on flow-rate of the seawater. Trial runs should be conducted to determine actual current density required.
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(b)   Structure/soil potential

Figure 7.  A cathodic  protection system and the distribution
of structure/electrolyte potential
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The two systems for cathodic protection, sacrificial anodes and impressed current, are
described in 3.4 and 3.5 and their characteristics are compared in Table 6. It is sometimes
possible to make use of current flowing in the soil due to the operation of traction systems.
Sometimes a structure is protected by a combination of a sacrificial anode system and an
impressed current system operating together. This may be called a hybrid system.

3.4 Protection by sacrificial anodes

3.4.1 General

When two dissimilar metals are placed in an electrolyte and joined by a conductor, an electric
current tends to flow from one metal to the other. Any such current flow will increase the
corrosion of the less noble (anodic) metal and reduce that of the more noble (cathodic) one.
This is the basis of cathodic protection with sacrificial anodes.

Steel structures are protected by connecting to them anodes (magnesium, aluminium or zinc
alloys) which are less noble than steel and are available at an economical price. In the same
way, because steel is less noble than brass, steel sacrificial plates and plugs are used to
prevent corrosion and de-zincification of brass, or reduce crevice attack on austenitic stainless
steels and titanium.

3.4.2 Anode materials

3.4.2.1 Capabilities and consumption rates of sacrificial anode materials are listed in Table 5.

3.4.2.2 Magnesium alloy

The potential difference between magnesium alloy and steel is greater than between zinc, or
aluminium, and steel and this enables magnesium to be used economically in media of higher
resistivity (up to 3000 � .cm) than where zinc or aluminium are used.

The magnesium alloy generally used for cathodic protection is of high purity. The specification is
as specified in Table 3.

3.4.2.3 Zinc

Zinc anodes of high-purity metal are required in order to provide a continuous protective current.
Metal complying with the requirements of USA Military Spec. MIL-A-18001J is suitable. The
specification is as specified in Table 4.

Also acceptable is high-purity zinc (5 mg/kg Fe max., 1 mg/kg Cu max.)

Zinc of too low a purity has often failed as an anode material because corrosion products
accumulate on the metal surface and greatly decrease current output.
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Table 3

Element Standard type High potential type

Al 5.0 - 7.0% 0.010% Max

Mn 0.15% Min 0.50 to 1.30%

Zn 2.0 - 4.0% -

Si 0.10% Max -

Cu 0.02% Max 0.02% Max

Ni 0.003% Max 0.001% Max

Fe 0.003% Max 0.03% Max

Other 0.30% Max 0.05% each or 0.03% Max
total

Magnesium Remainder Remainder

Table 4

Element

              18 - 001J

Chemical composition
% by wt.

Lead 0.006 Max

Iron 0.005 Max

Cadmium 0.025 - 0.07

Copper 0.005 Max

Aluminium 0.10 - 0.50

Silicon 0.124 Max

Zinc Remainder

Zinc gives a relatively small current output, as its potential difference (driving force) with
protected steel is approximately 0.25 V as compared with 0.6 V for magnesium. It is not
normally economical to use it in media with a resistivity greater than 1500 � .cm. Its main use is
to provide protection in sea water or when only a small current is required and a long service life
is desirable.  An example of this is the use of zinc anodes as bracelets on well-coated
submarine pipelines.

Zinc anodes can be used at higher water temperatures (in the range, 30-60oC);
magnesium-alloy anodes will corrode too rapidly, see (4.3). The anode potential gradually
deteriorates towards the temperature of 60oC, and at approximately 70oC in some types of
water, the polarity may change from negative to positive with respect to iron, thereby promoting
an attack on steel instead of preventing it.
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3.4.2.4 Aluminium

Aluminium alloys have found wide application for cathodic protection of offshore structures.

A problem encountered a number of times was the passivation of the anode with a resulting
under protection of the system. An approval test method capable of indicating which anode
composition fulfils requirements. The composition of anodes are often proprietary although
some typical (effective) compositions are recognised (see Table D1.). Nevertheless testing and
subsequent approval of unknown suppliers' material is essential. Testing takes place at various
operating temperatures. Details of test method are provided in Appendix D.

3.4.3 Anode characteristic

3.4.3.1 General   

Current output (i.e. mA supplied per anode) is of primary importance in the application of
sacrificial anodes as this determines the number of anodes required and their rate of
consumption, i.e. their service life.  Capacity figures are given in Table 5.

3.4.3.2 Anode efficiency

In practice the theoretical A.h output of sacrificial anodes is not all available for cathodic
protection, as apart from the anode material being consumed in protecting the structure, part of
the material is also being consumed by the normal self-corrosion of the anode due to the action
on it of the electrolyte.

The anode efficiency is the ratio of the ampere-hours actually supplied to the theoretical
ampere-hours output per unit weight of metal consumed.

The efficiency of magnesium-alloy anodes is usually about 50%. To obtain this efficiency, the
magnesium alloy should be of correct composition with a low impurity content; the anodes
supplied by reputable manufacturers are satisfactorily in this respect. The efficiency is also
influenced by the environment. In soil or water with a moderate to low salt content, the efficiency
may be low because the current output is low and consequently the anode's own corrosion may
be relatively high.  The use of a special backfill around the anode gives a higher current output
and a better anode efficiency.

At increased temperatures, e.g. in box coolers, the self-corrosion of the anodes is greater and
therefore their efficiency decreases.  For this reason magnesium alloy anodes should generally
not be used when the temperature is higher than approximately 30� C in brackish or salt water
or higher than approximately 45oC in fresh water.  In sea water their life is too short.

Zinc anodes normally operate at an efficiency of about 90% and aluminium anodes at about
95%.  The capacity Figures given in Table 5 have been corrected and are practical consumption
rates.

3.4.3.3 Current output of anodes

The current output of sacrificial anodes depends on the driving force available and the circuit
resistance.  The driving force is the difference in potential between anode and protected steel.
The former depends on the type of anode used and is given in Table 5. The potential of the
protected steel is the minimum requirement as given in Table 1.
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The circuit resistance can be calculated and is the sum of cable resistance (which should be
negligible) and anode-in-medium resistance. For the calculation of the latter a number of
formulae available, each covering a type of medium or shape of anode.  The disturbance
caused by mutual interference is detailed (3.4.3.3.4).

3.4.3.3.1 Vertical anode in soil

For a single anode placed in soil vertically, the following relationship applies:

  0.1588 �       8L
Rvert = ----------------  (2.3 log ----  -  1) (5)

     L       d

     in which Rvert = anode resistance in �
�       = medium resistivity in � .cm
L      = anode length in cm
d      = anode diameter in cm

3.4.3.3.2 Horizontal anode in soil

For an anode single or in multiple  series in a single horizontal line (Trench) the following
relationship applies:

           0.1588 �                   4L              L                  S
Rhor  =  -------------  (2.3 log -----  +  2.3 log ---  -  2  +  ---------) (6)

     L                 d              S              0.5 L

in which R, � , L, d as in (3.4.3.3.1)
               S  =  anode depth in cm

3.4.3.3.3 Anode in water

For a stand-off anode the following relationship applies;

            � � � � � � � � � � � � 4L
R   =  ------ (ln -----  -  1) (7)
          2� L         r

in which R = anode resistance in ohm
 �  = medium resistivity in � .cm (for sea water this is 25 to 30 � .cm)
 L = anode length in cm

 r = mean effective radius in cm = 
ð

area sect. cross
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For a bracelet-type anode (as e.g. used on pipelines) the following relationship applies;

     0.315 �
Rbracelet  = -------------- (8)

       � A

in which R and �  as in (3.4.3.3.1)
A = exposed surface area in cm2

For a plate anode (e.g. shiphull type) the following relationship applies;

�
Rplate = ------ (9)
            2S

in which R and �  as in (3.4.3.3.1)
 S = mean of the 2 sides (thickness ignored) in cm

3.4.3.3.4 Spacing factors

When anodes are placed in close proximity they mutually interfere.  The resistance of a group of
anodes is therefore higher than the single anode resistance divided by the number of anodes.

The spacing factor to be used for correcting the anode bed resistance is found from:

   �
Fn = 1 + ------ ln 0.66n (10)

 � sR

in which     Fn  = spacing factor (>1)
     �  = soil resistivity in � .cm
     s  = anodes spacing in cm
     R  = single anode resistance
     n  = number of anodes

The anode bed resistance is obtained as follows;  Fn x  single anode resistance
                  number of anode, n

3.4.3.3.5 Cable resistance

The current-carrying capacity of cables used for cathodic protection (interconnection wire) is
seldomly used to its maximum. More consideration is given to the maximum acceptable circuit
resistance. Sometimes cable resistance can have considerable impact.
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For a bracelet-type anode (as e.g. used on pipelines) the following relationship applies;

0.315

Rbracelel = --"------

vA

in which R and p as in (3.4.3.3.1)

A = exposed surface area in cm2

For a plate anode (e.g. shiphull type) the following relationship applies;

Rplate ='p
2S

in which Rand p as in (3.4.3.3.1)

S = mean of the 2 sides (thickness ignored) in cm

3.4.3.3 .4 Spacing factors

(8)

(9)

When anodes are placed in close proximity they mutually interfere. The resistance of a group of
anodes is therefore higher than the single anode resistance divided by the number of anodes.

The spacing factor to be used for correcting the anode bed resistance is found from:

P
F„ = 1 + ------ In 0.66n

itsR

in which F = spacing factor (>1)

p = soil resistivity in SZ.cm
s = anodes spacing in cm
R = single anode resistance
n = number of anodes

The anode bed resistance is obtained as follows; F, x single anode resistance

number of anode, n33.4.3.3.43.4.3.3.5

(10)

The curr3.4.3.3.5ent-carrying capacity of cables used for cathodic protection (interconnection wire) is
seldomly used to its maximum. More consideration is given to the maximum acceptable circuit
resistance. Sometimes cable resistance can have considerable impact.
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3.4.4 Practical application

3.4.4.1 Installation of a sacrificial anodes

3.4.4.1.1 In soil

 Anodes are buried along the length of perimeter of the  structure. They can be installed upright
or horizontally, if possible sufficiently deep to be in permanently moist soil. The distance of the
anode to the structure will be relatively short say no more than 5 metres.

The anode shall always be surrounded by a low-resistance medium (backfill) in order to
promote even current discharge. The backfill used for sacrificial anodes is composed of a
bentonite/gypsum 50/50 mixture. Often anodes can be obtained surrounded by backfill in a linen
bag and provided with a cable tail ready for installation.  Typical installation of sacrificial anode
on ships are shown in Figure 8 and Figure 9.

3.4.4.1.2 In water

Anodes will be ordered with cast-in steel core. This core shall be made of readily weldable steel
and can have the form of flat strip, round bar or pipe. The core is welded to the structure either
directly  (e.g. on offshore structures) or a cad-welded cable between core and structure  is used
(e.g. for bracelets around pipelines). Typical installation of sacrificial anode on ships are shown
in Figure 8 and 9.

The distance between anode and structure depends on the condition of the structure.  For
coated steel the minimum distance is zero, for a bare structure the minimum is 25 cm.  The
maximum distance is not critical provided the ohmic resistance of the interconnection is small
compared with the anode resistance in the medium.

3.4.4.2 Electrical connections

A low resistance connection is essential for the ensurance of maximum benefit from sacrificial
anodes. Connections via cables or cores should preferably be by welding.  The method often
used for cable to steel connection is thermit welding (cad welding).  Provided the size of charge
is correctly chosen (manufacturers' instructions), the surfaces are very clean and the
atmospheric conditions acceptable (dry), the quality of a cad weld is good.  Some authorities
have objections against the use of thermit welding on high-strength and stainless steels
because of possible copper penetration and resulting liquid metal embrittlement.   In such a
case use can be made of a steel double plate of compatible materials onto which the cable is
attached (by cad weld or brazing). Provided the double plate is welded by using approved
welding procedures the method circumvents the copper penetration problem.

Welds made between anode cores and structural members for offshore facilities shall have the
approval of the welding engineer.  Procedure testing will often be required.  Wet welding is not
permitted.

Other methods used to connect anodes to structures are often used during retrofit exercises
when welding is impossible.  These are clamping, clamping plus hard-tipped bolting, flash stud
welding in mini habitats, stud shooting, etc.  The first two methods have been successful
applications for over five years, the others are still experimental.
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Figure 8.  Typical cathodic protection of a moored ship using sacrificial anodes
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Figure 10.  Typical current-measuring box
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3.4.4.3 Current measurements

Some anodes should be monitored for their output to enable judgement to be made on useful
life of the system.  For onshore installations facilities can easily be provided by leading the wire
through a test point where the cable can be interrupted and/or shunted.  The current can be
measured via the shunt or by compensation, the latter being the most accurate.  A typical
arrangement is given in Figure 10.

For offshore installations monitoring is complicated because cabling has to be brought to the
surface or expensive gadgets have to be mounted under water (e.g. acoustic responders). It is
therefore seldomly done.

3.4.4.4 Electrical continuity

For any system to be protected effectively the electrical continuity has to be optimal.  Any break
in the current path will hamper protection and will lead to situations that are difficult to correct
later on. Continuity problems can be found in pipelines with screwed or clamped connections
and with conductors and casings at offshore platforms in reinforcing steel in concrete.

3.4.5 Anode distribution

Anodes used to provide protection in water should be evenly distributed over the surface of the
structure.

The spacing between anodes used to protect pipelines varies between one anode every 150
metres (bracelets offshore) to one anode (bed) every 5 kilometres (well-coated landline).

3.4.6 Anode quality control

The sacrificial anode manufacturer shall possess a Quality Manual. Quality control during the
manufacture of the sacrificial anodes shall be carried out and documented by the
manufacturer's qualified personnel and randomly inspected by the purchaser's representatives.
Details of inspection requirements and tests to be conducted are shown in Appendix C and D or
by a comparable document.

3.5 Protection by impressed current

3.5.1 General

When cathodic protection is provided by means of an impressed direct-current the anodes or
groundbeds are buried in the soil at considerable distance to the side of the structure or pipeline
to be protected. Adequate anode bed remoteness from the structures to be protected as well as
other neighbouring structures not meant to be protected, shall be provided. This is to minimize
over protection and interference effects. (Remoteness is a function of anode current output, soil
resistivity and physical distance between anode and structure). The positive lead of the external
source of direct current is connected to the anode and the negative lead to the structure.
Several anodes may be connected to one source of direct current as shown in Figure 12.  The
resulting flow of current is from the anode through the soil to the pipe.

Because chlorine is liberated and water is consumed at the groundbed, the latter shall be sited
in wet positions so that their electrical resistance can be maintained at a low value, whilst
ventilation of the groundbed shall be attended to by allowing gas dissipation through porous top
soil.
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NOTE.   In most cases anodes need to be distributed along the pipeline route.

Figure 11.  Typical cathodic protection of a buried pipeline with prepackaged
sacrificial anodes
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Figure 12.  Typcial lay-out for cathodic protection using impressed current

3.5.2 Current supply

3.5.2.1 General

To deliver the necessary current from the groundbed, i.e. the anode through the soil to the
protected structure or pipeline, i.e. the cathode, the circuit shall be completed by connecting a
source of direct current of adequate voltage and current capacity between the cathode and
anode. Transformer-rectifiers are usually used to supply the direct current, whereas in special
cases where no a.c. current supply can be made available, power can be generated with motor
generator sets, solar power units or wind mills.

3.5.2.2 Transformer-rectifiers

Transformer-rectifier used shall fullfill the electrical regulations applicable for the area where
these are placed. The unit can be either oil-or air-cooled and the rectifying elements either
selenium or silicon. The selenium type is not sensitive to short overloads but silicon is.
Selenium rectifiers have to be loaded to their maximum capacity occasionally, (once per year)
to avoid the tendency to block under low load. Silicon rectifiers more efficient and waste less
power than selenium.
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Cable glands shall be placed such that they are always above the oil. Tapping of the
transformer shall either be through front-mounted switches or through the relocation of straps
also mounted on the front panel. Another option is a  rheostate in SCR type continously
adjustable rectifiers.

The construction of the transformer-rectifier units shall fulfil the requirements of the hazardous
area classification applicable for the site. When installed out-doors, the enclosure shall be
weatherproofed in accordance with  the minimum degree of protection IP 54 of IEC publication
529.

The number of steps in the adjustment required depends on the maximum DC output capacity
of the unit. More than 60 steps are seldom required, 24 will usually suffice.  The outgoing circuit
shall be provided with a volt and ampere meter mounted on the front panel.

3.5.2.3 Cables   

For cathodic protection work it is customary to use cross-linked polyethylene-insulated, PVC- or
polyethylene-sheathed copper conductor cables, with cross sections depending on the current
carried and the circuit resistance limits. For areas where soil can be contaminated with
hydrocarbon products, lead-sheathed cables shall be recommended. Cable manufacturers can
provide data on cable sizes required for various current loads. When long runs of cable are
required, larger cross-sectional areas may be needed to keep the voltage drop within
acceptable limits.

For use in sea water, cables should be protected against marine organisms.  Marine borers
(teredos) often cause early failure of anode cables.  Application of cable provided with
anti-teredo tape (copper foil) offers sufficient protection.

3.5.3 Anode material

3.5.3.1 General

Any current-conducting material could be used for the anodes or groundbeds, but for reasons of
economy the material used is that which will have a low consumption rate at an acceptable cost.

Materials such as carbon steel scrap, cast iron scrap, graphite cylinders and special alloy rods
are employed. The characteristics of impressed current anodes are shown in Table 6.

3.5.3.2 Steel scrap

In some cases-steel scrap is used as an impressed-current anode.  Abandoned oil or water
wells can be quite suitable.  The sections are thin, however, and early failure is likely.  Another
weakness is the anode cable connection, which should preferably not contact the soil.

3.5.3.3 Cast iron scrap

Cast iron scrap generally, has the advantage of being thick in section and of such form that any
one piece will be in soil of more or less uniform resistivity. Moreover, a graphite surface is left
exposed as the outer iron is consumed, so that the remaining iron with its graphite surface acts
as a graphite anode, thus reducing the rate of iron consumption.  Old engine blocks are
examples. The anode cable connection remains the weak point.
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3.5.3.4 Silicon iron

Silicon iron has been found to be a suitable anode material. It is expensive and extremely brittle,
however, it is used on quite a large scale for groundbeds, and is in such applications,
surrounded by a carbonaceous backfill.

3.5.3.5 Graphite

Graphite anodes have a low rate of consumption.  The choice between graphite and silicon iron
often depends on availability in a given area.

Graphite anodes are generally cylindrical in shape, though other forms are available. The
graphite is impregnated with wax or resin, which reduces flaking or disintegration of the anodes
as the graphite is consumed.  The anodes are supplied with terminal connections and with
cables if required.  The most commonly used sizes of graphite anodes range from 65 mm in
diameter by 0.75 m long to 0.15 m in diameter by 1.8 m long.

When installed in soil, impregnated graphite anodes are generally used with a backfill of
carbonaceous material, such as coke breeze.  Provided this type of backfill is used, current
densities of up to 11 A/m2 of anode surface may be obtained.  In sea water, current densities
also of up to 11 A/m2 may be employed, but in fresh or brackish water the current densities
should not exceed 2.7 A/m2 in-fresh water or 5.4 A/m2 square in brackish water.  At these
outputs, the rate of graphite consumption is extremely low, but at higher outputs the surface of
the graphite deteriorates excessively due to the formation of gas and this causes a higher rate
of anode consumption.  However the current output can be increased temporarily, for example
to provide initial polarization of the protected structure, without causing serious deterioration of
the anode.

Graphite anodes are brittle and require careful handling during transport, storage, and
installation.  If much earthwork has been done on the site where the anodes are to be installed,
the long graphite cylinders may be broken by subsequent earth movements due to
consolidation, and in such instances, the anodes should be inserted in steel tubes and the
annular space packed with backfill.

3.5.3.6 Mixed metal oxide (MMO)

Mixed metal oxide anodes are based on electrode technology developed in the early 1960's for
industrial production of chlorine and caustic soda. The technology was progressively extended
into the field of cathodic protection.

The MMO material is an anhydrous combination  of platinum group metal oxides, binders and
other proprietary materials applied to specially prepared Grade 1 titanium substrate through
thermal decomposition. Scientifically calculated time and temperature variations allow the mixed
metal oxides to recrystallize, further enhancing their chemical stability. The final metal oxide
coating contains no metal in its elemental form, it is an excellent electronic conductor with a
resistivity of 10-5 to 10-6 � .cm, it is very tough and durable with Mohs hardness of 6. It is
essentially insoluble in acids.

The MMO coating accomplishes an electrocatalytic transfer of direct current from the anode into
the electrolyte with essentially no loss of anode material.

3.5.3.7 Lead alloy

An alloy of lead, silver, and antimony (1 % of silver, 6 % of antimony) has shown promise for
use in salt water. At current density of 108 A/m2 the annual consumption is about 85 g/A.
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The alloy has good mechanical properties and can be cast or extruded to any desired shape.

3.5.3.8 Platinized titanium or platinized niobium

This anode material has been applied on a large scale in both salt and brackish water.  It is not
satisfactory for use in soil or in the mud or close to the sea bottom. Niobium and titanium
themselves rapidly develop on their surfaces an adherent oxide layer of high electrical
resistance.  This oxide layer prevents corrosion of the metal, so that the titanium/niobium acts
purely as an inert support for the platinum, which need be applied only, to a relatively, small
area as it can withstand a very high current density.  The  titanium  oxide  is  more  sensitive to
breakdown at an over voltage than is niobium oxide.

Platinized anodes have good mechanical properties and their higher initial cost is offset by their
long service life.

Although the current density, limit is high, up to 540 A/m2, the anodes with titanium as a carrier
shall be run at a low voltage, i.e. approximately 8-10 V maximum.

A further limitation is that the passage of an alternating current will bring about the rapid
disintegration of the platinum layer. The ripple from the alternating-current transformer-rectifier
supplying current to such anodes shall be kept below approximately 5%. With a single-phase
transformer-rectifier, the ripple is frequently far in excess of this figure. The difficulty does not
usually arise with three-phase transformer-rectifiers used for supplying current to platinized
titanium anodes.

Provided the conditions regarding the current density, applied voltage, and ripple limitations are
observed, the platinum layer which is normally only about 2.5 � m in thickness, has a life
expectancy of 10 years.  If longer life is required, a thicker platinum layer shall be used.  It may
still be too early to judge the suitability of platinized anodes for projection of systems for a
25-year or longer period.
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3.6 Coatings and cathodic protection

3.6.1 Influence of coatings on cathodic-protection current requirements

Although it is technically possible to protect bare (buried or immersed) steel structures and
pipelines by applying cathodic protection only, it is seldom desirable to do so because of the
cost of providing the large current required and often the difficulty of arranging anodes so as to
give a uniform current distribution.  A good coating of high insulating value greatly reduces the
current required to maintain the steel at the required steel-to-soil potential and also provides a
more uniform spread of current from the anodes. A protective coating should therefore always
be applied to any buried structure or pipeline which is to be cathodically protected.

3.6.2 Influence of cathodic protection in coatings

The current required to protect a structure or pipeline is approximately, proportional to the area
of bare steel.  Theoretically, therefore, cathodic protection should be unnecessary when the
steelwork is perfectly coated.  In practice, coating are often damaged in transport or during
laying, or may contain imperfections such as pinholes.  Even in low-corrosivity soils the slightest
discontinuity in the protective coating may result in severe local corrosion, so that when
corrosive conditions exist even coated structures or pipelines should be given cathodic
protection.

Pipeline coatings of bitumen, coal tar or epoxy coal tar type are never much affected by properly
applied cathodic protection.

Cathodic protection of painted or metal sprayed and painted structures should be considered
carefully because oil-based paints may be saponified by the alkalinity developing at the
cathodically protected surface; sprayed aluminium or zinc may be attacked in a similar way.
The surface potential shall therefore be maintained as closely as possible to the value needed
for protection, and overprotection avoided.

In any event, as a general guide, it should not exceed the level necessary to produce an
instantaneous-off potential more negative than -1.2V.

3.7 Comparison of the various systems

The advantages and disadvantages of the sacrificial anode and impressed current methods are
set out in Table 7.

3.8 Particular considerations

3.8.1 Secondary effects of cathodic protection

The application of cathodic protection may give rise to secondary effects such as the
development of alkalinity or the evolution of hydrogen at the protection surface (see 2.2.5). The
effects that may occur are as follows.

(a) Alkalinity may cause the deterioration of some paints by saponification. This can be
minimized by avoiding the use of very negative potentials and by using paints that are less
susceptible to such damage.
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(b) Alkalinity causes, in the case of sea-water or similar solutions, a white calcareous
deposit (chalking). This is beneficial since the current density needed to maintain cathodic
protection is reduced. If, however, formation of the deposit is excessive, water passages may
be obstructed or moving parts impeded.

(c) Aluminium is corroded in alkaline environments.  Cathodic protection should therefore
be applied to it only if the potential is maintained within certain limits (see 2.3.2.5).

(d) Exceptionally, lead can be corroded when protected cathodically in an alkaline
environment (e.g. cables installed in asbestos-cement pipes).

(e) Hydrogen evolved at strongly negative potentials may create an explosion hazard in
enclosed spaces (see 6.6.1).

(f) Hydrogen embrittlement of high tensile or stainless steel is a possible danger.

(g) Coatings may be disbonded by cathodic protection.

(h) Rust and scale is sometimes detached from a surface during the initial period of
operation of cathodic protection and may block water passages or cause other difficulties for a
short period.  If iron or steel has been seriously corroded, removal of rust that is plugging holes
may cause a number of leaks to become apparent during this period.

(j) Chlorine may be evolved at the anodes of an impressed current cathodic protection
installation if the electrolyte contains chloride.  This may cause nuisance or create a hazard (see
6.6.2).

(k) Disbonded coating acts as a shield to the cathodic protection currents, causing
potential gradients under the coating, resulting in steel potentials shifting into the critical range (-
610 to -810 mV vs Cu/CuSO4) for carbonate/bicarbonate stress corrosion cracking to occur.

3.8.2 Effects of stray current from cathodic protection installations

Where a protected structure, or the anode(s) or groundbed(s), lie near to other buried or
immersed metallic structures that are not fully insulated from earth, the latter (secondary)
structures may, at certain points, pick up a proportion of the protective current due to potential
gradients in the soil or water and return it to earth at other points. The secondary structures may
corrode at these latter points.

3.8.3 The avoidance of damage or hazard due to overvoltages

3.8.3.1 General

Overvoltages due to faults on power equipment or to lightning may cause serious damage to
equipment installed to provide cathodic protection. If isolating joints have been inserted in a
protected structure, there may be a risk of flashover and explosion if the structure contains low
flash-point material. The following recommendations should be read in conjunction with any
other relevant codes of practice or regulations (see also section 6).
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3.8.3.2 Damage to cathodic protection equipment by overvoltages

The groundbed of a cathodic protection system, because of the essential parameters of its
design, will usually be a lower resistance connection to earth than the associated protective
earth system. The groundbed is also electrically separate from the protective earth system. This
may result in the associated equipment being subjected to overvoltages or excessive current
that originate either from faults on power equipment or from lightning as follows.

(a) Faults on power equipment via the protective earthing of equipment

In high resistance areas, where it is difficult to obtain a good connection to earth, a system of
protective earthing is often employed. This involves the bonding together of all the earth and/or
neutral terminals of plant and equipment so that they are at the same potential, although this
potential may be appreciably higher than true earth potential.

NOTE.  In such cases the use of a large mass of bare copper wire and copper electrode for earthing purposes should be

discouraged because of the galvanic cell so created and also the increased cathodic protection current requirements
(see CP 1013). Galvanized iron or zinc electrode are recommended.

(b) Lightning

Any currents due to strikes to the protected or associated structures are liable to flow to earth
via the groundbed. This could damage the meters of the transformer-rectifier equipment and
may also damage the rectifier stack.

In either case, overvoltages can arise across the terminals of the equipment, and a suitable
surge diverter or protective spark gap should be installed across the output terminals of all
transformer-rectifier equipment.

Further advice on protection against lightning is given in BS 6651.  Recommendations relating
to fault conditions on electricity power systems are given in 6.4.

3.8.3.3 Electrical isolation of buried structures that are associated with a lightning protection
system

Care is needed if isolating joints are to be installed in buried structures where lightning
protection has been installed in accordance with BS 6651.  In 18.3 of BS 6651 : 1985 it is
recommended that metal cable sheaths, metal pipes and the like entering a building or similar
installation should be bonded as directly as possible to the earth termination of the lightning
protection system, at the point of entry to the building. This bonding is necessary in order to
avoid a flashover with consequent risk of damage to the pipes, cables etc.
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Table 7.  A comparison of sacrificial anode and impressed current systems

Sacrificial anodes Impressed current

(1) They are independent of any source of electric power.

(2) Their usefulness is generally restricted to the protection of

well-coated structures or the provision of local protection,
because of the limited current that is economically available.

(3) Their use may be impracticable except with soils or
waters with low resistivity.

(4) They are relatively simple to install;
additions may be made until the desired effect is

obtained.

(5) Inspection involves testing, with portable instruments, at
each anode or between adjacent pairs of anodes.

(6) They may be required at a large number of positions.

Their life varies with conditions so that replacements may be
required at different intervals of time at different parts of a
system.

(7) They are less likely to affect any neighbouring structures
because the output at any point is low.

(8) Their output cannot be controlled but there is a tendency

for their current to be self-adjusting because, if conditions
change such that the metal to be protected becomes less
negative, driving e.m.f., and hence current, increases. It is

possible, by selection of material, to ensure that the metal
cannot reach a potential that is sufficiently negative to damage
paint.

(9) Their bulkiness may restrict flow and/or cause turbulence
and restrict access in circulating water systems. They introduce

drag in the case of ship's hulls.

(10) They may be bolted or welded directly to the surface to

be protected thus avoiding the need to perforate the metal of
ships' hulls, plant to be protected internally, etc.

(11) Their connections are protected cathodically.

(12) They cannot be misconnected so that polarity is reversed.

(1) Requires a mains supply or other source of electric

power.

(2) Can be applied to a wide range of structures including, if

necessary, large, uncoated structures.

(3) Use is less restricted by the resistivity of the soil or water.

(4) Needs careful design although the ease with which

output may be adjusted allows unforeseen or changing
conditions to be catered for.

(5) Needs regular inspection at relatively few positions;
instrumentation at points of supply can generally be placed
where it is easily  reached.

(6) Generally requires a small total number of anodes.

(7) Requires the effects on other structures that are near the
groundbed of protected structures to be assessed; however,
any interaction may be readily corrected.

(8) Requires relatively simple controls and can be made
automatic to maintain potentials within close limits despite

wide variations of conditions. Since the e.m.f., used is
generally higher than with sacrificial anodes, the possible
effects of ineffective control or incorrect adjustment, for

example damage to paintwork or coatings, are greater.

(9) Permits anodes to be more compact owing to the use of
suitable materials; thus drag is negligible.

(10) Requires perforation in all cases on ships'
hulls, plant etc., to enable an insulated connection

to be provided.

(11) Requires high integrity of insulation on connections to

the positive side of the rectifier which are in contact with soil or
water, otherwise they will be severely corroded.

(12) Requires the polarity to be checked during
commissioning because misconnection, with reversed
polarity, would accelerate corrosion.

The installation of isolating joints for cathodic protection purposes where buried structures
approach terminal or other installations clearly runs counter to these recommendations since
the deliberate electrical separation of the metallic services from other earthed components,
including the earth termination of the lightning protection system, could, in the event of a
lightning stroke, result in a breakdown through the soil or flashover of the isolating joint, with
consequent risk of damage or explosion.
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The isolating joints could therefore be bridged by discharge gaps to effect adequate connection
between the two earthed systems during the discharge of lightning current. The impulse
breakdown voltage of these gaps should lie below that of the isolating joints.  The gaps should
be capable of discharging lightning currents without sustaining damage and should be
encapsulated to provide complete protection from moisture.  Alternatively, polarization calls may
be connected across the isolating joint and/or to an earth electrode.

3.8.3.4 Buried structures near a lightning protection system

Where a structure to be cathodically protected passes close to, but is not already incorporated
in, a lightning protection system, it may be necessary to consider the need to bond the structure
to the lightning protection system. This will depend on the distance between the structure and
the earth electrodes of the lightning protection system and on the vulnerability of the structure to
a lightning stroke through the soil.

A lightning stroke passing to earth through the protection system will cause breakdown of the
soil around the electrodes. If a buried structure lies within the area of breakdown, damage to the
coating or the metal of the structure and ignition of the contents, if flammable, could result. This
danger is not confined to the vicinity of a lightning protection system; even in open country a
lightning strike can occur sufficiently close to the structure for a similar effect to occur and a tree
or other tall structure not provided with lightning protection can concentrate lightning strikes.
However the lightning protection system may considerably increase the probability of damage to
the structure. Such damage will be near the installation that has the lightning protection which
may create additional hazards. The assessment of risks due to lightning is dealt with in BS
6651.

Bonding the structure to the lightning protection system enables lightning current to flow to the
structure and thence to earth without soil breakdown occurring. However, the adverse effect on
the operation of the cathodic protection system may be considerable. BS 6651 recommends

that the resistance to earth of a lightning protection system should not exceed 10 Ω. Adverse
effects on the cathodic protection could be avoided by connecting through a device that will
allow lightning current to pass without being damaged and will limit the flow of cathodic
protection current (see 6.5).

The separation beyond which the structure is unlikely to be within the zone of soil breakdown
can be calculated. Consider, for example, a lightning protection system with a single, small
electrode. When lightning current flows to earth, the soil will break down throughout a
hemisphere with radius S (in m) such that the stress at the surface is equal to the breakdown
stress of the soil, E (in kV/m). Hence, by dividing the current, i (in kA), by surface area to get

density and multiplying by the resistivity, ρ (in Ω.m), to get stress:

iρ            i          ρ          i
E  =  -------  =  ---  x  -----  =  ---  x  R (11)
         2πS2       S      2πS       S
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where R is the resistance from the breakdown region to remote earth.

Hence

S  =  iR/E (12)

or

         iρ
S  = -------- (13)
         2πE

The impulse breakdown strength of soil has been found to be between 200 kV/m and 500 kV/m
while 200 kA can be taken as the current in an exceptionally severe lightning stroke. Putting the

lower figure for impulse strength into equation (12) and taking 10 Ω as the resistance of the
electrode to earth gives a spacing of 10 m. This is an upper limit because the recommendation
in BS 6651 refers to the resistance of the electrode system to earth measured by conventional
instrumentation i.e. under low voltage conditions.  The resistance to earth during lightning
discharge will be less.  Equation (13) avoids this approximation and can be used if the soil
resistivity is known with sufficient accuracy.

A lightning protection system for a large installation will have a number of electrodes, probably
driven rods, connected together.  The current can be assumed to be distributed roughly equally
between these electrodes, so that the required spacing is reduced accordingly.

If the calculated spacing is less than the length of an earth rod, there is a further source of
over-estimate because the original physical model becomes inaccurate when the calculated
spacing is small compared with the length of the electrode. Calculation should take account of
the current leaving the whole length of the rod and not be based on an assumption that it is
concentrated through a hemisphere.

3.8.4 Effects of a.c. on cathodic protection systems   

There is conflicting evidence as to the effect of a.c. on cathodic protection systems. The
consensus presently developing is that the presence of a.c. will in some circumstances interfere
with the normal operation of cathodic protection installations. In general the effect is not
significant and may result in slightly shorter lives for sacrificial anodes or slightly greater output
from impressed power systems. Rarely the presence of a.c. can enhance the performance of a
cathodic protection system. It is however possible that in some circumstances the presence of
a.c. could cause significant disruption to a cathodic protection scheme.  Operators should
therefore bear in mind the possible significance of a.c. present on their installations (see also
6.5).

3.9 Testing

Tests which should be carried out during the design and commissioning periods and
appropriate methods of test are discussed in sections 4 and 5. The sequence of tests should be
commenced as soon as possible after commissioning.
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It should be noted particularly that serious corrosion damage to the structure that is being
protected could be caused by a period of operation with the d.c. supply incorrectly connected.
Care should therefore be taken to confirm that the connections are correct as regards polarity,
before or immediately upon commissioning (see item 12 of Table 7).

3.10 Isolating joints

In designing a cathodic protection system for a well coated pipeline, it may be found that it is
connected to poorly coated or bare equipment such as pumping stations, storage tanks and
electrical earths, which would constitute a large current drain on the cathodic protection system.
In such conditions the benefits obtained by coating the pipeline will be largely lost unless the
poorly coated or bare equipment is electrically isolated from the well coated pipeline, so
confining the cathodic protection to the pipeline. Electrical, isolation may also be required
between dissimilar metals, and between impressed current and sacrificial anode cathodic
protection installations, to limit the effects of interaction or stray currents.

Where such isolation is provided the isolated structure should be regarded as a ‘secondary'
structure and recommended testing and remedial action taken.  Procedures described in
Section 7 enable the effects of interaction to be assessed and overcome.

Isolating joints for pipelines need to be suitable for the operating conditions encountered on the
particular installation e.g. pressure and temperature, and the product.  Breakdown of isolation
has been one of the most common causes of failure of cathodic protection and due
consideration should be given to the location and method is isolation and the ease of repair or
replacement.

For locations where repair or replacement is extremely difficult, such as high pressure
transmission pipelines, the use of monobloc pre-fabricated isolating joints is recommended (see
Figure 13(a)).  These can be tested both hydrostatically and electrically prior to installation and,
once installed, are unlikely to break down or be disturbed.  Under dry conditions in free air and

prior to installation, an insulation resistance in excess of 2 MΩ should be obtained using a 500 V
insulation tester.

Where it is impractical or uneconomical to use monobloc isolating joints, standard flanges may
be converted to isolating joints by fitting an insulating gasket, insulating sleeves over the studs
or bolts and insulating washers under the nuts or bolt-heads to prevent damage to the insulating
washers when being tightened (see Figure 13(b)).  It is essential that correct alignment of the
flanges is achieved to prevent damage to the insulating sleeves.  Special insulating gaskets are
needed for ring type joints.  Providing double insulation washers are used, a flange to bolt
insulation in excess of 10 kΩ should be attainable on each bolt, measured using a low voltage
insulation tester.

The internal bore and centralizing of the insulating gasket should ensure that no recess is
formed internally between flanges in which material may accumulate that could bridge the
insulating gap.  The outer faces of the flange should be tape wrapped to prevent the ingress of
dirt and moisture which could short-circuit the flange insulation.

If isolating joints are buried they should be coated overall to the same standard as the pipeline
and test leads attached to both sides of the joint.  Extra care should be taken as one side of the
joint is not cathodically protected and any connected buried pipework could be affected by
interaction.
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For pipelines that contain an electrolyte there is a danger of corrosion being stimulated at the
inner surface of the pipe on the `secondary' side of the joint. With electrolytes of low
conductivity. e.g. portable water, it may suffice to coat the pipe internally for a distance
equivalent to at least four diameters on the cathodic side of the isolating joint. Alternatively, a
length of non-metallic piping may be installed to provide isolation.

For high conductivity electrolytes such as sea-water or brine, it will probably not be feasible to
coat internally or replace with non-metallic pipe of sufficient length to eliminate entirely the
danger of corrosion occurring internally near the isolating joint.

Where the provision of an isolating joint is considered essential it may be prudent to install a
heavier walled pipe on the unprotected side of the isolating joint with a corrosion allowance and
accept the need for periodic inspection and replacement.

After installation final testing of the isolating joint will be necessary. This can usually be carried
out on commissioning of the cathodic protection system by measuring the potential difference
across the isolating joint.
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NOTE 1.  This drawing does not show measures taken to prevent ingress of moisture.
NOTE 2.  One piece insulating sleeves washers may be adopted.

NOTE 3.  Insulating washers may be adopted in one side only.

(b)  Typical isolating flange

Figure 13.  Typical pipeline isolating joints

(a)   Typical monobloc type isolating joint (high pressure)
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SECTION FOUR :  ELECTRICAL MEASUREMENTS

4.1 Introduction

This section indicates the apparatus needed and the techniques for measuring voltage, current
and resistance, and testing for continuity of structures to ensure the successful commissioning
of a cathodic protection installation. Some survey techniques are described.

The stages at which these tests are carried out on particular installations are indicated in the
appropriate Clauses. Tests for corrosion interaction are dealt with in Section 7, and the tests
needed during comissioning and as an aid to operation and maintenance are dealt with in
Section 5.

4.2 Potential measurement : instruments

4.2.1 Reference electrodes

4.2.1.1 General

Reference electrodes as described in 4.2.1.2 to 4.2.1.4 are normally used for measuring
structure/electrolyte potentials, or as sensing electrodes for control systems.

A copper/copper sulphate reference electrode is most suitable for making contact with soil and
fresh water while a silver/silver chloride reference electrode is preferable for immersion in saline
waters. Zinc electrodes can be used in clean sea-water. Electrodes to be used as sensing
electrodes need to be so designed as to be stable over a long period.

In reference electrodes having a metal electrode in contact with a concentrated salt solution
(e.g. copper sulphate or potassium chloride), the concentration is maintained by excess solid
salt being present. Contact with the electrolyte (i.e. soil or water) is made via a porous plug
acting as a salt bridge between the electrolyte and the concentrated salt solution, thus
preventing contamination of the salt solution.  The porous plug may be of wood or ceramic
construction.  These electrodes will remain suitable for use until the salt is exhausted by
diffusion through the porous plug. When not in use they should be stored in a saturated solution
of the relevant salt.

These electrodes need to be checked periodically against a freshly-made electrode and they
should be made with fresh materials if the difference in potential is more than 20 mV.

For immersion in uncontaminated seawater, the silver chloride electrode can be made more
suitable for long-term use by omitting the porous plug so that the metal and silver chloride are in
contact with sea-water. The same arrangement can be used in brackish waters but it should be
noted that measurements are affected by variation of salinity (see 4.2.1.3).
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Figure 14.  Typical copper/copper sulphate reference electrode
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4.2.1.2 Copper/copper sulphate reference electrode

A form of copper/copper sulphate reference electrode that is suitable  for measurements under
most conditions,  including probing, is shown in Figure 14. The dimensions may be made to suit
the method of use, but the surface area of copper electrode in contact with the copper sulphate
solution should be large enough to prevent polarization during tests.  The metallic electrode
should be of high conductivity copper of at least the purity specified for grade C 101 in BS 2874.

The copper should be cleaned to remove all traces of oxide and grease and immersed in
saturated copper sulphate solution.  It is essential that saturation be maintained by providing
excess solid copper sulphate.  The copper sulphate solution should be made with fine crystals
of copper sulphate to at least analytical reagent (AR) grade or British Pharmacopoeia (BP)
quality and with distilled or de-ionized water which should preferably be boiled in a clean glass
or enamelled container before use.  Electrical contact with the soil is made only through the
porous element, which is kept moist by seepage of copper sulphate solution.  If an electrode of
this type is to be stored for a long period, it should be immersed in saturated copper sulphate
solution.

With the copper/copper sulphate electrode, it should be noted that, if the solution reaches an
iron or steel surface the latter can become plated with copper locally, possibly setting up a local
galvanic corrosion cell.

4.2.1.3 Silver/silver chloride reference electrodes

A silver/silver chloride electrode is formed from silver, the surface of which has been coated with
silver chloride by thermal or electrolytic methods.  The electrode has a high degree of stability.
The silver/silver cloride element may be used directly in sea-water or saline estuarine waters.  In
other applications (e.g. steel in concrete) a silver/silver chloride/potassium chloride electrode
may be used.

Electrodes for use in sea-water are encased in perforated containers for mechanical protection
and to allow free access, of sea-water to the electrode; they should be immersed in fresh
sea-water for several hours before use.  The cable end should be insulated to prevent the
electrode becoming short-circuited.

Variation of the salinity of the water will affect the potential of such an electrode.  Dilution of the
sea-water, as may occur in estuaries, makes the electrode more positive so that, in principle, a
more negative minimum potential than the value quoted in Table 1 for the silver/silver
chloride/sea-water electrode should be used. However the change will not be greater than 60
mV for each 10-fold change in concentration so that, in many locations, the effect can be
allowed for by adopting a slightly more negative protection potential.  If, however the effects on
the measurements of variation of salinity are unacceptable, the element should be immersed in
a saturated solution of potassium chloride in a non-perforated container, the electrode being
separated from the environment by a porous plug.  When not in use, this type of electrode
should be stored in a saturated solution of potassium chloride.
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4.2.1.4 Zinc reference electrodes

Although it is normally inadvisable to use a metallic electrode in direct contact with the
electrolyte around the structure for measurement purposes, zinc in clean sea-water is
sufficiently consistent for many applications. It is essential that the zinc should be sufficiently
pure, i.e. 99.9 % zinc, with an iron content not exceeding 0.0014 %. Some of the zinc alloys
used for sacrificial anodes may also be suitable.  The metallic electrode can be made in any
convenient form.

Zinc electrodes are cheaper and more robust than silver/silver chloride electrodes and can be
used, unless a high degree of stability is required.  Experience with zinc in clean sea-water has
shown variations between electrodes of ± 30 mV, and with a silver/silver chloride/sea-water
electrode, variations of ± 5 mV.

4.2.2 Potentials of reference electrodes

 The potentials of various reference electrodes with respect to the standard hydrogen electrode
are given in Table 8. The calomel electrode is included as it is often used in the laboratory for
checking the condition of reference electrodes used in the field.  It is insufficiently robust for field
use.

Table 8. Potentials of reference electrodes with respect to
the standard hydrogen electrode (at 25� C)

Electrode Potential

Copper/copper sulphate

Silver/silver chloride/saturated potassium chloride

Silver/silver chloride/sea-water

Calomel (saturated potassium chloride)

Zinc/sea-water

+ 0.32

+ 0.20

+ 0.25 (approx)

+ 0.25

- 0.78 (approx)

NOTE 1.  The effect of temperature does not normally need to be taken into account during field testing.

NOTE 2.  The potential of reference electrodes are generally quoted with respect to the standard hydrogen electrode
although the latter is seldom used in practice. The purpose of the Table is to enable structure/electrolyte potentials

measured with one reference electrode to be expressed in terms of another.  For example,  it will be seen that the
zinc/sea-water  electrode  is  1.10 V more negative than the copper/copper sulphate electrode. A potential of -0.85 V
measured on the copper/copper sulphate electrode would thus be 1.1 V more positive (i.e. +0.25 V) with respect to a

zinc/sea-water electrode.  Figure 15 gives scales for conversion of structure/electrolyte potentials measured with the
most commonly used reference electrodes.

4.2.3 Voltmeters

It is essential that voltmeters, used for measuring the differences of potential between the
structure and the electrolyte, have a high resistance since error is otherwise caused by potential
drop in the external circuit (principally arising from the resistance of the reference electrode and
contact between the reference electrode and the electrolyte).  To ensure that this error is
minimized the internal resistance of the voltmeter needs to be greatly in excess of the external
circuit resistance.
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A voltmeter, with an input resistance in excess of 10 M � , is normally used for measuring
structure/electrolyte potentials.  Specialized voltmeters are available having a variable input
impedance from 1 M�  to 100 M� .  With such meters, measurements can be verified to ensure
that high external resistance effects are eliminated by increasing the input resistance until there
is no appreciable change between consecutive readings.

Voltmeters with high input resistance (i.e. greater than about 10 Mohm) should be used with
care; if, for example, the reference electrode becomes disconnected or develops a high
resistance an apparently valid reading can be obtained via unsuspected leakage paths.

Voltmeters used for potential measurements should be insensitive to any alternating voltage
superimposed on the potential being measured and to alternating magnetic fields, to avoid
errors from these causes.

Where the change of structure/electrolyte potential is being measured for interaction testing on
a neighbouring structure, it is essential that the meter will indicate potential changes to within 2
mV.

Voltmeters for other purposes, for example, measuring the output or rectifier units, should
comply with the appropriate requirements of BS 89.

4.2.4 Potentiometers   

Portable potentiometers with sensitive null point detectors, increase the resistance which can be
tolerated in the measuring circuit since, at balance, no detectable current flows externally.  In
the process of balancing, the maximum current should not be great enough to polarize the
reference electrode, and the null point detector should be sufficiently sensitive to give the
accuracy required with the highest external resistance that is likely to be encountered.  In
addition to potentiometers of the type in which voltage is indicated by the setting of calibrated
resistors, a potentiometric voltmeter is frequently a useful combination instrument.  The
voltmeter may be used either directly, or as the detector in a potentiometer circuit.  The
potentiometer resistors are uncalibrated and, after balance, operation of a switch transfers, the
voltmeter directly across the potentiometer circuit for evaluation of the difference of potential.
Since the introduction of high resistance digital voltmeters, the use of potentiometers has
declined.

4.2.5 Recorders and data logging equipment

If a continuous record of structure/electrolyte potential is required, a voltage recorder of suitable
range and input resistance may be used.  This type of equipment enables the variation of
potential to be appreciated and shows any deviation due to change in environment or
operational condition.  The facility is especially advantageous where these changes are
expected to be frequent, as when monitoring the effect of leakage currents from d.c. traction
systems.

Some electronic recorders read after they have balanced to the null point; the design of the
reference electrode is thus not critical.  Other recorders, have a low impedance.  In this case, it
should be confirmed by experiment that the metallic electrode is satisfactory if necessary the
surface of the metallic electrode and/or area of contact with the soil or water should be
increased.
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Figure 15.  Comparison of structure/electrolyte potentials measured with various
reference electrodes
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Digital multi-channel data recorders are used to monitor large cathodic protection installations.
Such voltmeters have, typically, an accuracy, of 0.1% and an input impedance of 1 M�  to 1000
M� , depending on the operating range.  In addition to the digital display, facilities for typed print-
outs and data storage on disc or tape are available.  The latter can be processed so that only
anomalous readings need be examined.

Portable microcomputers are now being used for the collection, storage and processing of field
measurement particularly where large volumes of data are being recorded.

4.3 Potential measurement : methods

4.3.1 General

The connection to the structure may be made at any accessible part of the structure close to the
intended position of the reference electrode, and good metal to metal contact is essential.  It is
also essential that there is a continuous low-resistance metallic circuit between the point of
connection and the part of the structure nearest the reference electrodes; connection should not
be made beyond mechanical joints, at points such as hand wheels of valves, to service pipes of
doubtful metalic continuity, or to cables loaded with a cathodic protection current.

4.3.2 Buried structures

4.3.2.1 Making contact with the structure

Where further tests are likely to be required, and in the case of new installations, it is preferable
to provide test points at which an insulated conductor, securely connected to the structure, is
brought to an accessible position. If this is not possible, then soil and protective coating should
be carefully removed from around the structure so that metallic contact can be made.

4.3.2.2 Placing of reference electrode

The reference electrode should be placed directly above the structure to be measured.  When
the reference electrode is placed near the surface of the structure, removal of soil could alter the
potential gradient and excavation should be kept to a minimum.  Adequate contact with the soil
is necessary when placing the reference electrode, account being taken of the measuring circuit
to be used.  No special methods are available for use during interaction testing and it is
normally, considered uneconomical to excavate for the sole purpose of burying a reference
electrode.  It should be noted, however, that errors due to soil potential gradients can be
appreciable and can lead to either over or under-estimation of positive potential changes,
depending upon the relative positions of these structures.

The resistance to earth of the reference electrode can be reduced by wetting the contact area.
In the case of paving, it may be necessary  to install plastic tubes through the pavements and
filled with sand (called soil bridges). Effective contact should be confirmed by altering the
resistance of the test instrument e.g. by altering the ranges. In the case of potentiometric
instruments, it is sufficient to confirm that there is adequate sensitivity to out-of-balance.
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If potential drop through the soil (IR drop) is included in the measurement the error is in such a
direction that under-protection could result. The measured potential would be a more negative
potential than that existing at the structure/electrolyte interface. The reference electrode should
be placed as close as possible to the structure under test without actually touching it. Even
when this is done there may be the possibility of error due to IR drop through any protective
coating. Testing methods have been developed for use when IR drop is considered to be a
problem (see 4.3.2.3 and 4.3.2.4).

4.3.2.3 Instantaneous-off potential method

When the current flowing across a polarized interface is switched off, the potential difference
across the interface changes more slowly, than a resistive potential drop (i.e. the IR drop) which
collapses immediately. If, therefore, the structure/soil potential is measured immediately after
the protection current is interrupted, a reading indicating the polarized interface potential can be
obtained; this is the indicator of whether protection has been achieved, under this method. The
rate at which the potential difference across the interface decays depends on factors such as
the nature of the soil and the period of time for which the structure has been polarized (i.e. the
period for which the cathodic protection has been operating). These factors therefore determine
the time available, after switching off, for measuring the potential. Excessive delay results in the
existing protection level being underestimated due to depolarization.  Periods during which the
measurement can be made ranging from 0.1 s to 3 s have been suggested. (See Figure 16)
The measurements are carried out with the cathodic protection switched off and on at intervals;
in most cases a ratio of 1 off : 4 on, will not introduce significant depolarization.  Synchronizing
is necessary if there is more than one current source.

If the structure has a number of holidays of different sizes distributed over the surface, the
exposed metal may be polarized to different potentials.  In the period immediately after
switching off the protection, current would be exchanged between the areas of exposed metal
thereby re-introducing some additional IR drop error. If this current is significant the potential
indicated will be between the extremes of metal/soil potential for holidays near the point of test.
Use of this method can therefore lead to under-protection.  Generally this additional error is
negligible in comparison with the IR drop error caused by the flow of cathodic protection current.
However stray d.c. currents are much more likely to cause this effect, the error increasing with
the magnitude of the current.  Coupon methods can be used to avoid this problem (see 4.3.2.4).

Despite these possible sources of error, the potentials measured by this technique are
considered by many authorities to be a more useful guide to the degree of protection achieved
than those measured by the simpler techniques that ignore IR drops.

For large cathodic protection installations, high speed data-loggers are recommended to
measure true pipeline potentials (i.e instantaneous-off potential).
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1)
 This period significantly shortened in the presence of sulphate-reducing bacteria.

2)
  With respect to copper/copper sulphate reference electrode.

3)
  C.P. = Cathodic protection.

Figure 16.  Instantaneous-off or polarized potential measurement on pipelines

4.3.2.4 The use of coupons

Coupons should be of metal similar to the structure under test and should have a coating similar
to on the structure except for a defined area that is left bare.  They should be buried as near as
possible to the structure and at a level such that the soil is similar in composition and moisture
content to the surrounding the structure.  They are connected to structure through an accessible
test link.

It is assumed that the coupon metal will take up a potential, with respect to the adjacent soil,
that is similar to the structure/soil potential at a holiday.  For this reason the area of the coupon
metal exposed to the soil should be chosen so that it represents one of the largest holidays
considered likely to occur on the structure.
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The coupon/soil potential can be measured using the instantaneous-off potential method.  The
use of a coupon enables all the current to be interrupted at the test link and thus removes the
effect of the protective current, interaction between different areas of exposed metal, and stray
currents.  Moreover, the current flowing into the known exposed area of the coupon can be
measured to give the current density.  Where the protected structure local to the coupon has a
high current demand, it is possible that measurement of the coupon potential may be
misleading.

4.3.3 Immersed structures

4.3.3.1 Immersed structures other than ships

Where access to the bonded steelwork of a jetty is difficult to achieve from the deck, it is usual
to provide a number of suitable points at deck level where a connection can be made. Fixed
reference electrodes are not generally used (unless as sensing electrodes for automatic control)
owing to the difficulty, of maintenance. Portable reference electrodes suffer the disadvantage of
being extremely difficult to position against the structure with any consistency.  In order to
overcome this, perforated plastic locating tubes can be fixed on the structure at positions where
readings will be required, the reference electrode is dropped down the tube to predetermined
depths thus permitting consistence positioning of the reference electrode relative to the
protected structure.

Test positions for protected structures should be determined by the anode layout (e.g. distant
groundbeds or a number of underwater anodes) but care should be taken to include readings at
positions remote from anodes (e.g. on the side of a pile shielded from an anode) and close to
anodes to monitor for overprotection.

4.3.3.2 Ships' hulls

The potential of a ship's hull will be influenced by its speed through the water and the resistivity
of the water.  To determine that adequate protection is provided at times of highest demand on
the protection system, potential measurements should be taken with the vessel at its maximum
draft and at full speed.  Measurement with the vessel underway is possible only if permanent
reference electrodes (such as shown in Figure 17) have been fitted to the external hull.
Electrodes of this type are common with impressed current systems where they are used to
monitor potentials and control the system output.

It is normal practice to measure the potential of a ship's hull while it is at rest with the use of a
silver/silver chloride/sea-water reference electrode, suspended from the deck of the ship, and a
voltmeter. Care should be taken to ensure that the vessel is in clean sea-water, that the
electrode is located within 50 mm of the hull and at a minimum of 500 mm below the surface,
and that a good connection is obtained to the main hull structure for the voltmeter.
Measurements should be taken at sufficient horizontal and vertical internals to ensure that
readings are obtained at positions midway between successive anodes or remote from any
anode. A minimum of six positions should be measured, i.e. one at the bow, one at the stern
and two along each side. In many instances the use of suspended electrodes does not permit
accurate electrode positioning. The use of a diver or remote controlled underwater vehicle could
overcome these limitations particularly for measurements on the bottom of the ship.
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If a diver is used to obtain measurements from a vessel fitted with an impressed current system,
safety precautions should be taken to prevent electric shock (see 6.3.3).  When a suspended
electrode is used from the deck of a vessel intended for the carriage of flammable cargo, safety
precautions should include checking that all instruments are safe for the area of operation (see
6.7.7) or that the area is declared gas-free.

4.3.3.3 Ships' tanks

Suspended reference electrodes normally silver/silver chloride/sea-water) in conjunction with a
high impedance voltmeter may be used to measure the potential of the internal structure of a
tank containing ballast water. If the tank is used for the carriage of flammable cargoes, or the
location from which the measurements are to be made is a hazardous environment, then all the
measuring instruments should be safe for use in the area (see 6.7.7) or the area should be
declared gas-free.

The positioning of the electrode within the tank will be restricted by the number and size of the
openings.  Readings should be taken at various vertical locations to ensure that the electrode is
midway between successive anodes or remote from any anodes and care should be taken to
ensure that an adequate connection to the tank structure is obtained for the voltmeter.  If the
tank has been ballasted recently, sufficient time should be allowed for the steel to polarize, or
the readings repeated at 12 h intervals until stability is obtained.  If the tank has been ballasted
with anything other than clean sea-water the anodes may be prevented from protecting the
tank.

4.3.4 Internal protection of plant

4.3.4.1 General   

With fully enclosed plant, it is normally necessary to install permanent measuring points or
reference electrodes.  Where the positions at which measurement should be made can be
predicted, these facilities are preferably installed before commissioning.

Alternatively, potential surveys can be carried out (see 5.2.6) initially with temporary equipment
to determine the positions where the potentials are most positive and whether the most negative
potentials are acceptable.

4.3.4.2 Permanently-installed reference electrodes

The most convenient method of mounting reference electrodes inside plant is by means of a
`screw-in' assembly such that the electrode can easily be withdrawn for inspection and
replacement of either the entire unit or the electrode material.  The electrodes can be wired to
central monitoring and control equipment.  A disadvantage lies in the difficulty of checking the
accuracy of the electrodes, once installed.

For detailed potential surveys, or if it is impossible to use `screw-in' mountings, reference
electrodes can be attached by suitable non-metallic fixings to the protected surface and the
insulated connecting leads brought out through the plant wall through a suitable gland.

Generally, it is advisable to install at least one reference electrode for each
cathodically-protected compartment.  The reference electrode should be installed at the position
where corrosion is most likely, e.g. at junctions of ferrous and non-ferrous materials and/or
remote from anodes.
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Figure 17.  Typical impressed current scheme for cathodic protection of a ship's hull

4.4 Direct current measurement

4.4.1 General   

In order to measure direct current an ammeter is normally inserted in series into the circuit.  For
direct current measurement a moving coil instrument or d.c. digital meter is needed.

The insertion of an ammeter will increase the total resistance of the circuit and thereby reduce
the current, giving an error in the value measured. It is therefore essential that the resistance of
the meter is kept to a small proportion of the total circuit resistance.

Manufacturers' data normally states the value of this resistance in terms of millivolts at full scale
deflection.  Using this value the actual voltage drop across the meter caused by the measured
current can be determined and compared with the driving voltage (e.m.f.) of the circuit.  The
value of the voltage drop across the meter as a percentage of the e.m.f. gives the approximate
percentage error of the meter reading.
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4.4.2 Impressed current systems   

For current measurements in impressed current systems, e.g. transformer-rectifier output, and
anode currents, the driving voltage is usually several volts or more.  The value of the voltage
drop across the meter is therefore usually a small percentage of the driving e.m.f. and
introduces only a minor error in the value of the measured current.  Most multirange instruments
provide ranges up to 10 A. For higher currents, a calibrated shunt is used in conjunction with the
millivolt range of a multimeter.  The millivolt drop across a shunt of known resistance can be
used to calculate the current.  For example a 50 A/75 mV shunt has a resistance of 0.0015 �  or
each 1.5 mV measured equates to 1 A. For a permanently connected meter, the scale would be
calibrated to read amperes directly.

4.4.3 Very low voltage circuits   

With sacrificial anodes, the driving voltage is of the order of a few hundred millivolts and in bond
circuits between two structures the driving voltage may be lower still.  The insertion of an
ammeter into these circuits can alter the current, giving rise to a significant error in the value of
the measured current.

It is essential to select a meter or range of a multimeter that will not significantly alter the circuit
resistance.  Special purpose meters and shunts are available having less than a 50 mV drop at
full scale deflection thus minimizing the measurement errors.

If it is not possible to select a suitably rated meter or shunt the corrected value of cuttent can be
calculated, by taking some additional voltage measurements with a separate high resistance
voltmeter (see Figure 18).

4.4.4 Zero resistance ammeter circuit

To overcome the problems detailed in 4.4.3 a zero resistance ammeter can be used as shown
in Figure 19(a).  This comprises an ammeter in series with a variable d.c. voltage source which
is adjusted to give zero voltage across a galvanometer connected between the measuring
terminals, the ammeter indicating the true value of current.

Provided that the galvanometer has a sufficiently high sensitivity, the apparatus can also be
connected in parallel with the conductor carrying the current, as shown in Figure 19(b).  The
instrument can be used as previously since, when the galvanometer has been brought to a null
reading, the current has been diverted through the ammeter.  Alternatively, the change in the
galvanometer reading due to reversing a measured current, can be noted so that the
galvanometer may be calibrated for use as an ammeter in which the section of bond or structure
between the two galvanometer terminals acts as a shunt.  The latter method is useful if the
currents are fluctuating.
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Procedure
(a)  Remove link between terminals A and B.

(b)  Measure potential across AB with high impedence millivoltmeter (V1).
(c)  Connect ammeter across AB and measure current (I).
(d)  Measure potential across AB with ammeter still connected (V2).

       True current = 

21

1

VV

IV

−

Figure 18.  Method for determining true current flow in very low voltage circuits
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4.4.5 Pipeline current

 A span of pipe may also be used in the same way as a calibrated shunt to calculate the current
flowing in the pipeline as shown in Figure 19(b). The voltage drop along the span is measured
using a micro- or millivoltmeter. The resistance of the pipe span may be calculated from the
pipe dimensions or by passing a known current through the pipe span and measuring the
voltage drop.

The line current may then be calculated by 0hm's law.

If regular measurements of the current flowing along a pipeline are required, it may be
preferable to insert an isolating joint into the pipeline.  The isolating joint can be bridged with a
removable link or a shunt to enable current to be measured.

4.4.6 `Clip-on' ammeters   

For currents greater than 10 A a `clip-on' or `clamp' ammeter may be used.  These operate
using Hall-effect sensors and clip around a current carrying conductor without the need to break
the circuit.  These should however be used with caution for measuring currents of less than 10
A as the sensitivity is poor at the low end of the scale (minimum range usually not less than 100
A) but may be useful for providing an indication that a circuit is carrying current and the direction
of the circuit.

4.5 Resistance measurement

4.5.1 Earth electrode resistance and soil resistivity

Separate electrodes are used to pass the test current into the ground and to measure the
potential drop caused by the test current.  Steel spikes are normally used. Polarization at the
potential measuring electrode is avoided by using alternating current at other than mains
frequency  to avoid interference.

The instruments normally indicate resistance directly.  In the case of earth electrode resistance
measurement, the resistance given is that between the electrode and the soil at a distance
equal to the spacing between the potential spike and the electrode.  Since it is normally required
to know the resistance of the electrode to remote earth, it is important that the spike/electrode
spacing be sufficient.  In the case of a test on a groundbed, this spacing should also be large
compared with the greatest dimension of the electrode system under test.

Soil resistivity is usually measured by the Wenner four-electrode method.  This requires four
electrodes in line with uniform spacing.  Current is passed between the two outer electrodes
and the inner two are used for potential drop measurement.  The steel spikes used as
electrodes need to make adequate contact with the soil but should not be driven to a depth
greater than one-tenth of the electrode spacing although one-twentieth is preferable.  Watering
in moderation around the electrodes is permissible to ensure adequate contact with the soil.

The resistance indicated, will be the ratio of the change of potential difference between the inner
pair of electrodes to the test current.  The soil resistivity (in � .m) will be 2� aR where R is the
resistance (in � ) and a is the electrode spacing (in � ).  The test gives an approximate average
value of the resistivity to a depth equal to the electrode spacing.
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Figure 19.  Zero resistance ammeters

NOTE 2.  If current Ib  is adjusted to give no deflection on the galvanometer then Ib = I.

If reversing Ib gives deflection D1 and D2, a deflection D corresponds to a current whose value is 2ID ;(D1 + D2).

If the meter indicates voltage the resistance R between the inner pair of connection points is given by:  R = (V1 + V2), 2I

where reversal of current Ib gives deflection V1  and V2.  Reversing the current eliminates the effect of any fluctuation of the steady current

flowing in the conductor under test.  It is assumed that the resistance between the inner pair of connection points is much lower than that of

the meter.

(b)  Zero resistance ammeter connected across length of conductor.
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In very dry or highly resistive soils or where measurements to considerable depths may be
required for deep well groundbed design, resistivities may be determined using electromagnetic
induction techniques.

4.5.2 Determination of bond resistance

Where it is necessary to determine the value of the resistance which should be connected in
series with a bond, to adjust the structure/electrolyte potential of a structure to a desired value, it
can be done either by inserting a series of fixed calibrated resistors until a suitable value is
found, or adjustment can be made by using a variable resistor, the resistance of which is
subsequently measured. Alternatively, if the galvanometer shown in Figure 19(a) is calibrated to
indicate voltage, the desired potential conditions on the structure can be obtained by adjustment
of the resistor. The necessary resistance value is determined as the ratio of the voltage to the
current.  This arrangement has the adivantage of obviating the need for low resistance leads.
This method may be used to measure the bond resistance between hull and rudder etc, on
ships. Special milliohm meters are also avaiable for measuring the very low resistance of
bonds.

4.5.3 Bonding of ships propellers

Methods of determining the resistance of bonds described in 4.5.4 are applicable to ships'
propellers.  Since the contact-resistance of the brushes running on the shaft will increase as the
shaft rotates, resistance measurements made with the shaft stationary may lead to a false
appraisal of bond resistance.  The use of a high resistance voltmeter connected between an
additional brush running on the slip ring and the hull will indicate the shaft/hull potential
difference.  The voltage drop across the monitoring brush/slip-ring will be insignificant due to the
high resistance of the measurement circuit.

4.5.4 Bonding of ships rudders and stabilizers

The resistance values of bonds required for rudders and stabilizers is of the order of 0.001 � .
This is outside the limits of detection of commercial resistance meters and requires the use of
special low resistance meters.  The value may be calculated by measuring the potential drop
that occurs when a current of known fixed value is passed through the bond.

The arrangement shown in Figure 19(b) may be used.  A current of the order of 10 A or 20 A
should be injected by pointed probes to the rudder stock and the hull.  Probes connected to a
millivoltmeter are then used at alternative points to measure potential difference.  The current
should be reversed to ensure that the potential difference is caused solely by the applied
current.

With the ship in service, measuring the potential difference between the rudder stock or
stabilizer fin shaft and the hull will enable bond effectiveness to be monitored.

4.5.5 Continuity of structure   

Any disconnections or high resistance joints may become apparent by a large change in
potential when structure/electrolyte potential measurements are made at various points along
the length of the structure after cathodic protection has been applied.
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Where this method is being used to locate high resistance joints, sufficient current should be
used to give a large structure/electrolyte potential at the point of negative cable connection, for
example - 1.0 V to - 1.5 V. Where there is an abrupt decrease of the structure/electrolyte
potential, there is either a resistive joint or a connection to a buried metallic structure between
the point of test and the negative cable connection point.  Each change of reference electrode
location should be accompanied by a corresponding change in the location of the structure
connection.

It may also be necessary to determine whether the armour of a buried cable is satisfactorily in
contact with the sheath.  Appreciable potential differences between the sheath and the armour
of a cable, when cathodic protection is applied by means of connection to the sheath, indicates
a poor connection.

Another method of locating discontinuities, which can be applied to buried cables and pipelines,
uses an audio-frequency current impressed on the structure from which a signal is picked up by
means of a search coil and headphones.  Points of electrical discontinuity are indicated by a
sudden decrease in signal strength.  This method has proved satisfactory in open country but
needs care in urban areas where the presence of other services in the ground will often cause
misleading results.

In the case of structures such as buried pipelines, when such discontinuities are suspected, a
constant voltage (up to 12 V) can be applied between two points on the pipeline some distance
apart.  Discontinuites will be indicated by a change in the potential gradient, i.e. a sudden
voltage drop.  It is possible to locate these points accurately by using two wander probes, each
making contact with the pipe, a sensitive voltmeter being connected between them.

The comparative longitudinal resistance of pipe joints may be assessed by measuring the
potential drop across a joint caused by the passage of a known impressed current of the order
of 10 A to 20 A. The equipment can be as shown in Figure 19(b), the galvanometer being
calibrated as millivoltmeter.  The four connections to the pipe can be made using probes with
hardened points: the probes connected to the millivoltmeter should be insulated.  The
impressed current should be reversed and the test repeated to confirm that the potential drop
measured is due solely to the applied test current.

Warning.  Probing should not be carried out without prior consultation with other authorities
concerned, to ensure that there is no possibility of causing damage to their buried services.
Probing will cause damage to pipeline coatings.

4.6 Tests prior to installing cathodic protection on buried or
immersed structures

4.6.1 Soil and water samples

Samples of the various types of soil from positions along the route may be required. Such
samples should be of not less than 250 g in mass and should be placed in sealed, sterile,
air-tight containers.  Besides bacteriological analysis, information may be needed as to
sulphate, chloride, carbonate and sulphide content.  The pH value and the redox potential (see
Appendix A) may also need to be determined.
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Although resistivity and bacteriological data may in many cases provide sufficient guidance,
chemical information may be useful in diagnosing the nature of the corrosion liable to occur and
in determining the most suitable type of anode material.

In the case of immersed structures, any analysis of water samples should include measurement
of the oxygen content and conductivity.  It should be noted that, particularly in the case of
estuarine waters, considerable variation can occur according to the state of the tide and also
according to the season.  Moreover, stratification is often present and the use of a suitable
sampling technique is recommended.

4.6.2 Soil resistivity

Soil resistivity measurements (in � .m) taken over the area occupied by the structure may be
required.  The main objects of the measurements are:

(a) To form an assessment of how corrosive the soil is on the basis of the following
approximate relationships:

resistivity
up to 10 � .m severely corrosive
10 � .m to 50 � .m corrosive
50 � .m to 100 � .m moderately corrosive
100 � .m and above slightly corrosive

(b) To enable a decision to be reached on the type of cathodic protection to be installed,
i.e. whether by sacrificial anodes or by impressed current.

The number and positions of the points at which soil resistivity readings are carried out for any
particular buried structure need to be judged on the size of the structure in relation to the
probable variation in soil conditions over the site.  Practical and economic factors will normally
limit the number of readings taken and the possibihty of small areas of low resistivity escaping
detection may therefore, need to be taken into consideration.

It is usual to carry out initial readings along a pipeline route at spacings between 1 km and 3 km
according to the expected variability of soil resistitvity, additional readings being taken as
considered necessary to define the extent of particularly corrosive areas.

Readings may also be carried out in positions where electric power is conveniently available, to
provide data for the design of impressed current groundbeds.

When the Wenner method, as described in 4.5.1, is used, the test indicates average resistivity
at a depth equal to the separation between the test electrodes.  If a pipeline route is being
surveyed, tests can usefully be made with spacings equal to the pipe depth, half the pipe depth
and twice the pipe depth.  This gives a result relating to the environment of the pipe and also
indicates how resistivity varies with depth.  If the pipeline is already installed, particularly if it is
poorly coated, the tests should be made with the line of electrodes perpendicular to and remote
from the pipeline.

Soil resistivity surveys to determine corrosiveness should, where possible, be carried out during
periods when the lowest resistivity values are likely to be encountered, namely at a time when
damp soil conditions and high water tables exist.
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Tests made to provide information for the design of groundbeds should preferably be made
following a dry spell to obtain the `worst' case.

Readings are taken with electrodes spaced at intervals up to about one-quarter of the expected
length of the groundbed, dependent on the variation of soil resistivity with depth at the site
chosen.

4.6.3 Structure/electrolyte `natural' potential surveys   

It may be useful to carry out a survey to determine the structure/electrolyte potential variation
along, or over the surface of, the structure as described in 4.3, employing a suitable reference
electrode and voltmeter. Such a set of potential measurements may indicate those points on the
structure where the worst corrosion is likely to be taking place.

With no applied cathodic protection, and in the absence of stray currents, the most negative
structure/electrolyte potentials indicate the corroding areas.  On the other hand, if corrosion is
due predominantly to stray current in the soil, the more intense corrosion will be associated with
the more positive structure/electrolyte potentials. (See 2.2.3).

4.6.4 Stray electric currents

Where the presence of stray electric currents is suspected, e.g. in proximity to d.c. electric
traction systems or where varying structure/electrolyte potentials, indicate the possibility of such
currents, it is sometimes necessary to determine more accurately the extent of stray current
effect on the structure.  This can be done by plotting the potential field in the area, using a
stationary reference electrode, or a structure, as a reference point.  The effect due to the
operation of an potential survey during the time the system is working and repeating the tests
after the system has been shut down.

4.6.5 Tests for electrical continuity   

Tests should be carried out whenever the continuity of the structure is in doubt, to locate any
discontinuities (see 4.5.5).

4.7 Specialized surveys

4.7.1 General

There are a number of specialized survey techniques being utilized to provide additional
detailed data concerning corrosion prevention systems.

These techniques would normally be carried out by specially trained personnel using
purpose-built equipment and instrumentation, often only available from specialist contractors.
These surveys are generally time-consuming but the information gained may not be available
from other methods.  Examples of these techniques are given in 4.7.2 to 4.7.4.
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4.7.2 Pearson survey

This is used to locate defects in buried pipeline coatings by injecting an a.c. signal between the
pipeline and remote earth and measuring the potential difference between two contacts with the
soil approximately 6 m apart.  Two operators walk along the route, making the necessary
contacts with the soil, either in-line directly over the pipeline or side-by-side with one operator
over the pipeline.  Any local increase in the potential difference might indicate a coating defect
or perhaps a metallic object in close proximity to the pipe.  The in-line method is helpful in the
initial location of possible coating defects, since any increase in potential difference (usually
received as an increase in audio signal) is obtained as each operator passes over it.  However,
when there is a series of defects close together or where information on a particular defect is
required, the side-by-side method is usually adopted.  It is necessary, to traverse the entire
length of the pipeline and the interpretation of the results obtained is entirely dependent on the
operator unless recording techniques are used.

4.7.3 Current attenuation survey   

This is used to locate defects in buried pipeline coatings.  The method is similar to the Pearson
survey technique but a search coil is used to monitor the actual current flowing in the line from
the injected a.c. signal.  Any significant attenuation of the current may indicate a coating defect
or contact with another metallic structure.

4.7.4 Close interval potential survey   

This is used to determine the level of cathodic protection the entire length of  a pipeline.  It may
also indicate areas affected by interaction and coating defects.  The pipe/soil potential is
measured at close intervals (less than 1.5 times the depth of pipeline) using a high-resistance
voltmeter, half cell and a trailing cable connected to the pipeline at a test point.

A plot of potential against distance is produced allowing features to be identified by changes in
potential values caused by local variations of cathodic protection current density.

The survey may be carried out with the cathodic protection system energized continuously (an
`ON' potential survey), or with all the cathodic protection supplies switched simultaneously by
synchronized timers using the instantaneous-off potential method (see 4.3.2.3).

Because of the large amount of data to be handled, a field computer or data logger is normally
used which may be programmed to produce the plots of potential against distance.
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SECTION FIVE :  COMMISIONING, OPERATION AND MAINTENANCE

5.1 Introduction

This section indicates the stages at which tests should be made and describes routines to
ensure the continued effective operation of cathodic protection systems, both in general and in
particular applications such as for buried and immersed structures, reinforced concrete
structures, ships' hulls and tanks, and internally-protected plant.

The relevant test instruments and the techniques for their use are described in section 4.

The effectiveness of a cathodic protection installation depends on applying and maintaining the
correct potential difference between the metal and the adjacent environment at all parts of the
structure.  This is the objective of the procedures described in this section.

5.2 Tests during the commissioning period

5.2.1 General

The structure/electrolyte potentials at various points on a structure will continue to change for
some time after protection has been applied.  Tests should, therefore, be made at intervals and
currents adjusted as necessary until conditions become stable with potentials at all points not
less negative than the values given in Table 1. A comprehensive survey should then be made
and the results analysed to provide a list of conveniently carried out tests by which the
continued satisfactory, operation of the protection system can be confirmed.

Immediate action should be taken if abnormally positive changes in potential occur, particularly
at the point(s) of application of current indicating that one or more transformer-rectifiers have
been reversed.

More frequent inspections (for example at monthly intervals) are recommended where:

(a) The non-operation of one transformer-rectifier would result in a total or partial loss of
protection;

(b) The non-operation of the transformer-rectifiers is likely, due to factors outside the
operators control, e.g. known unreliable power supplies, joint operation with a third party,
susceptibility to electrical storms; or

(c) Protection is provided by a single bond from another protected structure.  It is important
that commissioning and routine test readings should be permanently recorded.  In many
instances, comparison with these provides the only information that is available as to the
condition and performance of the system.  To this end, a routine should be established for the
periodic review of the measurements to ensure that the conditions are satisfactory.
Consideration should be given to the computerization and graphical presentation of records,
with the inclusion of exception reporting for test measurements that fall outside set limits.
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5.2.2 Buried structures

Structure/electrolyte potentials should be measured at a series of points including, particularly,
points remote from the groundbed or anode positions.  Outputs should be adjusted to the
minimum that gives the desired level of protection (see Table 1).

The period required for the potentials to become structure stable may vary from a few months
for a bare or poorly coated structure.

Where possible, currents from individual sacrificial anodes or transformer-rectifier units should
be measured.  In the case of a complicated pipe system, it is also useful to measure the current
flowing from individual branches or sections.  These should be recorded and a routine for
subsequent retesting established as indicated in 5.2.1.

Once the operating conditions have been established, organizations that might be installing
underground equipment in the area in the future should be given sufficient information for them
to be aware of possible interaction problems.  This would include, for example, groundbed
positions and expected currents, and, if not already provided, an indication of the routes of the
protected structure and of any structures that have been bonded to it to reduce interaction.

5.2.3 Fixed immersed structures   

Structure/electrolyte potentials should be measured at the points provided, soon after the
protection is switched on.  Individual (or group) anode currents should be measured and
adjusted to the minimum that gives protection (see 2.3.2).

The subsequent variation of structure/electrolyte potential depends on whether the structure is
immersed in sea-water or estuarine water, and would be affected by variables such as the total
range of conductivity, oxygen content, water flow, rate and degree of pollution.  In clean
sea-water, the potential of the continuously immersed portion of a bare structure would be
expected to become stable within several months; a coated structure would stabilize more
quickly.  The potential of the metal in the tidal range should be checked at high tide to determine
whether the cathodic protection system is adequate to restore full polarization to that portion
without detriment to the continuously immersed portion.

5.2.4 Ships' hulls

If cathodic protection is by sacrifical anodes and no permanent reference electrodes are fitted,
tests are usually restricted to a visual examination of the anodes (whilst the ship is in dry dock),
to confirm that the correct number of anodes have been fitted in the locations recommended by
the supplier, they have been adequately attached and that they have not been covered with any
coating.  If the rudder, stabilizers (if fitted) and propeller are to receive protection from anodes
mounted on the hull the quality of bonds should be confirmed, see 4.5.3 and 4.5.4. With the ship
in the water, tests are restricted to a hull/electrolyte potential survey, as described in 4.3.3.2, to
indicate the level of protection with the vessel at rest.

If cathodic protection is by impressed current, tests usually include the following.

(a) A visual examination is  made of the installation both internally and externally (whilst the
ship is in drydock) to confirm that the equipment has been installed in accordance with the
suppliers recommendations, that all anodes and electrodes have not been painted and have
been correctly connected, that the rudder, stabilizers (if fitted) and propeller have been bonded
and that a negative connection capable of handling the full current output of the power unit
(transformer-rectifier) has been fitted.
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(b) Electrical checks are made on the power unit to verify the correct output polarity, the
ability of each anode to dissipate power, the operation of the automatic control system, the
setting of the control point and any current and voltage Iimits.

(c) With the ship in the water, a hull/electrolyte potential survey is made as described in
4.3.3.2 to indicate the level of protection with the vessel at rest.  With the ship under way,
readings are taken from permanent control electrodes as well as of the current and output
voltage of the power unit.  Potential differences between propeller shaft and hull, rudder and hull
and stabilizers (if fitted) and hull are also measured with the ship under way to confirm adequate
bonding (see 4.5.3 and 4.5.4).

The hull reference potential will normally be set within the range - 0.80 V to - 0.85 V (silver/silver
chloride/sea-water reference electrode).

5.2.5 Reinforced concrete structures   

The considerations in 5.2.1 to 5.2.3 generally apply.  Interaction on adjacent structures is
unlikely to occur and the notification to other authorities may thus be omitted.  However,
interaction may be experienced on adjacent elements of the structure under protection and this
should be investigated (see section 7).

5.2.6 Internal protection of plant   

Structure/electrolyte potentials should be measured at the test points before and soon after the
installation is switched on.  The currents at individual anodes (or groups of anodes) should be
monitored and adjusted as necessary, after a further period, e.g. one week, then, if no serious
departure is observed, again after one month.  At each adjustment, the individual and total
anode currents should be noted for reference.

Each sensing electrode used for automatic control should be checked against a suitable
reference electrode installed close to it.  Unless there is experience with similar plant, reference
electrodes should also be installed at a sufficient number of positions in the protected
equipment to enable a representative potential distribution curve to be plotted.  This will show
whether the position of the sensing electrode was chosen judiciously and whether the correct
control setting has been selected.  If more than one sensing electrode provides the feedback
signal to the controller, the readings on each should be compared for incompatibilities before
and after switching on the protection.  Readings may show differences due to the presence of
electropositive materials, and the gradients around anodes.  Ideally, all the sensing signals
should be within 50 mV when the protection is switched on.  Slightly wider tolerances
(e.g. 100 mV) may still form an acceptable basis for control.

5.3 Operation and maintenance : considerations relating to most
types of structure or plant

5.3.1 General

The effectiveness of the cathodic protection system is assessed by measuring the currents and
potentials at the points selected during the commissioning period (see 5.2.1), and action can
then be taken if the results differ from the expected values.
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5.3.2 Sacrificial anode installations : maintenance

5.3.2.1 General

It is difficult to lay down detailed procedures because of the variety of structures involved and
because of the possible absence of accessible equipment.  Maintenance can, however, be just
as critical for these systems as for impressed current systems, and those components which
are accessible should be regularly inspected if protection is to be maintained.

The frequency and extent of inspection and potential measurement will depend upon such
considerations as the likelihood of disturbance by other agencies (excavations and roadworks in
the case of pipelines in urban areas), and the possibility of additions or alterations to the
structure (a network of buried pipes may be the subject of much extension or alterations,
whereas a jetty may remain structurally unaltered for many years).

Where link boxes or similar devices are provided, current should be measured in addition to
potential to confirm that the anodes are still operating.  A record of the current output will also
enable an estimate to be made of the consumption.

This is, however, impossible where anodes are bolted or welded directly to the surface of the
metal.

If anodes are available for inspection, their appearance will indicate whether they have been
supplying current, but this, will not establish that a satisfactory level of protection is being
provided.

5.3.2.2 Fault location

lf the potential has become insufficiently negative, an indication of the cause can be obtained
from a current measurement.

(a) Current zero or lower than  expected:

(1)  wastage of anodes and possible need for replacement;
(2)  deterioration of anode/cathode connection, breakage of anode or cables;
(3)  drying out of soil around anode;
(4)  effects of pollution on anodes;
(5)  poor anode quality

(b) Current level maintained or increased:

(1) inadvertent metallic contact with newly installed structures;
(2 faulty isolation equipment;
(3) alteration of environment causing rapid depolarization, or increase in oxygen content of
water due, for example, to a reduced level of pollution;
(4) extension of the structure;
(5) deterioration of, or damage to, protective coatings.
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5.3.3 Impressed current installations : maintenance

5.3.3.1 General

The maintenance of equipment such as rectifiers, transformers, transfomer oil, switchgear, and
a.c. supply cabling is not covered in detail in this code; procedures are similar to those followed
when such equipment is used for other applications.  Particular attention should be given to
safety and earthing measures, equipment in hazardous areas, which should be maintained in
accordance with BS 5345, and the maintenance of metallic enclosures to BS 5493.

Regular checks should be made on all accessible cables connecting transformer-rectifier units
to protected structures or plant and to anodes or groundbeds, to ensure that the insulation is in
a good condition, and that end connections are clean and tight.  Insulation of the anode leads is
particularly important.  Cables installed to provide connections to other structures and/or
permanent test points should also be tested at regular intervals.

5.3.3.2 Fault detection

lf abnormal values of potential and current are noted, comparison with expected or earlier
values will indicate the nature of the fault as follows.

(a) Structure/electrolyte potential becomes more positive as protection system is switched
on:  This indicates reversed connections which is the most serious fault and which could result
in severe damage to the structure in a relatively short period.

(b) Applied voltage zero or very low, current zero:

(1) failure of a.c. fuse or tripping of other protective device;
(2)  failure of a.c. supply;
(3)  failure of transformer-rectifier

NOTE.  Approximately 2V may still indicated on the voltmeter due to the back e.m.f. between the steel structure and
carbonaceous backfill in the groundbed.

(c) Applied voltage normal, current low but not zero:

(1) deterioration of anodes or groundbeds;
(2) drying out of soil around groundbeds, or some anodes no longer  immersed;
(3) accumulation of electrolytically produced gas around anodes;
(4)  disconnection of some of the connections to individual anodes of a groundbed or anode
system;
(5)  disconnection of part of the protected structure.

(d) Applied voltage normal, current zero:

(1) severance of anode or cathode cables;
(2)  failure of d.c. fuse or ammeter of transfomer-rectifier unit;
(3) complete failure of groundbed or anode system.

e) Applied voltage and current both low:

(1)  control on transformer-rectifier unit set too low;
(2)  transformer or rectifier failing;
(3)  electricity supply faulty.
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(f) Applied voltage and current both high:  Control on transformer-rectifier set too high.

(g) Applied voltage and current normal but structure/eletectrolyte potential insufficiently
negative:

(1) break in continuity bond or increased resistance between point of connection and point
of test;

(2) greatly increased aeration of soil at or near point of test due to drought or increased
local drainage;

(3) alteration of environment causing rapid depolarization or increase in oxygen content of
water due, for example, to reduced level of pollution or increased flow;

(4) faulty isolation equipment e.g. short circuiting of an isolation joint in a pipeline;
(5) protected structure shielded or otherwise affected by new structures;
(6) failure of cathodic protection system on another part of the same structure or on a

secondary structure bonded to it;
(7) deterioration of, or damage to, protective coatings;
(8) addition or extension to buried structure, including fortuitous contact with other metallic

structures;
(9) interaction from another cathodic protection system;
(10) effects of stray a.c. on  the  structure.

(h) Applied voltage and current but structure/electrolyte potential abnormally negative:

(1) break in continuity bonding at position further from the point of application than the point
of test;

(2) decreased aeration of soil or electrolyte at point of test;
(3) reduction in rate of flow of electrolyte;
(4) secondary structures have been removed or have been cathodically protected or bonds

to them broken;
(5) effects of stray  a.c. on the structure.

(j) Applied voltage and current normal but structure/electrolyte potential fluctuates:  The
presence of stray earth currents e.g. interference from d.c. traction systems or
telluric/geomagnetic effects.

5.4 Buried structures : operation and maintenance

5.4.1 Sacrificial anode installations   

While specific procedures may be defined in an operation and maintenance manual, or laid
down by a regulatory body, the following routines are typical for well-coated structures.

(a) At 3-monthly intervals, measure and record structure/soil potentials at representative
measuring points, in particular where potentials are known to be least negative.

(b) At 12-monthly intervals, check and record structure/soil potentials at all measuring
points and the current flow in each link.  Points where secondary structures have been bonded
to the primary structure or on which sacrificial anodes have been used to overcome corrosion
interaction should also be included.  As a general rule, the structure/soil values obtained for the
latter should be at least as negative as those recorded at the time of installing the bond or
anode.

Visually check all test facilitates for servicability and damage and carry out maintenance and
repairs as necessary.
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5.4.2 Impressed current installations

5.4.2.1 General

Typical procedures for impressed current installations, assuming the use of transformer-rectifier
units, which are the most common power source, are as follows.

(a) At maximum intervals of 3 months check for units, record output voltages and currents
and measure structure/soil potentials at the point(s) of application of current, midway between
the points of application of the current, and at the extremities of the structure being protected by
the cathodic protection system, noting any departures from normal.

(b) At maximum intervals of 12 months, measure structure/soil potentials at all measuring
points or, where appropriate, at representative points that have previously been shown from a
close interval potential survey (see 4.7.4) to indicate that the required levels of protection are
generally being obtained throughout.

Points where secondary structures have been bonded to the primary structure or on which
sacrificial anodes have been used to overcome corrosion interaction should also be included.
As a general rule, the structure/soil potential values obtained should be at least as negative as
those recorded at the time of installing the bond or anode.

Visually check all test facilities and transformer-rectifier installations for serviceability and
damage and carry out maintenance and repairs as necessary.

(c) At intervals of 5 years to 10 years for appropriate structures, give consideration to the
carrying out of a close interval potential survey (see 4.7.4).

5.4.2.2 Groundbeds   

Groundbeds may not continue to give the desired output current for a variety of reasons, the
higher current installations being the more susceptible to change.

Horizontally installed groundbeds may suffer from soil drying at certain times of the year which
will increase the groundbed electrical resistance.  Thus, for the same applied voltage the current
output may be reduced.  This can be counteracted by either increasing the transformer-rectifier
output voltage or by watering the groundbed.  For typical installations on well-coated buried
pipelines neither of these actions is likely to be necessary.

Where soil drying is a known problem, vertically bored or deepwell groundbed configurations
are commonly used, so that despite the season constant wetting of the groundbed can be relied
upon.  Such groundbeds require a ventilation system the size and complexity of which will
depend on current output. A decrease in current for a given voltage may also result from
blockage of the groundbed gas vents and it may be necessary to remove the top levers of the
groundbed and replace them with more porous material.

NOTE.  A sudden change in the effectiveness of a groundbed could be the result of the installation of new structures by
another organization. ln such a case the action to be taken will need to be discussed with the owner of the new
structures it being pointed out that these are liable to suffer damage by interaction.
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5.5 Immersed structures : operation and maintenance

5.5.1 Sacrificial anode installations

Routine readings of structure/electrolyte potential at a limited number of representative points
and, in cases where facilities are provided, of the current output of each anode, should be made
at suitable intervals, usually every 3 months.

Where anodes are connected to fixed immersed structures by cables, the latter should be
regularly examined for possible damage due to wave action, mooring of small craft, flotsam, etc.
The need for anode renewal will be indicated when structure/electrolyte potential levels are no
longer sufficiently negative.  In some cases, it may be possible to raise representative anodes
for inspection to assess the wastage rate.

With anodes attached directly to the submerged parts of the structure, e.g. anodes welded to
steel piles prior to driving, current outputs cannot be measured and the need for renewal has to
be based on measurement of structure/electrolyte potential supplemented by information on
anode wastage.  In some cases this can be obtained when the anodes are exposed for short
periods at low tides; otherwise inspection by divers will be necessary. Although directly-attached
anodes are usually designed for long life, they will eventually be consumed and, to avoid the
underwater work involved in anode renewal, it may be practicable to use cable-attached
anodes, or anodes welded to steel bars which can then be attached to the structure above
water level.  Alternatively, the use of impressed current may be considered.

It should be noted that if sea-water is heavily polluted, this may affect the performance of the
anodes.

5.5.2 Impressed current installations

The current output of the transformer-rectifier unit may need to be adjusted from time to time to
maintain a satisfactory level of protection on the structure. During the initial period of operation
(i.e. for a period of 6 months to 12 months) it is usually possible to decrease the current as
polarization increases. If the rectifier output is not reduced, structure/electrolyte potentials may
become excessively negative and structure coatings may be damaged. However, it may later
be necessary to increase the current in order to maintain protection, to counteract the effects of
unavoidable damage to, or deterioration of, coatings.

In cases where appreciable changes in water resistivity occur and automatically-controlled or
constant-current equipment is not provided, the transformer-rectifier output should be set at a
level which provides the best compromise for both high and low water resistivity conditions. It is
essential to test during periods of low water resistivity to confirm that there is no risk of
overloading the equipment.

The transformer-rectifier voltage and current output should be measured at least once a month.
In estuarine conditions, the effect of tidal variation should be studied and subsequent tests
made at selected tidal levels. Structure/electrolyte potential readings at a limited number of
representative points should also be made monthly for the first year of operation. Thereafter, if
stable conditions have been established, the interval between structure/electrolyte potential
readings may be increased to 2 months or 3 months, depending on local conditions. Pipeline
isolation joints, where installed, should be checked every 12 months.
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Piled structures comprising steel piles and concrete decking should have the bonding system
checked by measuring the structure/electrolyte potential of each individual pile. This check is
usually carried out after about 12 months operation of the cathodic protection system and is not
normally repeated without specific reason, e.g. damage to the structure. Where the form of
construction is such that the piles are automatically integrally bonded, e.g. steel deck members
welded to the piles, a bonding check is not usually necessary. Power supply equipment will
require nominal electrical maintenance (see 5.3.3.1).  Groundbeds will periodically require
complete renewal depending on design and loading. Anodes such as platinized titanium will,
however, normally have a life in excess of 5 years; the need for renewal will be indicated by a
gradual decrease in current output.

Most types of marine groundbed and connecting cables are subject to various forms of
mechanical damage which may result in a decrease in current output.

5.6 Reinforced concrete structures : operation and maintenance

The following schedule of operations is recommended.

(a) At monthly intervals, check and record instrument readings and note any departure
from normal.  Readjust as required.

(b) Every 6 months, record all monitoring probe readings and structure/electrolyte
potentials at test points provided.  Visually cheek all components for damage.

(c) Every 12 months, check power source enclosure and mountings and repair as required.
Open all junction boxes and inspect visually.

5.7 The internal protection of plant : operation and maintenance

5.7.1 Sacrificial anode installations

Frequent and regular inspection of sacrificial anodes is essential to ensure continuing
satisfactory operation, but their use in many types of enclosed equipment poses difficulties in
respect of access since a minimum of down time is often demanded in industrial plants.

Performance should be assessed both by measurement of the metal/electrolyte potentials and
by visual inspection of the protected plant.  In general, sacrificial anodes are directly attached to
the surface to be protected so the current cannot be measured.

However a guide to their rate of consumption and the anticipated life can be assessed by
periodically measuring their dimensions after removing any surface debris and corrosion
product.

5.7.2 Impressed current installations

5.7.2.1 Manual control

At regular intervals (dictated by experience, but initially of the order of 1 month), all the anode
currents and structure/electrolyte potentials should be monitored so that an overall picture of the
trend and fluctuation is built up.  With sea-water as the electrolyte, several months may be
needed before potentials become stable; appreciable potential changes may not occur at
positions remote from anodes until a calcareous deposit has been built up on metal near the
anodes. Reference electrodes used for control need to be carefully located.  Unless experience
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enables suitable positions to be chosen initially it may be necessary, to install a number of
reference electrodes for use during the initial period to determine the best location for
permanently -installed control electrodes.

The current output of the anodes may be adjusted either individually or collectively until suitable
structure/electrolyte potentials are obtained.

5.7.2.2 Automatic control

The control equipment should ensure that the metal/electrolyte potential at the sensing
electrode remains constant which, if the initial commissioning has been carried out correctly, will
ensure that potentials are maintained within a suitable range at all positions.
Structure/electrolyte potential check readings are necessary to confirm the continued
performance of the control system and other essential equipment.

It is necessary to check the sensing electrodes at regular intervals. This should be carried out
using a standard electrode and an independent high resistance voltmeter.  Although automatic
monitoring units are available, it is essential that the electrodes and control units are checked
periodically to ensure proper functioning.

5.8 Ships' hulls : operation and maintenance

5.8.1 Sacrificial anode installations

Where anodes are connected to ships' hulls by leads, e.g. during fitting out or when laid up, the
same maintenance of leads and their insulation, junctions and connections, is required as for
buried structures.

Potential measurements of the hull should be carried out periodically using a portable reference
electrode.

When potential measurements are taken on tankers used for the carriage of low flash point
cargoes it is essential for safety reasons that an intrinsically safe voltmeter be used.

In general, potential readings more negative than - 0.80 V (silver/silver chloride/sea-water
reference electrode) indicate a satisfactory level of protection.

Anodes attached to the hull should be inspected during dry docking to determine the amount of
metal or alloy remaining.  If necessary anodes should be mechanically cleaned to remove loose
corrosion products to enable an accurate assessment to be made.

Anodes which have insufficient metal or alloy remaining to enable their continued operation until
the next scheduled dry docking should be replaced or augmented by the addition of further
anodes.  Hull anodes are cast with various thicknesses which largely determine anode life.
Typically an anode with a thickness of 5 cm may be expected to last 18 months to 24 months.

Anodes which show little or no sign of wastage when inspected are likely to be passive.  The
electrical contact of the metal or alloy to the steel insert and the electrical contact of the steel
insen to the hull (in the event of anodes attached by bolts) should be verified.  Anode surfaces
should be confirmed as being free from coating. If neither electrical contact or coating is
identified as the cause of the anode being passive it should be removed and replaced.
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If the vessel operates for a significant proportion of its time in fresh or brackish water, the
performance of the anode will be affected by a reduction in current (causing a reduction in
protection ability) and as a consequence a reduction in the rate of consumption.

5.8.2 Impressed current installation

5.8.2.1 Operation of cathodic protection in ships

Automatically controlled systems are normally fitted on ships and the reference electrodes not
only measure the hull potential but also control the anode output.

Full details of the operation and maintenance of such a system should be provided in the
manufacturer's handbook which should be retained on board the vessel.

Readings of the hull potential, current output and voltage together with general operational
factors such as drought and water temperature, should be logged daily.

Minor adjustment may be necessary to the setting of the control potentials if the readings
indicate;

(a) low levels of protection where the potential is more positive than - 0.8V (silver/silver
chloride/sea water reference electrode);

(b) excessive negative potentials, e. g. more than - 0.95V.

NOTE.  Such potentials should be avoided in order to reduce the risk of coating damage.

Where spurious readings are suspected, checks may be carried out using a portable reference
electrode suspended over the ship's side together with an intrinsically safe voltmeter on vessels
used for the carriage of low flash point fuels.

There may be some interaction effects, particularly when the ship is berthed alongside a steel
jetty, and some authorities may require the ship's protection system to be switched off prior to
berthing. Any electrical connection between the ship and a steel jetty should only be made after
prior agreement with the relevant authority, especially if the jetty is also cathodically protected.
The successful operation of manually-controlled systems requires the active cooperation of
ships' staff. It is usual to operate at two current settings, one in harbour and one at sea. As a
first approximation, the current at sea may be set at double that found to give a hull/electrolyte
potential of -0.8 V (silver/silver chloride sea-water reference electrode) in harbour. Measurement
by the hull-mounted reference electrodes will indicate the further adjustments which should be
made at sea to attain the correct potential. Several hours should be allowed to elapse for the
current distribution to settle after each adjustment.

The preferred current values thus determined should be recorded and the anode currents
should be set to the appropriate level whenever the ship proceeds to sea or returns to harbour.
Current and hull/electrolyte potential readings should be noted daily or as frequently as possible
and further adjustments of the preferred current will usually be found necessary to allow for
deterioration of hull paint.
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At intervals of, about 3 months, a hull/electrolyte potential survey should be carried out in
harbour using a portable electrode at appropriate test positions around the hull (see 4.3.3.2), the
reference electrode being immersed at various depths not less than 500 mm and including
some tests with electrode at approximately the depth of the anodes. It is important that this test
be carried out in clean sea-water of average salinity. If this is not possible in harbour, the survey
should be carried out while at sea and while the speed of the ship relative to the water is not
more than 2 knots. The test positions should include the positions of the fixed reference
electrodes and thus provide a check on the accuracy of the latter. When discrepancies arise
between the hull/electrolyte potentials measured by any of the fixed electrodes and the portable
electrode, both electrodes should be checked as soon as possible against a stable reference
electrode.

5.8.2.2 Maintenance of cathodic protection on ships

Routine maintenance of electrical equipment inside the ship should be carried out on a periodic
basis with the supplier's instructions strictly observed.  Typically the performance of the
transformer-rectifier, anodes and electrodes should be verified every 3 months.

Transformer-rectifier units should be inspected for integrity, insulation, security of connections
and cleanliness.  Switches should be lubricated anode output fuses confirmed as intact and the
ability of the unit to perform within the manufacturer's specification should be verified.

Cable penetration glands in the hull and coffer dams should be checked for leakage of water,
and junction boxes for security of electrical connections and any signs of overheating in anode
cable connections.

Rudder stock bonding cables and propeller shaft slip-rings with their brush gear should be
inspected at least once a week to confirm that the potential difference with respect to the hull is
maintained at less than 20 mV for rudders and less than 100 mV for propeller shafts.  Security
of connections, cleanliness and, in the latter case, wear of slip-ring contact surfaces and
brushes should be checked.

Maintenance of external hull components will be carried out during dry docking of the ship,
when the protection system should be switched off prior to the dock being pumped out.

Anodes and their mountings or holders should be inspected for signs of damage and/or
degradation.  The active surfaces of platinized titanium anodes should be of uniform grey
appearance; a non uniform appearance may signify loss of platinum coating.  Mixed metal oxide
anodes should exhibit active surfaces with a uniform matt black appearance. Lead/silver anode
will show some signs of roughness. Signs of roughening and wastage, the surfaces should be
chocolate brown in appearance and free from extensive white deposits which could signify the
production of lead chloride associated with rapid consumption of the lead.

Dielectric shields formed by the application of coatings to the hull should be free from blisters
and breakdown which will be characterised by white calcareous deposits.  Any signs of
breakdown of this type of shield or of the hull coating adjacent to the shield, should be removed
by abrasive blast cleaning followed by the application of high duty alkali-resistant coating of
minimum thickness corresponding to the original application.  Precautions should be taken to
prevent coating being applied to the anode surfaces; any coating on the anodes should be
removed by solvent and not by mechanical means.
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Breakdown of prefabricated dielectric shields of reinforced polyester/epoxy resin or thermoset
plastics will be apparent through blistering and possible loss of shield material.  Repairs to this
type of shield may be possible by the use of epoxy putties or similar materials.  Alternatively the
shield should be replaced by fitting a new prefabricated unit or by the application of high
performance coating or epoxy putty to the blast-cleaned steel.

Reference electrodes and their mountings or holders should be inspected for signs of damage
or degradation.  The faces of zinc electrodes should be free from coatings and of uniform grey
colour with a slightly rough appearance.

5.8.2.3 Detection of faults at sea

Aids to diagnosis of faults are given in 5.3.3.2. The following list indicates the types of fault and
abnormally most likely to occur with installations on ships' hulls and the actions which need to
be taken.

(a) Reversed connection

This is the most serious fault and could cause rapid penetration of hull plating.  Evidence of
such an error is given by the hull/electrolyte potential which, on a properly connected system
should become more negative with respect to a silver/silver chloride/sea-water reference
electrode placed remote from the anode, when the system is switched on.

(b) Defective insulation of anode or anode cables

If such a fault is suspected, the system should be switched off and the back e.m.f. between the
anode cable and the hull measured.  With lead anodes, the back e.m.f. immediately after
switching off should be in the range of 1.5 V to 2.0 V; with platinium or platinized titanium
anodes it may exceed 2.0 V. A low or zero reading indicates defective insulation of the anode or
connecting cable and the anode should be switched out of circuit until a more thorough
investigation can be carried out.

(c) Faulty reference electrodes

Defects due to faulty insulation, exhaustion of electrode material, of high impedance, may be
indicated by the hull/electrolyte potential survey.  Usually more than one electrode is fitted, e.g.
to port and starboard, and they may be compared.  If the automatic controller can operate from
either, it is good practice to use them alternately except when alongside other ships or a jetty
when the more remote electrode should be used.

(d) Entry into fresh water

The high resistivity of water of low salinity restricts the spread of current from the anodes.  Thus
higher anode voltages than normal are required to achieve the required spread of current and
protective hull/electrolyte potential remote from the anode.  If the equipment cannot supply this
current at the higher output voltage required to overcome the increased resistance, the
protection potential will not be attained.  The underprotection, being temporary, may be
accepTable but as current will be concentrated at areas near the anodes, it may be advisable to
switch off the equipment, to prevent damage to the hull paint.  Performance of the system
should be rechecked on returning to more saline water.
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5.9 Ships' tanks : operation and maintenance

Cathodic protection of ships' cargo tanks is by sacrificial anodes. It can be applied only if the
tanks are also used for water after cargo discharge.  For various reasons, some tanks may be
left empty for part of a ballast voyage, or used only on alternate voyages.  It is necessary,
therefore, if a useful degree of protection is to be achieved, to set a lower limit to the proportion
of the total service time that any individual tank should be water-ballasted.  Practical experience
indicates that such ballast periods should add up to not less than those given in Table 9.

Table 9.  Recommended periods of water ballasting for ship's tank protected by
sacrificial anodes

Tank contents

Period of water ballasting as a
proportion of total voyage time, %

Water ballast alternating with dry cargo

Water ballast alternating with void spaces

Water ballast alternating with cargo oil

Water ballast alternating with fuel oil

40

40

25

25

In general, ballast voyage should be arranged for a minimum period of at least 5 days.  On the
other hand, it is not possible to set any limit to the time intervals between successive
ballastings, but these should be as short as it is practicable to arrange. Where it is normal
practice to use an alternating arrangement of ballast tanks on successive voyages, it is
advisable to provide the ship with set ballast plans covering all normal conditions of trim and
stability so that each protected tank is assured of regular ballasting.  As it is usually
impracticable regularly to ballast and therefore to protect every tank in a ship, the nomination of
tanks for this purpose should involve careful selection.

Where sea-water is the normally carried ballast, it is recommended that when water of resistivity

higher than 25 Ω.cm is taken on in a river or estuary, such water be discharged at sea as soon
as convenient and the tank or tanks refilled with sea-water.

As service conditions in a ship's tank can seldom be accurately predicted, the performance of
an anode installation should preferably be checked periodically by visual inspection and, when it
is practicable to do so, by means of suitably positioned reference electrodes attached to, but
insulated from, the steelwork of the tank.  Potential measurements will then indicate when the
need for any anode renewal arises.  Typically, systems are designed for a nominal 5 years and
inspected every 2 years.

When fall-off in protection cannot be determined by such means, it is normal practice to decide,
in conjunction with the anode manufacturers, the limiting size at which anodes should be
replaced.  As it is seldom practical to weigh anodes, suitable dimensions should be selected
(e.g. length or circumference) and inspectors advised of the limit set.

Safety precautions which need to be adopted for the avoidance of explosion hazard from low
flashpoint cargoes, or residual gas/air mixtures are given in 6.6 and 6.7.
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SECTION SIX :  SAFETY

6.1 Introduction

This section indicates some of the safety precautions, generally applicable to electrical
equipment that should be taken into account in the context of cathodic protection systems. It
deals  specially with possible hazards from electric shock due to fault conditions in electric
power systems, with incendive hazards due to hydrogen evolution and sparking in dangerous
atmospheres, and with toxicity hazards due to chlorine evolution. Measures that may be
required to eliminate hazards are described.

6.2 Applicable standards and regulations

Cathodic protection systems should comply with the regulations listed in the foreword, the
British Standards referred to in the text of this code and those listed in Appendix E, and with any
other statutory regulations, by-laws or standards that may apply.

6.3 Danger of electric shock

6.3.1 General

The current normally used for impressed current cathodic protection is rectified a.c., taken from
a step-down transformer and a rectifier. The transformer should be double wound and should
comply with BS 171, or those requirements of BS 3535 which are applicable to transformers
used for industrial and similar purposes.  The core of the transfomer, unless double-insulated,
and all the exposed metalwork should be effectively earthed.

It is unnecessary to earth the output circuit of the equipment as it is earthed by means of the
combined effect of the groundbed or immersed anode and the natural earthing of the structure
to be protected.  Therefore, unless the transformer is a double-insulated isolating type
complying with BS 3535, it should be a type having an earthed metallic screen between the
windings, or windings on separate limbs of the core.  If this is not possible then steps should be
taken to ensure that the combined resistance to earth of the groundbed and the protected
structures is low enough to permit operation of the protective fuses or switchgear in the event of
a fault between the input or high voltage windings of the transformer (i.e. mains voltage) and the
d.c. output of the associated rectifier.  The electricity supplier should be asked to state the type
of supply, as categorized by the IEE Wiring Regulations, it is intended to provide, and whether
an earth terminal will be made available or an earth electrode will need to be provided at the
intake position.  Also advice should be sought on whether additional protection in the form of a
residual current operated device should be provided.  Means to isolate the a.c. supply should be
provided at the transformer-rectifier unit.

It is also necessary for all live terminals to be suitably protected to ensure that accidental
contact cannot be made.

Automatic transformer-rectifiers with constant current or current limiting control may not operate
overcurrent protection devices when d.c. faults occur. Special provision should therefore be
made to provide suitable protection.
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6.3.2 Installations on buried structures   

In the case of buried groundbeds, attention should be paid to the danger of possible harm to
persons and animals due to the voltage gradient at the surface of the soil.  This will depend on
the depth and geometry, of the groundbed, the soil resistivity, the output voltage of the
transformer-rectifier and the current flowing into the soil, and should at no point be such that the
voltage occurring between the feet of persons or animals having access to the site could be
dangerous.

To keep voltage gradients at safe levels, the following precautions should be taken.

(a) The d.c. output voltage of the cathodic protection supply should be kept below 50 V d.c.

(b) The anodes and the upper surface of the carbonaceous backfill surrounding the anodes
should be buried at least 900 mm below ground level, so that only a proportion of the output
voltage appears across the surface of the ground.

(c) The leads should be fully insulated and protected against mechanical damage between
the anode connections and a point well above the surface of the ground.

The danger might be increased if, for example, a wire fence on wooden supports passes close
to the groundbed. If the wire were earthed at some distance from the groundbed, the voltage
between the wire and the soil near the groundbed would be a substantial proportion of the total
voltage drop through the soil.  These matters should be considered at the design stage, any
necessary confirmatory tests being carried out during commissioning.

A similar danger would occur if a wire fence on wooden supports were altered in order to install
a groundbed, and a wooden support was replaced by a metal support buried close to the
groundbed.

6.3.3 Installations on immersed structures

When groundbeds are placed in open water, possible dangers to bathers or fish should be
considered.  The risk is greater in fresh water than in sea-water.

There is a possibibty of danger from electric shock to divers if they approach to within 1 m to 2
m of impressed current anodes which are in operation; this is particularly important when the
underwater scrubbing of a ship's hull is in operation.  Ships' impressed current systems should
be switched off before divers commence submerged work of any kind unless the requirements
of Diving Safety are met.

6.3.4 Installations for the internal protection of plant   

Safety procedures should be adopted that make it impossible for personnel to enter tanks or
pipes that normally contain water, whilst the electrical supply to the anodes is switched on.

6.4 Fault conditions in electricity power systems in relation to remedial and/or
unintentional bonds

There is possible risk in bonding a cathodic protection system to any metalwork associated with
the earthing system of an electricity supply network, whether by intention or not.  This is
particularly important in the vicinity of high-voltage sub-stations.
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Bonds between metalwork associated with an electrical power system (e.g. cable sheaths) and
cathodically protected structures, can cause danger when abnormal conditions occur on the
power network.  The principal danger arises from the possibility of current flow through the
bonds to the protected structure due to either earth-fault conditions or out-of-balance load
currents from the power system neutral.

The current, together with the associated voltage rise, may result in electric shock, explosion,
fire or overheating and also the risk of electrical breakdown of coatings on buried structures.
Such hazards depend on the local system conditions and should be considered if bonds
between electricity supply equipment and other plant are being contemplated. Adequate
precautions should be taken to remove any danger (see BS 6651).

The insertion of current limiting resistors in bonds through which heavy fault current might flow
should be avoided as far as possible.  If they are used, it is essential that they should be
carefully designed for the expected conditions.

Bonds and any associated connections should be adequately protected from damage or
deterioration.

Because of the uncertainties, bonds between power system equipment and other structures are
generally best avoided, use being made of other methods of avoiding interaction problems, for
example, the attachment of a sacrificial anode to the affected structure.

6.5 Induced alternating voltages and currents

Alternating current flowing in overhead conductors produces an alternating magnetic field.
Where the field cuts another conductor, an a.c. voltage is induced in the latter conductor.  Thus,
where a pipeline runs parallel to a high voltage overhead power line or to the overhead line
equipment of an a.c. electrified railway, an a.c. voltage will be induced in the pipeline where it is
cut by the magnetic field and current may flow in the pipeline.

The magnitude of the voltage appearing on the pipe depends on many factors including:

(a) the overall geometric configuration of both structures;

(b) the magnitudes of the currents flowing in the conductors (which may be unbalanced
due to abnormal load or fault conditions on the power line);

(c) pipeline and coating characteristics; and

(d) soil resistivity.

In cases where the overhead line has an earthed neutral, unbalanced or fault conditions can
result in substantial currents flowing in the ground.  These currents, which can arise both from
induction or conduction, can find their way into the pipeline.

The study of induced currents and voltages and the provision of mitigation measures can be
very complex and should therefore only be undertaken by technically competent personnel.

For an electrically well balanced overhead 3 phase power line, a parallelism of less than 3 km is
unlikely to induce voltages of a hazardous magnitude during normal load flow conditions.
However for an unbalanced single phase supply e.g. an a.c. electrified railway, or earth faults on
the power line, hazardous voltages may be induced even over short lengths.
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When induced voltages are calculated to be present at an unacceptable level, then it is
essential that steps to reduce these voltages to safe values are taken.  One of the most
effective techniques for mitigating induced voltages is to earth the pipeline at strategic locations
i.e. at peak voltage locations.  This may be done by connecting earthing mats, earthing rods,
sacrificial anodes, or continuous strip or wire anodes to the pipeline.  The choice of earthing
system depends on the soil resistivity and the level of voltage to be dissipated.  The impedance
of the earthing system should be low enough to reduce the induced voltage to safe levels.

If non-sacrificial materials are used for mitigation, a d.c. decoupling device e.g. a polarization
cell, should be used to connect the earthing system to the pipeline so that excessive current
drain or shielding does not affect the cathodic protection.

Where sacrificial anodes are used, provision should be made to facilitate testing the earthing
system at maximum intervals of 12 months.

Where there is a possibility that induced voltages would be developed that could cause arcing
across isolating joints, electrolytic ground cells, polarization cells or other suitable devices
should be used.

Cables connecting these devices and the connections themselves should be properly sized and
designed for maximum fault current and anticipated duration.

If polarisation cells are used, special precautions are required in handling the strong caustic
solution usually potassium hydroxide 30 %) used to fill the cells.

6.6 Evolution of dangerous gases

6.6.1 Hydrogen evolution

6.6.1.1 General

In impressed current systems, and sometimes with magnesium anodes, excessive polarization
can cause evolution of hydrogen on the protected structure.  Thus, in situations such as closed
tanks where hydrogen can collect, an explosion hazard can arise.  To avoid this hazard, it is
necessary for all designs to include adequate venting to prevent the build up of hydrogen.

Where hydrogen evolution could produce an explosion hazard, the structure/electrolyte potential
should be carefully monitored.  Hydrogen evolution is not significant at structure/electrolyte
potentials less negative than - 1.0 V with reference to a silver/silver chloride/sea-water
electrode, for steel in sea-water.

6.6.1.2 Special precautions for ships

Hydrogen gas forms an explosive mixture with air and for this reason all protected tanks that
contain ballast water or have just been de-ballasted cannot be regarded as gas-free space until
tested and found safe.  It should be borne in mind that the highest concentrations of hydrogen in
a tank will be in the upper part of the tank, i.e. immediately below the deckhead or within the
hatch coaming.  It is essential, therefore, that an escape route to the atmosphere for this gas be
ensured at all times.
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No dangerous accumulation of gas is likely if the tank hatch lids are in the raised position but if,
for any reason, they have to be lowered and fastened, it is essential that there is a suitable
venting pipe to allow the gas to escape.  In the event of such a pipe being fitted with a
pressure/vacuum valve, this should be set in the `open' position, giving completely free access
to the atmosphere.

During dry-docking it may be necessary for trim or other reasons to ballast, or partly ballast, one
or more tanks that are cathodically protected by magnesium.  To ensure that hydrogen gas is
readily dispersed, the tank lids should be secured in the open position throughout the period the
vessel is in dry dock.

6.6.2 Chlorine evolution   

For an impressed current cathodic protection installation in a marine environment, the anode
reactions result in the electrolytic formation of chlorine.  Sea-water is normally slightly alkaline
and the chlorine will form sodium hypochorite.  Under stagnant conditions, the chlorine may be
evolved as a gas and could present a hazard to inspection and maintenance personnel.

It is sometimes impossible with internal protection of enclosed vessels or plant to drain a vessel
completely before entering for maintenance.  If it happens that anodes remain energized and
immersed, the chlorine level in the remaining water may increase.  Disturbing the water, e.g. by
walking through it, will release enough chlorine in the restricted air space to cause acute
discomfort. The cathodic protection should, therefore, always be switched off before a vessel is
entered.

The formation of hypochlorite and gaseous chlorine will be minimized by the incorporation of a
system of two-level or automatic control into the cathodic protection installation to maintain the
structure/electrolyte potentials within set limits.

6.7 Installations in hazardous atmospheres

6.7.1 General

Flammable mixtures of gas, vapour or dust may develop wherever hydrocarbons or finely
divided materials are handled, stored or processed (see BS 5345 and reference). Such
hazardous atmospheres may be ignited by an electric arc or spark.  Unless proper precautions
are taken all electrical installations, including cathodic protection systems, will introduce the
danger of sparks and ignition.

Typical examples of where this hazard can occur are tanks, pipelines, manifolds, loading jetties,
cargo vessels and tankers.

Cathodic protection systems that are to operate where flammable concentrations of gas or
vapour may occur should conform to the statutory and other safety regulations applicable to the
particular structure and industry concerned, for example, the ship classification societies have
laid down requirements governing the use and inspection of anodes within the tanks of ships
classified by them and approval should be obtained in each individual case as appropriate.
Some of the explosion hazards cathodic protection may cause and the measures needed to
avoid them are described in 6.7.2 to 6.7.11.
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6.7.2 Bonds

Intentional or unintentional disconnection of bonds across pipeline joints or any other associated
equipment under protection or fortuitously bonded to protected equipment constitutes a hazard.

To avoid the hazard, bonds should be installed outside the hazardous area or in a protected
position to avoid an unintentional break.  The cathodic protection supply should be switched off
or disconnected by means of a flameproof switch (see BS 4683 : Part 2, BS 5501 and BS
5345).

6.7.3 Isolating joints

Intentional or unintentional short-circuit of isolating joints, e.g., by tools, or break down due to
voltage surges on the protected structure induced by lightning or electrical power faults
constitute a hazard.

To avoid the hazard, isolating joints should, if possible, be located outside the hazardous area.
Where this is not practicable, measures should be adopted to avoid arcing or sparking.  These
would include the use of resistance bonds fitted in a flameproof enclosure or located outside the
hazardous area, an encapsulated spark gap or surge diverter, zinc earth electrodes connected
to each side of the isolating joint or a polarization cell connected across the isolating joint, or to
earth.  The surfaces of the isolating joint should be insulated to prevent fortuitous short circuiting
by tools.

6.7.4 Short-circuits between points of different potentials

Unintentional short-circuits by fortuitous bridging of points of different potential. e.g. by metal
scraps, odd lengths of wire, or mobile plant constitute a hazard.

This hazard is difficult to foresee but may be limitted by bonding all metalwork together to
minimize the potential difference between different parts of the structure.

6.7.5 Disconnection, separation or breaking of protected pipework

Cathodically protected pipework will have a portion of the protection current flowing through it.
Any intentional disconnection, separation or breaking of the pipework would interrupt the current
flow and may produce arcing, depending on the magnitude of the current.

During any modification, maintenance or repair of cathodically protected pipework,
transformer-rectifiers that affect that section of pipework should be switched off and a temporary
continuity bond attached across any intended break.  It is essential that the bond is securely
clamped to each side of the intended break and remains connected until the work is completed
and electrical continuity restored or until the area is certified as gas-free or non-hazardous.

6.7.6 Electrical equipment

All electrical equipment installed in a hazardous area should be flameproof and certified for use
in that area (see BS 4683 : Part 2, BS 5501 and BS 5345).  To avoid the need for flameproof
equipment, the equipment should be located outside the hazardous area.  Double pole switches
should be provided in each circuit entering a hazardous area to ensure that both poles are
isolated during maintenance etc. (see also 6.7.5).
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It is essential that any cables carrying cathodic protection current should be installed in such a
manner that disconnection cannot take place within the hazardous area without de-energizing
the cathodic protection system.  The cables should also be adequately protected mechanically
to prevent accidental breakage.

6.7.7 Test instruments

The connection and disconnection of instruments used for measuring and testing cathodic
protection systems may produce arcing or sparking.

Where measurements are taken within the hazardous areas, the meter used should be
intrinsically safe in accordance with BS 5501.  The test leads should be connected to the
structure before being connected to the meter.  Alternatively, the area should be tested and
declared gas-free, allowing conventional instruments to be used.

Consideration may also be given to the use of permanently installed reference electrodes and
test leads with the cables taken outside the hazardous area where conventional instruments
can be used.

6.7.8 Internal anodes

Unintentional short-circuiting of impressed current anodes when the liquid level is lowered in
plant under internal cathodic protection can constitute a hazard.

Arrangements should be made to ensure that the circuit is automatically or manually isolated
when the anode is not submerged, i.e. when the anode circuit becomes an open circuit.

6.7.9 Loading lines   

The connection or disconnection of loading lines to tankers, barges, rail or road gantries and
associated pipelines can be hazardous.

Rail and road gantry supply pipelines that are cathodically protected should be fitted with
isolating joints prior to coming onto the gantry.

For loading and discharge between a jetty and a tanker, where both the jetty and tanker are
usually under cathodic protection, the following precautions are necessary.  Because of the
large currents present in both jetty and tanker cathodic protection systems and the difficulty of
achieving a sufficiently low resistance bond between tanker and jetty, currents may still flow
between the two.  The use of a bond is therefore ineffective and possibly a safety hazard.  Ship
to shore bonding cables should no longer be used.

Effective isolation between the two is maintained by the use of isolating joints in the loading
lines unless local regulations still have a mandatory requirement for ship to shore bonding.

NOTE.  lf a loading cable is insisted upon, the connection point for the bonding cable should be well clear of the manifold

area.  There should be a flameproof switch in the bond circuit located on the jetty which has to be in the `off' position
before connecting or disconnecting the cable.  The switch should only be closed when the cable is properly fixed and
prior to cargo hoses being connected and should remain closed until after the hoses have been disconnected.

In order to provide protection against arcing during connection and disconnection of cargo
hoses, it is necessary to fit an isolating joint or flange or a single length of non-conducting hose
in each of the metal arms or cargo hose strings to ensure electrical isolation between the ship
and shore. All metal on the seaward side of the isolation should be electrically continuous with
the ship and all metal on the landside continuous with the jetty earthing system.
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Isolating joints or flanges should be designed to avoid accidental short-circuits.  Where the
loading line is wholly flexible, the isolation should be fitted at the jetty manifold.  Where the line
is partly flexible and partly a metal loading arm, the isolation should be inserted between the
flexible hose and the metal arm.  For an all metal arm, care should be taken to ensure that the
isolation cannot be fortuitously short-circuited by guy wires, tools etc.

Similar conditions apply to ship to ship transfers of hazardous cargoes.  An isolating joint or
flange should be fitted to the manifold of one vessel and the line securely earthed to the
manifold of the other vessel or, alternatively, a length of non-conducting hose may be fitted in
the hose string.  Care has to be taken to ensure that isolation is not included at both ends
leaving an insulated section of pipe on which an electrostatic charge could build up, thereby
causing a spark hazard.

For tankers at submarine line berths at least two sections of non-conducting hose should be
inserted into the string of flexible hoses at the end of the rigid line.  These should preferably be
the second and third hoses from the tanker manifold.

Where single buoy moorings are provided with electrical isolation, these precautions are not
considered necessary.

Switching off the cathodic protection systems on jetties and ships is not considered advisable
since on busy jetties this would mean an almost total loss of protection on the jetties.  Also, the
considerable difference in depolarization times for the jetty and ship would probably create a
larger potential difference between the two than leaving both systems operating.  Providing both
cathodic protection systems are properly adjusted then the amount of cathodic interaction will
be minimized.

6.7.10 Sacrificial anodes

Whilst the normal operation of a sacrificial anode is not considered hazardous, there is a danger
of incentive sparking if a suspended or supported sacrificial magnesium or aluminium anode or
portion of anode becomes detached and falls onto steel. This risk is not present with zinc
anodes.

6.7.11 Instruction of personnel

In locations where any of the above hazards may occur, it is essential that operating personnel
be suitably instructed, and durable warning notices should be authoritatively displayed as
appropriate.  Suitable written procedures and work authorization permits should be included in
the operations manual.
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SECTION SEVEN : MEASURES TO SAFEGUARD NEIGHBOURING
STRUCTURES

7.1 Introduction

This section describes how the cathodic protection of a buried or immersed structure or stray
current from other sources may cause accelerated corrosion of neighbouring structures, and the
measures necessary to alleviate such interaction.

7.2 General

The application of cathodic protection to a buried or immersed structure (referred to as the
primary structure) causes direct current to flow in the earth or water in its vicinity.  Part of the
protection current traverses nearby buried or immersed pipes, cables, jetties or similar
structures, or ships alongside (termed secondary structures), which may be unprotected and the
corrosion rate on these structures may, therefore, increase at points where the current leaves
them to return to the primary structure.  This effect is described as corrosion interaction.

Corrosion interaction can be minimized by exercising care during the design stage, as
discussed in 7.3.4, can be assessed by tests and criteria described in 7.3.2 and 7.3.3, and can
be corrected, if necessary, by measures described in 7.3.5.

Corrosion interaction affecting neighbouring structures is unlikely to occur as a result of applying
cathodic protection to plant internally because appreciable currents flow only through and inside
the protected plant.

The recommendations in 7.3 apply particularly to structures such as pipelines, although the
basic principles are applicable generally.  Special considerations applying to jetties and ships
are discussed in 7.4.

Besides possibly causing corrosion, currents from cathodic protection systems could cause
false operation of railway signalling equipment and could interfere with telecommunication
circuits (see 7.3.6).

7.3 Buried structures

7.3.1 Notifying owners of other structures

7.3.1.1 General

It is essential, throughout the planning, installation, testing, commissioning and operation of a
cathodic protection scheme, that notice of actions proposed be given to all organizations and
owners having buried metallic pipes, cables or other structures in the near vicinity of the
installation.

These notices are intended to ensure that information becomes available to enable a system to
be installed in such a manner that corrosion interaction is kept to a minimum and that enough
information is given to other organizations to enable them to determine whether corrosion
interaction is likely.
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The following recommendations indicate the stages at which other organizations should be
notified and the information that should be provided at each stage.  The notification of corrosion
interaction testing referred to in 7.3.1.4 may be combined with the further notification (see
7.3.1.3) if convenient, and these notifications need only be sent to organizations who have
indicated, in reply to a preliminary notification, that they have structures likely to be affected by
the operation of the scheme.

7.3.1.2 Preliminary notification

At an early stage during the planning of a cathodic protection scheme, a preliminary notification
should be sent to each organization having buried metallic structures near the proposed
installation (but see 7.3.6). The notice should include, as far as possible, the following
information, (including any drawings);

(a) whether sacrificial anodes or an impressed current system will be employed;

(b) information as to the route or site of the structure to be cathodically protected;

(c) position of groundbeds or anodes if known at this stage;

(d) approximate dates by which the system is likely to be ready for commissioning.

NOTE.  The preliminary notice should not be delayed unduly if all the information is not readily available.

The notice should also include a request for any particulars needed relating to the buried
structures belonging to the other organizations in the area, for use in designing the scheme to
give the minimum corrosion interaction.  Such a request should preferably be accompanied by
additional copies of any drawings with a request that they be marked up and returned.

7.3.1.3 Further notification

If any of the information listed in 7.3.1.2 is not available at the time of preliminary notification,
this should be supplied subsequently at least one month before the date proposed for corrosion
interaction testing.  In particular, the sites of proposed impressed current groundbeds should be
notified well before construction commences.  In the case of sacrificial anode installations, the
information provided should show the relative positions of the anodes and the primary and
secondary structures.  It may often be possible for the parties to agree that interaction testing is
unnecessary in the case of sacrificial anode installation (see 7.3.4.2).

7.3.1.4 Notification of corrosion interaction testing

After commissioning tests of the system have been completed (but see 7.3.6.2), notification
should be sent to all organizations who have indicated that they have structures likely to be
affected by the operation of the scheme.  The following information should be supplied at least
one month before the date proposed for interaction tests:

(a) the anticipated current at which each rectifier or sacrificial anode will be operated during
interaction tests;

(b) an indication of structure/soil potentials along the primary structure before and after the
application of protection;
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(c) dates for the tests.

At the time of the tests, there should be available to all participants, suitably scaled plans
showing the layout of the primary and secondary structures at the test locations together with
the locations of the cathodic protection installations, drawn up from information supplied by both
the operator and the other interested parties.

7.3.1.5 Interim and subsequent notification

If, after preliminary notification, or at any time after the cathodic protection scheme has been
brought into regular service, it is found necessary to alter the scheme substantially, details of
the proposed amendments should be sent to all organizations having buried metallic structures
near the revised cathodic protection scheme.

7.3.2 Interaction testing

7.3.2.1 Stage at which interaction tests should be made

At least one month should be allowed, if required, for the owners of nearby structures to
examine details of the proposed scheme and to respond so that the operator may arrange for
interaction tests. Tests should be made within three months of switching on the cathodic
protection.

7.3.2.2 Tests to assess corrosion interaction

The changes in structure/electrolyte potential due to interaction will vary along the length of the
secondary structure and a negative potential change at any point will often indicate the
presence of positive changes at other parts of the structure.  For most metals, only positive
potential changes are liable to accelerate corrosion (see 2.2.2). The usual object of interaction
testing is, therefore, to find the areas where the potential change is positive, to locate, by testing
a number of positions, points at which the potential change locally reaches a maximum and to
assess each maximum value with sufficient accuracy.

In the case of discontinuous structures (such as mechanically jointed pipelines) it is essential
that each discontinuous section should be treated as a separate structure for testing.

In certain cases, negative changes of potential in excess of the level that would be needed for
cathodic protection may adversely affect the structure or its coating (see 7.3.3.4).

The current used for the test should be the maximum required during nominal operating
conditions to give the level of protection required on the protected structure.  A test current
below the anticipated current required during normal operation may not bring about the
maximum changes in potential on secondary structures.

Details of suitable apparatus and the method of connection for carrying out tests at each
position are given in section 4.  The criterion is the magnitude of the change of potential of the
secondary structure (see note) with respect to its electrolytic environment that occurs when the
cathodic protection is switched on or when the sacrificial anodes are connected.  This change is
usually equal in magnitude to, but has the opposite sign from, the change occurring when the
protection is switched off.

NOTE.  When, as is normally the case, the positive terminal of the meter is connected to the reference electrode, the

potentials measured are usually negative and a change in the positive direction will be indicated by a reduction in the
meter reading.
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The change recorded should be that change clearly seen to be due to the switching on of the
cathodic protection unit, not more than 15 s being allowed for the instrument to indicate the
resulting change of structure/electrolyte potential before the reading is taken.  If there are also
fluctuations of potential due to the effects of stray currents from other sources, then only those
changes caused by the switching on of the cathodic protection unit should be recorded.  Several
observations should be made at each point and compared.  In marginal cases, the number of
observations should be increased and examined for consistency.  This is of particular
importance at positions where tests indicate that the changes in the  positive direction on the
secondary structure are locally at a maximum.  The position of the reference electrode is often
important (see 4.3.2.2).

It is important to synchronize the measurement of structure/electrolyte potential with the
switching.  This can be done by providing radio, or other, communication between the individual
who is making the actual measurement and the one who is controlling the cathodic protection
unit, the cathodic protection being switched on and off alternately by hand.  Alternatively the
cathodic protection unit can be switched on and off at agreed regular intervals by means of a
suitable time-switch or current interrupter.

The change in structure/electrolyte potential resulting following the cathodic protection should
be measured at a sufficient number of points, generally working outward from the anode of the
protection system, and with the spacing being  sufficiently close, to give an overall picture of the
distribution of structure/electrolyte potential change.  Detailed attention should be given to
crossing points or points of close proximity between the primary and secondary structures and
to regions where the change produced has been found to be in the positive direction.

Where more than one cathodic protection unit is installed on a particular structure, the
combined effect should be ascertained.  Arrangements should be made for all units which
cause an appreciable effect at the position of tests, to be switched on and off or connected and
disconnected simultaneously.

7.3.2.3 Information required during and at the completion of interaction tests

The protection current measured at each rectifier during interaction tests, and the finally agreed
currents to be employed as a result of any remedial measures, should be notified to all
organizations attending the tests and all authorities who have indicated that they have
structures likely to be affected by the operation of the scheme.

7.3.2.4 Tests after remedial measures have been applied

Further testing may be required after agreed remedial measures (see 7.3.5) have been applied.

If, after providing bonds between two structures or fitting sacrificial anodes in order to reduce
interaction, the structure/electrolyte potential of the secondary structure is found to be
appreciably more negative than that measured with the cathodic protection switched off during
the initial interaction testing, this will normally be sufficient indication that the mitigation
procedure is achieving its purpose.  The criterion should be the change of the
structure/electrolyte potential between the original condition with the cathodic protection
switched off and the final remedied condition with the cathodic protection operating, switching
and bonding or anode connection being carried out quickly to minimize any effects of variations
from other sources.
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It may happen that the initial structure/electrolyte potential of the secondary structure is more
negative than the potential of the primary structure.  For example, a galvanized steel structure
without applied cathodic protection, even when its structure/electrolyte potential is changed in
the positive direction due to the effect of a nearby cathodic protection scheme, may be more
negative than a cathodically-protected lead or ungalvanized steel structure.  Under these
circumstances, an adverse effect cannot easily be offset by bonding since, owing to galvanic
action between the primary and secondary structures, the structure/electrolyte potential of the
latter would be made more positive, the effect being larger than any beneficial effect due to the
cathodic protection.  Bonding could be made effective only by making the primary structure
more negative, for example, by increasing the total protection current or moving one of the
groundbeds closer to the point where it is proposed to bond.  Alternatively, the secondary
structure could be protected by a separate cathodic protection scheme, possibly by installing
sacrificial anodes connected to the secondary, structure.  In exceptional cases it may be found
possible, by special agreement between the parties, to accept structure/electrolyte potential
changes on the secondary structure greater than the accepted normal limit (see 7.3.3) and
thereby avoid the need for remedial action.

7.3.2.5 Repeat tests

When the cathodic protection system is put into service, arrangements should be made for
repeat tests to be made on neighbouring structures at 2 year intervals or at intervals agreed
between the parties concerned depending on the magnitude of the structure/electrolyte potential
changes observed.  The necessity for re-testing should also be considered when changes are
to be made to either the primary or the secondary structures or their cathodic protection
systems (see also 7.3.6).

7.3.3 Criteria for limiting corrosion interaction

7.3.3.1 General

As explained in section 2, any current flow that makes the potential of a metal surface more
positive with respect of its surroundings is liable to accelerate corrosion.  The
structure/electrolyte potential is therefore used as the basis of assessment.  Positive
structure/electrolyte potential changes are the more important.  Steel surrounded by concrete
needs special consideration for reasons explained in 7.3.3.3. Occasionally, negative changes
have to be limited (see 7.3.3.4).

7.3.3.2 Limit of positive structure/electrolyte potential changes for all structures except steel
in concrete

The maximum positive potential change at any part of a secondary structure, resulting from
interaction, should not exceed 20 mV*. However, in many circumstances, particularly if the
existing conditions provide a measure of cathodic protection at the relevant part of the structure,
higher potential changes could be tolerated.

Some structures are inherently more resistant to stray currents.  For example, for cables having
a good extruded-plastic coating, the danger of damage to the coating in making test
connections for interaction testing is probably a greater risk than that due to interaction.  Any
interaction associated with cable systems is likely to be manifested at the nearest earthing
facility.

Should the secondary structure be provided with independent cathodic protection, then the
owners of the secondary structure may agree to accept a greater positive potential change on
this structure, provided that its potential remains more negative than the value given in Table 1.
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In the case of potential changes resulting from current leakage from a d.c. electric traction
system, which may be continuously varying due to movement of the trains, larger maximum
positive changes may be acceptable.

7.3.3.3 Limit of positive structure/electrolyte potential changes for steel in concrete

The maximum positive potential change recommended in 7.3.3.2 is inapplicable to steel that is
completely covered by concrete.  Under such conditions, steel becomes passive so that
corrosion is prevented.  The governing consideration may, therefore, be the disruptive effect of
the evolution of oxygen which occurs when the steel is more positive than about + 0.5 V
(copper/copper sulphate reference electrode).  However the behaviour of the steel may be
affected by the presence of chlorides (whether introduced initially or due to a saline
environment) which may prevent passivation, so that it is impossible to make general
recommendations.

Another complication is that it is not a simple matter to evaluate the structure/electrolyte
potential or to measure changes in it across the steel/concrete interface.  Changes in the
steel/soil potential measured simply by placing the reference electrode in the soil close to the
concrete (as distinct from close to the steel) may need to be compared with a limit other than
the 20 mV given in 7.3.3.2. However, until another limit more appropriate to these
circumstances is approved, it may be convenient to use the 20 mV limit as a basis for decision
as to whether or not corrective measures should be undertaken.

These considerations apply only to steel fully enclosed in sound concrete.  If the steel is only
partially encased, the provisions of 7.3.3.2 apply to any area of the surface in direct contact with
the soil.  It should be noted that in these conditions a cell may be formed in which the steel in
contact with soil acts as an anode.  The structure/soil potential of this steel is likely, therefore, to
be more positive at positions near the concrete and there may be corrosion quite apart from any
effect of interaction.

7.3.3.4 Negative changes of structure/electrolyte potential

If the recommendations given in 7.3.4 are followed, excessive negative changes of
structure/electrolyte potential on the secondary structure will normally be avoided. Large
negative changes may, however, occur if the groundbed of an impressed current cathodic
protection scheme is unduly close to a secondary structure. Except in the case of aluminium
(and, exceptionally, lead in an alkaline environment), corrosion is unlikely to result from making
the structure/electrolyte potential more negative. The considerations are, therefore, the
secondary effects described in 3.8.1 particularly the disruption of coatings; and those dealt with
in 7.3.6. In the absence of any special considerations, structure/electrolyte potentials more
negative than - 2.5 V should be avoided on buried structures.

7.3.4 Design of cathodic protection installations to minimize corrosion interaction

7.3.4.1 General

It is impossible to estimate precisely the amount of corrosion interaction likely to be caused by a
cathodic protection scheme. The magnitude of any positive changes of structure/electrolyte
potential on neighbouring secondary structures will depend mainly on the following.

*   This figure was adopted from BS 7361
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(a) The quality of the coating on the primary structure.

The better the coating the smaller will be the current required for protection and the interaction
effects will be reduced accordingly.

(b) The quality of the coating on the secondary structure.

A coating on the secondary structure tends to increase the measured positive changes of
structure/electrolyte potential.  However, high positive changes of structure/soil potential across
a resistive coating indicate a possibility of enhanced corrosion should local coating defects exist
or develop later.

(c) The magnitude of the structure/electrolyte potential change on the primary structure in
the vicinity of the secondary structure.

Because interaction effects are roughly proportional to this structure/electrolyte potential
change, it should be kept to the minimum required to provide protection at positions remote
from the point of application. A larger structure/electrolyte potential change is necessary at the
points of application if the length of structure protected from any one point is increased.  Thus,
interaction can be reduced by applying the protection at a larger number of points so that the
structure/electrolyte potential change on the primary structure is more uniform and by ensuring,
as far as other considerations allow, that the points of application and associated larger
structure/electrolyte potential changes are remote from other structures.

(d) The spacing between the primary and secondary structures.

Interaction will be greatest at a crossing point or other proximity. The greater the separation of
the structures, the less the effect will be.

(e) The distance between the groundbeds or anodes and the secondary structure.

Structures close to the anode system may be affected by the potential gradient around the
anode producing changes in potential both near to and remote from, the anode.  Anodes or
groundbeds should not, therefore, be placed close to other structures.

(f) Soil or water resistivity.

The potential gradient at any point in the soil is the product of current density and resistivity.
Thus, in general, interaction is minimized by siting groundbeds in low resistivity areas.

7.3.4.2 Sacrificial anodes

The current available from a single sacrificial anode of typical size in most soils is generally of
the order of tens of milliamperes compared with impressed current installations where tens of
amperes may be produced.  If the total current is less than 100 mA, interaction testing may be
omitted.  Even if the current exceeds 100 mA, corrosion interaction is unlikely, particularly if
anodes are placed at least 2 m away from any secondary buried structure and so that the
secondary structure does not lie between the anode and the primary structure.

If anode outputs in excess of 100 mA are used, or groups of anodes installed together are used,
or if anodes are sited so that another underground metallic structure lies between the anode
and the primary structure, interaction testing should be offered.



MS 1347 : PART 1 : 1994

101

It may be important to reach agreement at an early stage as to whether testing is necessary for
a particular anode system, as connecting links to facilitate disconnection for testing purposes
may be necessary.  Links may, of course, be required for testing the output of anodes, whether
interaction testing is considered necessary or not.

7.3.4.3 Impressed current installations

The following precautions should be taken.

(a) Structure/electrolyte potentials on the primary structure should be kept to the minimum
consistent with the required level of protection being obtained.

(b) High quality coatings should be provided to minimize protection current on a new buried
or immersed structure that is to be protected cathodically with particular attention to coating
integrity at crossings with secondary structures.

(c) The new structure should be sited as far from neighbouring structures as is practicable
and the spacing at all crossing points ascertained as being the maximum which conditions
permit.

(d) The longitudinal resistance of the structure to be cathodically protected should be made
as low as is practicable by means of continuity bonds, welded joints, or other means.

(e) The groundbed should be sited as far from neighbouring structures as is practicable.

(f) Consideration should be given to installing anodes at a considerable depth, e.g. 15 m to
30 m.

(g) The total current to be applied should be distributed from a sufficient number of units
to ensure a reasonably uniform distribution of structure/electrolyte potential on the primary
structure.

(h) The total current should be confined to the primary structure by suitable isolation
when feasible.

7.3.5 Measures to reduce corrosion interaction

7.3.5.1 Choice of method

In addition to reconsidering the precautions taken during the installation of the cathodic
protection scheme, and to ensuring that the current is the minimum necessary to provide an
acceptable level of protection, one or more of the following methods should be considered by
the parties concerned as a means of reducing corrosion interaction at the points on the
secondary structure where positive changes in excess of the recommended maximum have
been measured.

The method adopted should aim at restoring the structure, soil potential of the secondary
structure to the original value, or preferably making it more negative than the original value.

The following techniques are available.

(a) A joint cathodic protection scheme could be installed so that full protection is given to
both structures.
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(b) The two structures could be connected together by means of one or more remedial
bonds, which may include suitable resistors to limit the current to the minimum necessary to
correct the interaction.  This is one of the most effective methods of reducing possible corrosion
interaction.  The remedial bond should preferably be connected to the secondary structure at or
near the point where the maximum positive structure/electrolyte potential change was
measured, but if the structures are some distance apart at this point, and it is more convenient,
the installation of a remedial bond at a point not too far distant, where the structures are closer
together, may be satisfactory.  For reasons referred to in 3.4.4.4, it is essential that any
structure to be so bonded should be electrically continuous.  If it is suspected that the secondary
structure may be discontinuous, each discontinuous section should be tested separately and
remedial action taken as necessary.

The bond, the connections to the two structures, and any resistors, should be constructed to
specifications satisfactory to the owners of both structures.  The bond should be an insulated
copper conductor and be of adequate size to carry any fault current that may flow (see 6.4), but
should be of not less than 16 mm2 cross-sectional area.  Where possible, the bond termination
should be installed inside a suitable housing or building where it can be regularly inspected.
When a buried bond is required, mechanical protection against digging operations may be
necessary; it is desirable that suitable identification markings be provided.

In circumstances where it is clear that corrosion interaction, will occur, much testing time will be
saved if provisions for bonds are installed at suitable positions before interaction tests are
made.  It is not always necessary to measure the current flowing in the bond, but if a regular
check of the current is required for example, where resistance bonds have been provided to
control the current, a suitable enclosure and a removable link or other bolted connection may be
installed at a point accessible to both parties.  Bonding between structures may be precluded by
safety considerations (see 6.4). For example, the bonding together of electric transmission
towers and pipelines containing flammable liquids or gases is generally to be avoided.  In such
cases, the other measures for eliminating the effects of interaction suggested in 7.3.4.3 and in
items (c) and (e) below, are to be preferred.

(c) One or more sacrificial anodes could be connected to the secondary structure where
the positive potential changes occur, usually where the two structures are close to each other.

(d) The resistance between the two structures could be increased, at a point where a
positive change is measured, by applying locally an additional good quality coating or wrapping
to the primary and/or secondary structure or by inserting insulating material between the
structures.

(e) In the case of a pipeline, a section of pipe adjacent to secondary structures could be
electrically isolated by means of isolating joints.  The isolated section can then be bridged by
means of an insulated cable of appropriate size to maintain continuity along the main section of
the pipeline.  The isolated section can be generally protected by means of sacrificial anodes.
Alternatively, one  of the isolating  joints can be shunted by a resistor of such a value that the
pipe between  the  isolating  joints is  protected  without  causing  excessive  interaction.  This
method is

particularly applicable at parts of the route near groundbeds where the primary
structure/electrolyte potentials are strongly negative, creating possible severe interaction on
secondary structures.  The method can be applied at road crossings where there may be a
number of secondary structures, or at railway crossings to limit interaction with signalling and
other equipment.  A section of pipe can also be isolated at crossings with electrified railways to
reduce the effects of stray traction currents on the pipeline.
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The unprotected sides of isolation joints should be treated as structures likely to suffer
interaction and tests carried out accordingly.

It is very important to ensure that methods that entail extending the cathodic protection to further
structures are not used in such a way that subsequent negative potential changes on such
structures, in turn, cause corrosion interaction on a third structure.

7.3.5.2 Temporary operation of an installation

If it is urgently required to operate a cathodic protection installation which is completed except
arrangements necessary to reduce structure/electrolyte potential changes on neighbouring
plant, it is recommended that, wherever it seems unlikely that material damage will be caused to
the secondary structure, agreement should be sought for a limited period of operation without
remedial measures.  This is to enable the protection to be maintained while the necessary
additional work, which should be put in hand as soon as possible, is carried out.

The period during which such temporary operation may be permitted depends on the amount by
which the measured structure/electrolyte potential changes exceed the limit given in 7.3.3.2, on
any available evidence as to the existing state of the two structures, and on the period, if any,
during which the protection has already been operated prior to testing.  If there is no history of
corrosion on the secondary structure it is suggested that, where it is expected that the remedial
measures will eventually eliminate the adverse changes entirely, temporary operation may be
acceptable for a period not exceeding three months with structure/electrolyte potential changes
of up to + 50 mV.

7.3.6 Particular considerations

7.3.6.1 Cathodic protection systems installed adjacent to telecommunication services:
electrical interference

If a telecommunication cable is bonded to, or close to, a cathodic protection system energized
from a source of alternating current through rectifiers, or if the groundbed of the cathodic
protection system is sited close to the earth electrodes of a telecommunication circuits.  This is
due to harmonic currents of the fundamental frequency of the alternating current supply feeding
the rectifier unit inducing unwanted noise voltages into the telecommunication circuit.

With rectifier output currents of the order of 5 A or less, interference is unlikely.  With greater
currents, or if interference occurs, consideration should be given to the provision of smoothing
for the rectifier.

7.3.6.2 Cathodic protection systems adjacent to railway signal and protection circuits

In addition to the provisions for prevention of corrosion interaction on buried structures it is
imperative that the use of cathodic protection on, or adjacent to, railway property be so planned
and operated as to ensure that it cannot cause false operation of railway signalling systems.

Commissioning or other tests proposed in the vicinity of railway lines should not be commenced
until the railway authority has given permission for them to proceed.  Possible causes of false
operation of signalling systems include the following.

(a) Current from the cathodic protection system can interfere with the operation of the track
relays of railway track circuits of the direct current type.
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(b) Alternating current components in the rectified current of the cathodic protection system
can interfere with the operation of the track relays of railway track circuits of the alternating
current type.

(c) Induction in cable or line wires from the harmonics in the rectified current of the
cathodic protection system can interfere with remote control transmission associated with
signalling installations.

Railway authorities should be given at least one month's notice of tests.  When carrying out
interaction testing in collaboration with the railway authorities, they will normally require
additional tests to agreed procedures to confirm the absence of risk to their signalling and other
circuits.  If the railway authorities agree to the bonding of the protected structure to the running
rails, or to structures which are themselves connected to the running rails, special precautions
may be required to safeguard the railway signalling equipment (see also 4.6).

7.3.6.3 Internal interaction at discontinuities in cathodically protected structures

If cathodic protection is applied to a pipeline containing a conducting electrolyte, interaction
across any discontinuities can cause corrosion of the internal surfaces.  Testing to ensure that
the pipeline is electrically continuous (see 4.5.5), and bonding between sections, if necessary,
is, therefore, particularly important.

Testing to assess interaction, as described in 7.3.2.2, is impracticable in most cases as it would
be necessary to install special test points, as described in 4.3.4, to enable the potential between
the inner metallic surface and the electrolyte to be measured.

7.4 Jetties and ships : corrosion interaction at sea and river terminals

Corrosion interaction may arise due to cathodic protection of a ship if it is moored alongside an
unprotected vessel or jetty, or due to cathodic protection on jetties which may cause interaction
while unprotected ships are alongside.

In either case, the interaction may be reduced where safe (see below) by bonding the
unprotected ship to the protected ship or jetty.  This will be effective only if the resistance of the
bond is low compared with that of the current path through the water.  Bonding is sometimes
dispensed with in the case of small ,vessels, notably tugs, that are alongside a protected jetty
for short periods.  Fortuitous contact may provide some alleviation.

For vessels carrying cargoes that bear a risk of fire or explosion, ship to shore bonding is not
recommended (see 6.7.9).

Interaction can be minimized in designing cathodic protection for jetties, by locating anodes on
the landward side or within the peripheral boundary of the outer piling.  The bonding of ships
moored alongside a cathodically-protected jetty will increase the current required for protection
and the installation should be designed accordingly.
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Appendix A

The significance of pH value and redox potential

A1. The pH value

The acidity, (or alkalinity) of aqueous electrolytes often determines the behaviour of buried or
immersed metals, depending on the tendency of the metals to displace hydrogen, and on the
stability of any oxide films on their surfaces.

The pH value is the measure of acidity commonly employed.  The following expression has
adequate practical validity

pH  =  -log10(H
+) (14)

where (H+) is the concentration of hydrogen ions in gram-ions per litre of electrolyte.

The numerical scale is fixed by the nature and extent of the ionic dissociation of pure water itself
according to the following relation:

pH + pOH = Constant (15)
(at stated temperature)

where pOH is analogous to pH but refers to the hydroxyl ion concentration.  The constant has

the value 14.0 at 25°C and, since pure water dissociates into equal numbers of hydrogen and
hydroxyl ions, the neutral point of the pH scale at 25 oC corresponds to the pH value 7.0.

For practical purposes, pH values usually lie in the range 0 to 14.  Acid electrolytes have pH
values numerically below that of the neutral point whereas alkaline electrolytes have pH values
numerically above.  The logarithmic progression of these figures should be emphasized.

A2. Redox potential

The redox potential of a soil is considered to provide a means of assessing whether that
particular soil is conducive to activity of Desulphovibrio desulphuricans  (sulphate-reducing
bacteria).  The bacteria flourish under reducing conditions (low redox potential) but become
dormant under oxidizing conditions (high redox potential).

The redox potential of the soil is determined by measuring the potential of a platinum electrode
with respect to a saturated calomel or other reference electrode, both being in contact with the
soil under test.  The pH value of the soil also needs to be determined (see A. 1).

The redox potential can then be calculated from the equation:

EH  =  Ep  +  Er  +  60 (pH - 7) (16)
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where;

EH is the redox potential on the hydrogen scale (in mV),

Ep is the redox potential (in mV), measured with respect to a reference electrode having a
potential Er with respect to the standard hydrogen electrode (Er is + 250 mV) for a saturated
calomel electrode (see Table 8),

pH is the measured acidity of the soil.

In near-neutral electrolytes, EH indicates how corrosive they are with respect to iron and steel,
as indicated in Table A1.

Table A1.  Corrosiveness of electrolytes with respect to iron and steel

EH, mV            Degree of corrosion

< 100

> 100 ≤ 200

> 200 ≤ 400

> 400

Severe

Moderate

Slight

None

If the pH value is outside the range 5.5 to 8.5 the redox potential has no significance because
sulphate-reducing bacteria are active only in the near-neutral pH range.

The determination and assessment of redox potential in the field and laboratory are described in
Parts 3 and 9 of BS 1377.  The type and nature of the probes required are also described.
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Appendix B

Reinforcing steel in concrete

B1. General

B1.1 Introduction

Steel embedded in Portland cement based concrete, mortar or other similar material is
normally prevented from corrosion by the high level of alkalinity produced by the hydration of the
cement.  However this preventative action breaks down in the presence of chlorides.  The use
of well compacted, carefully mixed, low water/cement ratio, well size-graded and properly cured
concrete with adequate cover to the steel, will delay chloride intrusion and thus corrosion, for
many years.

Once the breakdown has occurred, atmospheric oxygen and water which may already be
present will produce corrosion of steel in reinforced concrete.

Chlorides occur naturally in sea-water. Steel in reinforced concrete structures exposed to
marine atmospheres with high chloride contents has long been known to be liable to corrosion.
At one time, chlorides were also used, in the form of calcium chloride, to accelerate the initial
set of concrete.  Where sea-water was used in mixing, or unwashed sea sand, desert
sweepings or unwashed sea dredged aggregate incorporated, chlorides would be introduced
into the concrete.

The delay before the onset of corrosion depends on the permeability and thickness of the
section of concrete to be penetrated.  Thin sections such as bridge balustrading suffer corrosion
very rapidly when the concrete is permeable.  Steel corrosion produces expansive forces which
generate cracks in the concrete.  Once cracked, concrete will readily admit further water,
oxygen and salt to the steel and the corrosion rate will increase.

Fully immersed or buried structures suffer corrosion damage only when there is unusually high
oxygen availability.  More usually, chloride intrusion corrosion does not occur in fully immersed
structures.

Some corrosion of reinforcing steel has also been encountered where there has been no
significant intrusion of chlorides, but where the integrity of the concrete has become damaged
by progressive carbonation of the alkaline cement-gel, expansive reaction between certain alkali
susceptible aggregates and the cement-gel or by cracks induced by frost damage or loading.

B1.2 Cathodic protection of steel in concrete.

In most cathodic protection situations, the electrolyte is sea-water, soil water or other similar
material which is usually near neutral (pH 6 to 8).  The steel is the structure, and coatings apart
is in contact with the bulk electrolyte.

Steel in concrete, however, is in contact only with the relatively inert aggregates and hydrated
Portland cement-gel forming the concrete, into which some chlorides may have become
introduced.
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Those structures fully immersed in an electrolyte (i.e. totally buried or immersed) can be
provided with a `conventional' cathodic protection anode and power source.  When the structure
is not immersed or buried, but in the atmosphere, the anode needs to be applied to the structure
itself, in order that current can be passed through an electrolyte, in this case the concrete, to the
cathode.

The text of B5 on design considerations provides guidance on the different requirements for
immersed and non-immersed structures.  However in both cases, the criteria for protection differ
substantially from conventional cathodic protection in near-neutral soil or water electrolytes and
are dealt with in B4.

B1.3 Application of cathodic protection

Cathodic protection is applicable to any structure or any part of any structure where the steel
reinforcement is in continuous contact with the concrete electrolyte and where the concrete itself
is continuous; it is not applicable to reinforcement in cracked or delaminated sections nor to
steel wires in ducting.  Cracks small enough to be bridged by water or in ducting cement paste
are acceptable.  Waterproofing membranes, asphaltic road or wearing courses can present
discontinuities or barriers in the electrolyte and this possibility needs to be evaluated in each
case.

In practice, cathodic protection has been utilized to prevent further corrosion of steel in concrete
into which chlorides have already penetrated or been introduced.  However, to date the extent
of this usage is limited and experience is still being gained.  It is uncommon to find the use of
cathodic protection justified for a new structure at the design stage if alternative economical
means are available to prevent chloride intrusion, given always the particular circumstances of
exposure expected, maintenance available, life required, cost and convenience of total
replacement.  However, if a decision is taken at the design stage to apply cathodic protection to
a new structure, then considerable provision can be made during construction to facilitate the
later application of cathodic protection and this will significantly reduce costs and improve and
simplify effective current distribution, monitoring and control.  It is often necessary to carry out
repairs, to the extent of replacing delaminated material, before installing cathodic protection.

Sacrificial anode protection is unlikely to be effective on structures other than those immersed in
sea-water owing to the low driving voltage available.

Structural elements appropriate for cathodic protection are those already affected by, or likely to
be affected by, corrosion from chloride intrusion such as bridge decks, support beams, columns,
piles, pipes and culverts, tank walls and building frames, occurring as parts of bridges, viaducts,
buildings, etc.

Even after cathodic protection has been applied, there may be areas of reinforcing which were
corroding actively and near to causing cracking of the cover.  It may be anticipated that in the
very early life of the protection system, such deterioration could continue for a time.
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B2. Preliminary survey

B2.1 General

Surveys preliminary to the application of cathodic protection will be likely to be concerned
primarily with establishing the cause and extent of deterioration in the structure and not all the
data will be necessary for the design of a cathodic protection system, beyond defining the
extent of any scheme required.  It is essential however, that all delaminated concrete between
the reinforcement to be protected and the proposed anode sites, should be repaired.  The
survey data can also be used to determine those areas where corrosion is most likely to occur
and, therefore, where cathodic protection is most necessary. Surveys of the location and depth
of reinforcement will assist decisions on anode location.

Survey techniques available are detailed in B2.2 to B2.7.

B2.2 Visual examination

Most gross faults, cracks and areas requiring attention can be located by careful visual
inspection which will frequently reveal the cause of the defect.

B2.3 Equipotential  mapping.

By arranging for a single negative connection to the reinforcement, with a high resistance
millivoltmeter and a movable reference electrode, measurements taken on a grid over the
surface of the structure can be represented as equipotential contours.  In this way, with the
structure not under cathodic protection, areas on the first layer of reinforcement below the
surface can presented as anodic or cathodic, i.e. corroding or protected.  Table B1 can be used
for guidance.

Table B1.  Equipotential mapping of reinforcing steel in concrete

Surface potential relative to copper/copper
sulphate reference electrode, mV

Chance of underlying steel corroding
actively, %

less negative than - 200

- 200 to - 350

more negative than - 350

5

50

95

B2.4 Chloride content analysis

Samples of finely ground concrete obtained from the structure either by drilling or by slicing
removed cores may be analysed for chloride and cement content.

This technique can be usefully employed to define both the area of a structure where chloride
has penetrated and the depth of penetration.

No satisfactory threshold value for chloride content has been established.  The presence of any
chloride should always be assumed to place the structure at risk. Some authorities set a
maximum chloride level of 0.3 % (m/m) as allowable before remedial actions necessary.  Lower
values are also used.
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B2.5 Carbonation depth measurement

Carbonated cement gel has a pH of about 8.5, compared with pH 12.5 for uncarbonated gel.
Indicators can be used as a spray on removed cores to determine the depth of carbonation by
the development of a change of colour at the boundary. Phenolphthalein which changes from
colourless below about pH 9 to pH 10 to a red/pink colour at highly alkaline pH is an appropriate
indicator.

B2.6 Location of reinforcement

The location of and depth of cover over the reinforcing steel can be determined using
electromagnetic fluxmeters (covermeters).

B2.7 Delamination

Areas of concrete which are detached may be identified by their characteristically resonant
sound when tapped with a light hammer.

Instruments utilizing ultrasonic pulses, infra-red hermography or radar frequency waves are
available to identify delaminated or cracked concrete.

B3. Structure preparation

It is necessary to remove detached concrete and repair the structure to the point where
continuity of electrolyte between anode and cathode is ensured.  The use of repair materials
with conductivity much lower than the remaining sound concrete will render these repaired
areas difficult to protect.  Thus the use of very high resistivity highly modified repair mortars is
undesirable.  It is accepted that the effect of differences between repaired and unrepaired
concrete is to create further corossion cells; thus the corrosion will not be prevented by making
isolated repairs.  Where the surfaces to be protected include fittings, such as bearing plates,
services, drains or road signs, care must be taken to ensure that the metallic fixings are made
continuous with the cathode and do not provide low resistance circuits directly to the anode
(short-circuits).

Many anode systems require the concrete surface to be sandblasted before anode application.
This has the effect of cleaning out or exposing cut ends of binding wires, fixing nails, spacers
etc, which may have been left in the shutters before the concrete was poured.  Such items
should be ground out, since they will otherwise produce unsightly staining and could
short-circuit the applied anodes.

As far as possible, the reinforcing steel in the member to be protected should be electrically
continuous.  It is unlikely to be possible to demonstrate satisfactorily that this is, or is not, so
throughout.  It is advisable however, to ensure that the principal bars are continuous especially
if the member is precast or suspected of having discontinuous reinforcement.  Tightened
binding wire used in assembling cages before pouring will generally provide sufficient
connection.

Continuity checks are best carried out before anode placement by direct reading of resistance
by voltage drop measurement.  Depending on the size and length of the bars, typically
resistances of less than 0.1 Ω may be considered satisfactory.  Where unstable resistances of
greater than 10 Ω are measured, direct bonding will be necessary.
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B4. Protection criteria

The action of the cathodic protection current flow is to produce an increase in alkalinity at the
cathode.  This effect is known as cathodic polarization.  Diffusion of oxygen towards the
cathode surface will reduce the polarization effect (depolarization).

Generally, cathodic protection of steel in concrete requires that current passes through a
relatively small cross section of relatively high resistance material.  It is not usually possible with
the current flowing, to avoid introducing a significant IR drop potential error into the conventional
measurement of steel electrolyte potential using an electrode on the concrete surface.

Measurement of the instantaneous-off potential would provide a significant indicator of
protection, but it would not assist in determining the level of `reserves' of polarization achieved,
nor the rate at which depolarization proceeds.

For these reasons the `polarization decay' criterion is favoured.  In this, the instantaneous-off
potential is measured.  The applied current remains interrupted and the off potential
measurement is repeated.  The difference between these two readings over a 4 h period should
be at least 100 mV.

This polarization decay criterion has the virtue of being independent of the nature of the
reference electrode used for its measurement, or, in relation to the IR drop error, its position.

The effectiveness of the spread of cathodic protection to all areas of steel can only be assessed
by multiple measurements of decay at representative positions throughout the structure.

B5. Design considerations

B5.1 General

Concrete structures which are fully immersed in water, or buried in soil, may be treated
generally in accordance with the recommendations on marine and buried structures in relation
to the location and type of any anode system used.  The monitoring and protection criteria for
reinforced concrete should be employed however.

B5.2 Current density

Precise values for required current density in relation to concrete permeability, chloride level
and polarization level have yet to be established. Systems appear to operate successfully within
the range 5 mA to 20 mA per square metre of steel surface to be protected.

B5.3 Distribution of anodes

Precise factors influencing required anode spacing have not been satisfactorily established.
However, structures in the atmosphere have been satisfactorily protected with a maximum
spacing of 200 mm between discrete anodes passing current.
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B5.4 Anode syste.

Surface anode systems need to operate in intimate contact with the concrete structure being
protected.  Since anodic products are acidic in nature, there is a tendency for a reaction with the
alkaline concrete surface and subsequent anode detachment unless the production of acidic
ions is minimized or they are somehow neutralized or washed out before this reaction.

The life of anode systems in general appears to be governed not by the primary anode material
itself, but by the efficiency with which it can preserve the adhesion at the anode material
concrete interface.  This is not the case with bridge decks where the anode system can be
retained in position by gravity.

In general, anodes mounted on concrete would be expected to operate below a current density
of 10 mA per square metre of concrete in order to limit the possibility of premature anode failure.

The additional dead load imposed on a structure by the anodes should be given careful
consideration by the structure owner before approval is given.  Appearance and maintenance
requirements will also be factors to consider.

Anode systems should be located so as to avoid the risk of low resistance circuits being formed
with other surface metallic fixings which are in contact with reinforcements.  The anode systems
which have been applied to reinforced concrete structures can be divided into two categories.

(a) Horizontal (bridge deck) installations

(1) Conductive overlay.  These generally use primary high silicon cast iron anodes in a
conductive petroleum coke overlay.

(2) Slotted. Slots are cut in the deck, primary anode wires inserted and the slots then
filled with a conductive polymer grout.

(3) Conductive mesh.  These systems initially used conducting polymer grout with
primary anode wires laid on the deck.  Recently the use of conducting polymer mesh and
expanded titanium with metal oxide coating has become widespread.  These are covered with
concrete or mortar.

(b) Substructure installations

(1) Sprayed metal.  Zinc has been sprayed on concrete and used as continuous anodes.

(2) Conductive paint.  Paints, that are normally acrylic based and loaded with carbon, are
applied direct to the concrete surface.

(3) Conductive mesh.  Expanded titanium mesh with a mixed metal oxide surface is fixed
to the structure by spraying an unmodified or highly modified mortar.

(4) Discrete anode.  Conductive metal oxide tiles have been used which are connected
by titanium strips.

B5.5 Cathode connections

Cathode connections for current carrying or measurements cables are effectively made either
by drilling the reinforcing bar and fixing the lugged cable mechanically, or using compression
straps.  Soldering, welding and brazing of reinforcing bars involving high heat input is to be
avoided but pin brazing or thermit welding could be considered.
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B5.6 Current control

The moisture content of the surface layer of a concrete structure varies considerably with
atmospheric resistivity and, possibly, oxygen diffusion rate in the concrete (depolarization rate).
The overall effect is for the cathodic protection circuit resistance to fluctuate widely with changes
in atmospheric conditions.

Both `constant current' and `constant voltage' control systems for the power source should be
provided.  During commissioning, the engineer can select the most satisfactory mode of
operation.  Owing to doubts about the long term stability of embedded reference electrodes,
automatically controlled systems are not favoured at present.

B5.7 Post-tensioned prestressing tendons

Where prestressing wires are contained in a metallic or other grout filled conduit, there is no
possibility of ensuring a satisfactory level of protection to the wires.  Cathodic protection is not
an appropriate technique for these installations.  The possibility of overprotection and its
detrimental effect on prestressed components is currently unknown and it would be
inappropriate to apply cathodic protection to such systems (see also B5.8).

B5.8 Limits of potential

When cathodic polarization is provided at high current density and ON, IR-free potentials (see
4.7.4) more negative than - 1.1 V (copper/copper sulphate reference electrode) are produced,
there is the possibility that hydrogen can be one of the products produced at the cathode.

High strength steels and steels subjected to high stress levels may be adversely affected by
hydrogen and may either become embrittled or crack.  Care is therefore needed in both material
selection and design in order to minimize such possible harmful effects.

Cathodic protection is inappropriate for highly stressed high tensile steel.

In practice the achievement of protection of deeply embedded steel can be restricted by the
need to ensure that any steel closer to the surface also remains within this potential limit.

B5.9 Bond strength

The load bearing capacity of reinforced concrete relies on a high level of static adhesion
between the concrete and the steel.  Formation of gaseous cathodic products which are unable
to diffuse away from the interface, could lead to disruption of this interfacial adhesion.

If the fine or coarse aggregate used in the concrete is susceptible to attack by alkali (alkali/silica
reaction) then it may be anticipated that loss of interfacial adhesion will occur when cathodic
protection is applied.  This is because the pH at the cathode will be increased.

B5.10 Factors affecting the choice of cathodic protection

While cathodic protection is a means, possibly the only means, of indefinitely extending the life
of reinforced concrete structures which are suffering reinforcing steel corrosion arising from
chloride intrusion, the option to use cathodic protection should be taken up only after
satisfactorily resolving the following considerations.

(a) It has to be possible, and practicable, to carry out superficial repair's to ensure
continuity of the electrolyte.
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(b) The cost of structural and cosmetic repair, cathodic protection installation and
maintenance should be appreciably less than repair or replacement of the affected member.

(c) Provision has to be made for maintenance of the cathodic protection system so that
continuous operation and achievement of protection potentials are ensured.

(d) The appearance of the protected structure should be acceptable.

(e) It has to be demonstrated that the reinforcing steel is, in the main, electrically
continuous.

(f) The structure should not contain aggregate susceptible to reaction with high levels of
alkali.

B6. Monitoring

B6.1 Potential

In order to apply the `polarization decay' criterion described in B4, a reference electrode is
required.  Reference electrodes placed on the surface of the concrete will reflect the average
potential measurement of the steel surfaces in proximity to the electrode.  Any measurement
taken with the applied current ON (see 4.7.4), is likely to contain a significant IR potential drop
error.

Considerably greater precision is obtainable from electrodes embedded into the structure close
to the steel.  However, the repair material used to backfill the hole required to install the
electrode and cable will not have the same properties as the surrounding concrete.  Thus the
current distribution will be disturbed and the measured potential may not reflect potentials
occurring generally in the undisturbed areas of the structure.

By monitoring the readings from a surface electrode and an embedded electrode, any
differential can be calibrated for any particular part of the structure.

Reference electrodes of copper/copper sulphate or silver/silver chloride (see 4.2.1.2 and
4.2.1.3) are used on the surface of concrete structures.  The constituents of hydrated cement
may react with the reference electrode solutions.  Reference electrodes used in this way should
be clean, and maintained and calibrated regularly.

Silver/silver chloride/potassium chloride reference electrodes are available for embedment.
Alternatively, electrodes such as graphite, whose electrochemical action is of an irreversible or
non-reproducable nature, may be employed provided that they are regularly calibrated from a
surface reference electrode.

B6.2 Isolated bars

In consultation with the structural engineer, bars located at representative situations throughout
the member under protection are selected.  Cores are taken at selected points, for example 500
mm apart, and the bars cut through to produce isolated lengths.  Leads are attached, the cut
ends epoxy coated and the core holes repaired.

By utilizing the arrangement shown in Figure B1 these isolated bars may be used to determine
the current and polarization level achieved at representative locations through the structure.
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Appendix C

Metallurgical and inspection requirements for cast
sacrificial anodes

C1. General

C1.1 This quality document defines minimum physical quality and inspection standards
for cast sacrificial anodes.

C1.2 The objectives of this quality document are:

(a) to standardize an industry-wide practice that can be used by consultants,
manufacturers and users to define the physical requirements of anodes; and

(b) to be specific enough to assist the inspection authority in their task of confirming
that anodes comply wilh the physical requirements.

C1.3 This  quality document is  applicable to  the  majority of anodes used on fixed
marine  structures. i.e., cast anodes with circular or trapezoidal cross sections with length
substanitally greater than width.

C1.4 This quality document does not select particular anode alloy compositions or define
short or long-term performance tests.

C1.5 This quality document does not specify particular anode or anode insert designs.
An experienced corrosion specialist should be responsible for anode and anode insert design.

C1.6 The manufacturer is responsible for meeting the quality levels specified in this
quality document. The purchaser shall determine the extent of inspection to be conducted by
the purchasing organization to prove compliance with the quality specified.

C2. Definitions

C2.1 Cast sacrificial anode

The negative (reactive) component of a galvanic cell designed to oxidize sacrificially and
produce direct electrical current to protect a more electropositive (noble) metal operating in the
same electrolyte and produced to a desired shape by the solidification of a molten alloy in a
mold or die.

C2.2 Certificate of conformity

A statement made by the producer's representative (executive) and endorsed by a
representative of the customer that the anodes listed comply with the requirements of the order.
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C2.3 Cold Lap

Horizontal discontinuity caused by solidification of the meniscus of a partially cast anode as a
result of interrupted flow of the casting stream.  The solidified meniscus is covered with metal
when the flow resumes.  Cold laps can occur along the length of an anode.

C2.4 Cold shut

Horizontal surface discontinuity caused by solidification of a portion of a meniscus during the
progressive filling of a mold, which is later covered with more solidifying metal as the molten
metal level rises.  Cold shuts generally occur at corners remote from the point of pour.

C2.5 Cracking

Fracture of metal along an irregular path producing a discontinuity similar to a ragged edge.  It
can occur during the solidification of the anode (hot cracking), during the contraction of the
anode after solidification, or under externally applied loads.  Hot cracking may be associated
with the shrinkage depression that can occur in open-topped molds.

C2.6 Dulling of steel

Deterioration in appearance of shot-blasted inserts because of oxidation that causes darkening
of the surface but not rust discoloration (see Rust Discoloration).

C2.7 Dulling of Zinc

Deterioration in appearance of zinc-coated inserts because of oxidation that produces a white
bloom of zinc oxide.

C2.8 Electrochemical properties

Those properties of potential and current capacity that characterize a sacrificial anode and can
be assessed by quantitative tests.

C2.9 Gas Holes

The evidence of bubbles within the solidifying metal.  The holes can indicate that moisture was
on the mold or insert prior to casting, or that the liquid metal contained a high level of hydrogen
that had been thrown out of solution to form bubbles during the cooling of the metal

C2.10 Heat

Also called a `melt' or `cast,' it is the unit that defines molten metal and identifies the anodes
cast from it. A heat is the product that is cast to a planned procedure in one melting operation in
one furnace without significant interruption.  If the casting sequence is interrupted, the anodes
produced before, between. and after the interruptions constitute `batches'.

C2.11 Inserts

The form over which the anode is cast and which is used to connect the anode to the structure
requiring protection.  These are sometimes referred to as `cores'.
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C2.12 Low carbon steels

Steels having less than 0.23 % carbon and no intentional alloying additions.

C2.13 Nonmetallic inclusions

Particles of oxides and other refractory materials entrapped in liquid metal during the melting or
casting sequences.

C2.14 Porosity

Generally distributed fine holes caused by gas bubbles, shrinkage (formed by the starvation of
eutectic material within the dendrite arms during `unfed' solidification), or a combination of the
two mechanisms when hydrogen in solution diffuses into the lower pressure shrinkage voids.

C2.15 Protrusion

Extraneous material on the anode surface. It may interfere with the anode-to-structure fit,
appear unattractive, and be a safety hazard if there are sharp edges.  Protrusions can be
formed by careless filling of the mold or the flash from imperfect fitting of mold sections.

C2.16 Rimming (rimmed) steels

A steel without deoxidation. (See ASM Metals Handbook. 9th Edition for exhaustive definition.)

C2.17 Rust discoloration

A brown bloom of iron oxide

C2.18 Sample

A representative specimen.

C2.19 Shrinkage depression

The natural concave surface produced when liquid metal is allowed to solidify in a container
without the provision of extra liquid metal to compensate for the reduction in volume that occurs
during the liquid-solid transformation.  The term also applies to the concave surface produced
when liquid metal is solidified in a closed mold in such a manner that the area is not `fed' by the
liquid metal provided by the casting's riser.

C2.20 Tap sample

A specimen taken from a molten metal stream. Such samples may be taken at the
commencement of pouring and then at regular intervals until a final sample is taken at the end
of the pour.

C2.21 Voids adjacent to insert

Visible space between anode and insert materials. These can be caused by surface
evaporation of moisture from the insert, contraction of the insert, or movement of the insert
during casting caused by uneven heating and expansion that distorts the insert and prevents it
from returning to its  original, desired position within the anode.



MS 1347 : PART 1 : 1994

119

C3. Physical requirement of anodes

C3.1 Samples for chemical analysis

C3.1.1 Representative metal samples shall be taken at the beginning and end of each
heat, except for heats of less than 1000 kg, when only one sample shall be taken at the start of
each heat.

C3.1.2 The samples shall be analyzed to prove compliance with the chemical composition
limits of the alloy being produced.

C3.2 Anode identification

Each anode shall be marked with its unique heat number.  For heat treated anodes, a heat
treatment batch number shall be provided on each anode.

C3.3 Anode weights

C3.3.1 Individual  anodes of each type  and of nominal weights  greater  than 50 kg shall
be within ± 3 % of the nominal weight.

C3.3.2 An agreed sample of anodes of each type shall be weighed, either individually or in
small batches, to confirm general compliance with Paragraph C3.3.1.

C3.3.3 The total contract weight shall be no more than 2 % above and not below the
nominal contract weight.

C3.4 Anode dimensions and straightness

C3.4.1 Dimensions shall conform to the following;

C3.4.1.1 Anode mean length shall be ± 3 %  of nominal length or ± 25 mm whichever is
smaller.

C3.4.1.2 Anode mean width shall be ± 5 % of nominal mean width.

C3.4.1.3 Anode mean depth shall be ± 10 % of nominal mean depth.

C3.4.1.4 The diameter of cylindrical anodes shall be  ± 7.5 % of nominal diameter

C3.4.2 The straightness of the anode shall not deviate more than 2 % of the anode
nominal length from the longitudinal axis of the anode.

C3.4.3 For all anodes, the anode and anode insert dimensions shall be suitable for the
proposed fitting requirements. (In the case of flush mounting anodes, the fit-up may dictate
more stringent requirements than detailed in Paragraphs C3.4.1 and C3.4.2 and these should
be subject to separate agreement).

C3.4.4 An agreed sample of all anodes of each type shall be measured to prove
compliance with Paragraphs C3.4.1 and C3.4.2.



MS 1347 : PART 1 : 1994

120

C3.5 Insert dimensions and position

C3.5.1 Any special provisions needed to make the insert suitable means of attachment
shall predominate in the requirernents of Paragraphs C3.4, C3.5, C3.6, and C3.7.

C3.5.2 Anode insert location within the anodes shall be within ± 5 % of the nominal
position in anode width and length and within 10 % of the nominal position in anode depth.  For
inserts intentionally close to a surface of the anodic material, these designated tolerances may
be inappropriate and should be subject to separate agreement.

C3.5.3 Anode insert cross section dimensions shall comply with the appropriate
specification for the insert material used.

C3.5.4 Anode insert protrusions, fixing centers, and any other critical dimensions specified
in the contract in pursuance of Paragraph C3.5.1 shall be measured on an agreed sample of all
anodes of each type.

C3.6 Insert Materials

C3.6.1 Inserts shall be fabricated from weldable structural steel plates or sections and/or
from weldable steel pipe.

C3.6.2 Rimming steels shall not be used.

C3.6.3 The carbon equivalent of insert materials shall not exceed 0.45 %. The carbon
equivalent value (Cev) shall be calculated with the following formula;

Mn      Cr + Mo + V       Ni + Cu
Cev  =  C  +  ----  +  ------------------- +  ------------ (17)

  6       5         15

where each element is expressed in weight percent (BS 4360:1986 Appendix B).

C3.6.4 Subject to meeting the requirements of C3.6.2 and C3.6.3, the following example
specifications of steel types are acceptable (4)

C3.6.4.1 Pipe: API 5L Grade B, ASTM A-106 Grade A or B BS3602-HFS27, ASTM A53
Grade B

C3.6.4.2 Plate, bar sections: BS 4360 Grade 40A or 43A ASTM A283 Grade C

C3.6.5 For low temperature applications, consideration shall be given to the notch
toughness of the material; in particular, to the toughness of the material to be welded to the
parent structure.

C3.7 Fabrication of inserts by welding

C3.7.1 All fabrication welding of steel inserts shall be in accordance with the relevant
requirements of the American Welding Society AWS D 1.1 Structural Steel Welding Code, latest
edition or approved equivalent.
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C3.7.2 Qualification of welders and of welding procedures shall be in accordance with the
requirements of AWS D1.1, latest edition, or approved equivalent.  Welding procedures that
meet the relevant provisions of AWS D 1.1 shall be rated as prequalified and therefore exempt
from test or qualifications.

C3.7.3 All welds shall be visually inspected.

C3.7.3.1 The level and type of other nondestructive testing inspection, if any, shall be by
agreement.

C3.8 Insert surface preparation

C3.8.1 For aluminium anodes, the steel fabrication to be inserted into the cast anode shall
be prepared by a dry blast cleaning process to a minimum quality complying with ISO 8501 (Sa
21/2) or equivalent, e.g. NACE Standard TMO 170-70 or TMO175-75,  No.2, near white finish.

C3.8.2 At the time the aluminum anodes are cast,  `dulling' of the blast cleaned surface of
the insert shall be permitted.  Rust discoloration and/or visible surface contamination shall not
be permitted.

C3.8.3 For zinc anodes, the steel fabrication to be inserted into the cast anode shall be
prepared by dry blast cleaning to ISO 8501 (Sa 2 1/2), galvanizing to BS 729, or zinc
electroplating to BS 1706, or equivalents.

C3.8.4 At the time the zinc anode is cast, `dulling' of blast cleaned or zinc coated steel
insert surfaces shall be permitted.  Rust discoloration and/or visible surface contamination of the
blast cleaned or zinc coated surface shall not be permitted.

C3.9 Surface irregularities on the anode casting

C3.9.1 Shrinkage depressions shall not exceed 10% of the nominal depth of the anode as
measured from the uppermost corner to the bottom of the depression.

C3.9.2 Casting surface irregularities shall be fully bonded to the bulk anodic material.

C3.9.3 Not more than 1 % of the total surface of the anode casting shall be contaminated
with nonmetallic inclusions visible to the naked eye.

C3.9.4 Cold shuts or surface laps shall not exceed a depth of 10 mm or extend over a total
length of more than 3 times the width of the anode.

C3.9.5 All protrusions detrimental to the safety of personnel during handling shall be
removed.

C3.9.6 Reduction in cross section of anodic material adjacent to the emergence of inserts
shall not exceed 10 % of the nominal anode cross section.

C3.9.7 An agreed sample of all anodes of each type shall be inspected visually to confirm
compliance with Paragraphs C3.9.1 and C3.9.6.
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C3.10 Cracks in cast anodic material

C3.10.1 Even with good foundry practice, particular compositions of anode alloy (notably
aluminum based) suffer a degree of cracking.

C3.10.2 Longitudinal cracks are not permitted except in the final `topping-up' metal.

C3.10.3 Within the section of sacrificial anodic material wholly supported by the insert,
transverse cracks of unlimited length and depth are permitted if width does not exceed 5 mm
and there are no more than 10 cracks per anode.  Full circumferential cracks shall not be
permitted.  Small dense cracks shall be considered one crack.  Cracks of 0.5 mm width or less
shall be ignored.  However, when operating in compliance with this standard, the sacrificial
material shall not be considered a structural member of the anode.

C3.10.4 For sections of anodic material not wholly supported by the anode insert, no visible
cracks shall be permitted.

C3.10.5 An agreed sample of all anodes shall be inspected to confirm compliance with
Paragraphs C3.10.2, C3.10.3, and C3.10.4.

C3.11 Anode sections and internal defects

C3.11.1 The number and method of selection of anodes to be sectioned during a contract
should take account of anode design and number of anodes.  Details shall be agreed upon prior
to manufacture.

C3.11.2 Typically, anodes shall be sectioned single cuts at 25 %, 33 %, and 50 % of
nominal length, or at such other agreed locations for a particular anode design.

C3.11.3 The cut faces, when examined visually without magnification, shall not have more
than;

C3.11.3.1 2% of the sum of the surface area, nor more than 5 % of any one surface as gas
holes or porosity.

C3.11.3.2 1 % of the sum of the surface area nor more than 2 % of any one surface as
nonmetallic inclusions.

C3.11.3.3 10 % of the tubular insert circumference containing voids adjacent to the insert as
an average of all sections, the maximum for any one section being 20 % of the circumference.

C3.11.4 For nontubular cores (e.g. channel or `T' section steel) where prevention of voids
may be particularly difficult, the limits shall be specified and agreed upon prior to manufacture.

C3.12 Heat treatment

C3.12.1 For anodic alloys where post-casting heat treatment forms part of the specification
for the material manufacture, the heat treatment history of each batch of anodes. i.e., each heat
treatment furnace charge, shall be recorded.

C3.12.2 The temperature of the furnace and of a representative electrode in each charge
shall be recorded continuously throughout the heat treatment.
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C3.13 Packing and shipment

Anodes shall be bundled, strapped, placed on pallets, or individually loaded by an agreed
procedure to facilitate unloading and minimize damage to anodes and their inserts between the
manufacturing plant and the installation site.

C3.14 Repeat measurement, tests, inspections, and rejections

C3.14.1 In any instance in this recommended practice where the sample fails to meet the
specified requirement, the manufacturer shall have the right to double the size of the sample to
indicate general compliance with the recommended practice.

C3.14.2 If under Paragraph C3.14.1 the larger sample size results in more failures, the
sample may be increased to include all of the anodes, and all anodes not complying with the
recommended practice may be rejected.

C4. Document of inspection

C4.1 General

C4.1.1 Documentation shall be considered in two parts;

(a) the retained documentation collected by the vendor during the normal quality
control procedures and which shall be maintained by the vendor and made available for viewing
or copying on request from the purchaser, and

(b) the documentation that shall be provided to the purchaser by the vendor.

C4.2 Retained Documentation

C4.2.1 Retained documentation shall be available for the purchaser's inspection at the
vendor's plant during the contract period and, subject to reasonable notice, for a period of 2
years thereafter.

C4.2.2 Analysis results produced from Paragraphs C3.1.1 and C3.1.2 shall be referenced
to individual heat numbers and shall form part of the retained documentation.

C4.2.3 Heat treatment records (where required) from C3.12.1 shall be referenced to
individual batch numbers and shall form part of the retained documentation.

C4.2.4 Any electrochemical performance tests undertaken by the vendor shall be
referenced to individual heat numbers (and batch numbers, if applicable) and shall form part of
the retained documentation.

C4.3 Supplied documentation

C4.3.1 A certificate of conformity shall be supplied by the vendor certifying that the anodes
comply in all respects with this standard and the purchase order.

C4.3.2 Shipping documentation shall be provided to give evidence of compliance with
Paragraph C3.13.
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Appendix D

Laboratory testing of aluminium anodes

D1. General

D1.1 This standard test method describes a laboratory procedure for determining the
potential and current capacity characteristics of aluminum alloy anodes used for cathodic
protection.  It provides a means for screening various heats or lots of anodes to determine
performance consistency on a regular basis from lot to lot.  In utilizing this test method, items
such as sampling frequency and performance criteria (i.e., test values at intermediate times) are
left to the discretion of the user of the test method.

D1.2 One method for anode potential evaluation and two methods for current capacity
evaluations are described.

D1.3 The results of these tests are intended to provide evaluation of potential or current
capacity performance of aluminum anodes to check stated values.  The actual numbers
received from these tests should not be used for design purposes since they represent
laboratory testing.

D1.4 This procedure can be validated by using zinc anode samples as reference in the
test to verify results of aluminum anodes tested. Zinc samples shall be as defined in ASTM B
4181(2) (Section 2, Vol. 02-40, 1983), or Military Specification (MIL-Spec) 18001 for zinc anodes.

D1.5 This procedure was evaluated by testing alloys of AI-Zn-Sn, AI-Zn-Hg, AI-Zn-in,
and MIL-Spec 18001 zinc of the respective nominal alloy composition ranges shown in Table
D1.

D1.6 The precision of this test has not been validated.  The scatter in test results is
considered to be due to heterogeneities in aluminum sacrificial anode materials in general, as
tested, rather than the test method itself (see Paragraph D2.2). Only anode materials exhibiting
good, reproducible performance (in accordance with this test method) meeting manufacturer
and/or user specifications would be acceptable.

D2. Applicable documents

D2.1 ASTM Standards

(a) D 1141 Specifications for Substitute Ocean Water
(b) D 1193 Specification for Reagent Waters
(c) G 1 Recommended Practice for Preparing, Cleaning and Evaluating Corrosion Test
Specimens.
(d) G 3 Recommended Practice for Conventions Applicable to Electrochemical
Measurements in Corrosion Testing.
(e) G 31 Recommended Practice for Laboratory Immersion Corrosion Testing of
Metals.



MS 1347 : PART 1 : 1994

125

 Table D1.  Nominal alloy % composition ranges for anodes tested

AL-Zn-Sn     Al-Zn-Hg   Al-Zn-In Zinc (MIL Spec 18001-J)

Zn
Sn

Si
Hg
Pb

Bi
In
Fe

Cd
Cu
Al

3.0 - 8.0
0.05 - 0.20

0.20 max
-
-

0.10 - 0.50
-

0.13 max

-
0.010 max
Remainder

0.35 - 0.50
-

0.11 - 0.21
0.03 - 0.05

-

-
-

0.10 max.

-
0.006 max.
Remainder

1.0 - 5.0
-

0.20 max
-
-

-
0.005 - 0.05
0.13 max.

-
0.010 max.
Remainder

Remainder
-

0.124 max.
-

0.006 max.

-
-

0.005 max.

0.025 - 0.07
0.005 max.
0.10 - 0.50

NOTE.  Ranges of perfomance from those alloys tested are listed in Table D2.

(2) - `Specification for Cast and Wrought  Galvanic  Zinc  Anodes  for  Use in Saline
Electrolytes,' (ASTM B  418-80,  Philadelphia,  PA:ASTM).

 Table D2.  Range of evaluation results

Alloy

Operating Potential
(SCE)
(-mV)

Hydrogen Evolution
% Efficiency

Ambient sea-water, Impressed
Current Capacity (A h/kg)

Al-Zn-Sn
Al-Zn-Hg

Al-Zn-In
Zinc

940 - 1176
830 - 1114

1032 - 1140
969 - 1051

70 - 94
96

90
98

To be investigated
2623 - 2949

2354 - 2742
754 - 804

ASTM standards are frequently reviewed and revised by the relevant committees; therefore, the
most current up-to-date standards should be consulted.

D2.2 NACE CORROSION/84 Paper No. 346, `Quality Control Testing of Aluminum
Anodes: T-7L-2 Task Group Progress Report,' on round robin test results and analysis.

D2.3 MIL - 18001 - Military Specification for zinc anodes.

D3. Summary of method

D3.1 A 16 cm3 sample of aluminum alloy anode material is immersed in synthetic
seawater at ambient temperature for two weeks (336 h), while anodically polarized at an
impressed current of 6.2 A/m2.  Potentials are measured periodically and current capacity
determined by two methods (see Paragraph D3.4).

D3.2 The test is conducted with the seawater electrolyte at a room temperature of 23oC
and recorded each time potential measurements are made.

D3.3 Anode potentials are measured with a saturated calomel electrode (SCE) at 3 h, 24
h, 48 h, 72 h and 336 h or as desired.
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D3.4 Anode current capacity is (determined by two methods; weight loss and hydrogen
evolution).

D3.4.1 Weight loss method

The total current that passed through the system is measured by a coulometer.  Anode weight
loss is determined at the end of the two-week test when the samples are removed, cleaned and
weighed.  Weight loss current capacities are thus determined from knowledge of the total
charge passed through the system and the weight loss of the anode sample.

D3.4.2 Hydrogen evolution method

Hydrogen that evolved from the anode as a result of local cell action under impressed
conditions is collected in a gas buret after 72 h of testing and anode efficiency is calculated.
The volume of gas collected during the collection time, the elapsed time and the current flow
through the anode sample test are used for hydrogen evolution efficiency calculations.

D3.5 The causes of noble (more positive) potential results or low current capacity, or
both, measured on a particular lot of anodes relative to established benchmarks for a particular
alloy, should be investigated.

D3.6 Zinc anode samples conforming to MIL-Spec 18001 should be used in the test as a
reference material.  Instructions for cleaning zinc samples before testing are contained in ASTM
Practice G 1 (see Paragraph D2.1).

D4. Test apparatus

D4.1 Anode test cell

The 1.5 l container shown in Figure D1 with a titanium sample support rod, steel screen
cathode and gas buret for hydrogen collection is filled with synthetic seawater to a level of 1.3
cm from the top of the container.

D4.1.1 If the steel cathode screen is galvanized, the coating must be removed from the
screen prior to the first test.  This is accomplished by immersing the screen in 10 % nitric acid
([HNO3], [90 parts water,  10 parts nitric acid by volume]) at 49 to 66oC until the coating is
removed.  Rinse the screen in reagent water to remove the acid.  The nitric solution should be
handled with care.  A stainless steel beaker or carbon steel container may be used as a
cathode.

D4.2 Copper coulometer

The coulometer (of the type shown in Figure D2) is filled with copper sulfate plating solution as
described in Paragraph D5.3. Copper plates should be 99.9 % pure.

D4.2.1 An electronic coulometer of sufficient precision may be substituted for the copper
coulometer.
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D4.3 Power supply

A voltage-regulated DC power supply should be used in conjunction with the variable resistance
in DC milliammeter, as shown in Figure D3. The DC impressed current required in this test is 24
mA; the resistor selected for current regulation should allow a 1 % adjustment of full-scale
value. The milliammeter should also be capable of reasonably precise measurement at this
value.

D4.3.1 A current regulated DC power supply capable of regulation at 24 mA with a 1 %
deviation of full-scale adjustment may be substituted for the constant voltage supply plus
variable resistor.  A potentiostat wired externally as a galvanostat usually gives excellent current
control.

D4.4 Any number of anode samples may be tested at one time by wiring multiple test
cells in series in the circuit, as shown in Figure D3, provided that the power supply is capable of
supplying sufficient voltage to maintain the impressed current at 24 mA through each cell.

D5. Reagents

D5.1 Anode precleaning solution

Dissolve 50 g sodium hydroxide (NaOH) in 1l of reagent water.

D5.2 Synthetic seawater electrolyte

Prepare according to ASTM D 1141 (see Paragraph D2.1). Sufficient electrolyte should be
made up in a single batch prior to each test.

D5.3 Copper plating solution.  Prepare as follows;

100 g reagent grade hydrated copper sulfate (CUSO4.5H2O)
27 ml reagent grade sulfuric acid (H2SO4)

62 ml reagent grade 95 % ethanol

1l reagent water

D5.4 Anode postcleaning solution.   Prepare as follows;

28 g reagent grade chromium trioxide (CrO3)

41 ml reagent grade phosphoric acid (H3P04)

1400 ml reagent water
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Figure D1.  Hydrogen evolution test set-up



MS 1347 : PART 1 : 1994

129

     Figure D2.  Full scale  (a)   Sacrificial copper plate and
                 (b)  Coulometer
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Figure D3.  Wiring diagram

D5.5 Caution

The chemicals used as cleaning reagents are hazardous and proper precautions should be
observed in their handling.  Rubber gloves and eye protection should be worn when handling
the acid and base solutions used in the precleaning and postcleaning solutions and coulometer
electrolyte.  Do not breathe dust from CrO3 or fumes from postcleaning solutions; clean up spills
with water.

D6. Preparation of test specimens

D6.1 Cut a 16 cm3 sample from each anode to be tested.  The sample should be marked
with a suitable identification number stamped in the surface.  Cast surfaces can be included in
the sample when the sample is removed from the anode.

D6.2 Drill a hole 1.3 cm deep in the center of one face of the cube using a No. 25 drill
and thread with a 10-24 tap.
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D6.3 Dip each tapped sample in the anode precleaning solution for 5 min at 82oC. Rinse
in reagent water.

D6.3.1 Briefly dip sample in concentrated nitric acid (HNO3) to remove black residue
(smut) from the surface.  Rinse thoroughly first with reagent water, then with acetone, and oven

dry at 120°C for 15 min.

D6.4 Allow the sample to cool and weigh to the nearest 0.1 mg on an analytical balance.

D7. Preparation of apparatus for test

D7.1 Wire-brush the threads on the titanium support rods and secure them in the
threaded holes in the sample.  Push the rod through the hole in the No. 5½ rubber stopper so
that approximately  25 cm protrudes beyond the end of the stopper.

D7.1.1 Since the stamped sample identification numbers on each anode sample may be
obliterated by corrosion, a small flag of tape with the corresponding number should be attached
to the end of the support rod to maintain sample identification throughout the test and
subsequent cleaning procedures.

D7.2 Prepare the test cells by inserting stoppers, with anodes attached, into the plastic
containers and inserting cathode screens as shown in Figure D1. Secure the cells to a test
stand support.

D7.3 Preparation of copper coulometer

D7.3.1 Cut a 12.7 cm piece of 12-gauge, unvarnished pure copper wire, cleaned lightly
with 600 grit sandpaper.  Rinse in acetone and dry in 120oC oven for 15 min.  Allow to cool and
weigh to the nearest 0.1 mg on an analytical balance.

D7.3.2 Assemble the weighed copper wire and sacrificial copper plates into the No. 10½
rubber stopper as shown in Figure D2.

D7.4 Connect the test cells, power supply, variable resistor and copper coulometer (or
electronic current integrator) in series as shown in Figure D3. Observe correct polarity with
reference to power supply.  Positive and negative signs are in relation to power supply.

D8. Procedure

D8.1 Bubble air through the bulk synthetic seawater for a minimum of 24 h prior to the
beginning of the test to mix the electrolyte solution completely.

D8.2 Fill the test cells with aerated seawater to within 1.3 cm of the top of the 1.5l plastic
containers.

D8.3 Fill the coulometer with copper sulfate solution to within 1.3 cm of the bottom of the
rubber stopper.

D8.4 Turn on the power supply and adjust the voltage and resistance to give a current of
24 mA as measured by the milliammeter.  This gives a current density of 6.2 A/m2 for 16 cm3

samples.
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D8.4.1 The current should be checked periodically for drift throughout the test and
adjusted to 24 mA, as required.

D8.5 Anode operating potential measurements taken with an SCE made after 3 h, 24 h,
72 h, and 336 h or as desired are made with the current flowing.  Record the temperature of the
seawater electrolyte.

D8.5.1 The fiber junction tip of a SCE is placed within 1 mm of the anode surface and the
potential between the reference SCE and the anode is measured with a high impedance (1 x
106 ohms or greater) DC millivoltmeter (positive lead attached to anode support rod and
negative lead to SCE reference electrode); with an analog (also high impedance) voltmeter, the
connections are reversed to obtain an on-scale reading (unless the meter is either the
center-zero type or has a polarity-reversing switch).  A `Haber-Luggin, probe can also be used
with the reference electrode to measure anode potentials in close proximity to the anode. (A
`Haber- Luggin' probe is a glass tube with a fine opening in one end and a larger opening in the
other end into which the reference electrode is inserted.) A bentonite mixture contained in one
inch of the fine end and electrolyte from the test cell in the tube form a salt bridge or electrolytic
connection between the reference electrode and the anode.  The sign of the measured potential
should also be recorded in all cases.

D8.6 Hydrogen evolution measurements are begun after 72 h have elapsed in the test.

D8.6.1 Submerge the funnel end of a 50 ml buret into the test cell and secure as shown in
Figure D1. The funnel should be about 6.3 mm from the cube surface.

D8.6.2 Fill the buret by suction and adjust the liquid level and record.  Close the buret
stopcock and record the time.  Burets should be checked for air leakage through the stopcock
prior to use.

D8.6.3 Allow hydrogen gas to collect in the buret for 24 h.

D8.6.3.1 The rate of hydrogen evolution will depend on the efficiency of the anode.  If, for
any sample, the amount of hydrogen collected at the end of the first eight hour is likely to
exceed buret capacity overnight, the gas collection should then be terminated for that sample.
This collection time should be recorded for use in subsequent calculations.

D8.6.4 For each sample, record the volume of hydrogen collected and the time required.
Remove the burets after the hydrogen collection is completed. If hydrogen evolution results are
all that is desired, the test can be terminated at this point and the reader should proceed to
Paragraph D9.1 for calculations.

D8.7 The seawater electrolyte must be changed every four or five days (i.e., twice during
the two-week lest). The fresh electrolyte must be aerated for 24 h prior to the solution change,
as noted in Paragraph D8.1.

D8.8 After the test has run for 336 h (two weeks), interrupt the circuit and remove the
anode samples for cleaning.  Dispose of the seawater electrolyte properly.

D8.9 Remove the anode (center) wire from the copper coulometer. rinse in reagent
water and dry for 15 min at 120°C.  Cool and weigh to the nearest 0.1 mg on an analytical
balance.
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D8.9.1 If an electronic current integrator is used, record the total charge passed during the
test at termination.

D8.10 Clean the anode samples by immersion in the anode postcleaning  solution for 10

min at 82°C.  The samples may be suspended in the cleaning solution by a wire wrapped
around a 10-24 stainless steel screw inserted in the anode to obtain uniform cleaning.

D8.10.1 Cleaned samples should be rinsed thoroughly first with reagent water and dried.
Remove the screw to rinse the tapped hole.  Dry samples in a 120oC oven for 15 min, then cool
and weigh to the nearest 0.1 mg on an analytical balance.

D8.10.2 Caution

The cleaning operation should be conducted under a fume hood; rubber gloves and eye
protection should be worn.  Federal regulations govern the discharge of hexavalent chromium
into sewer discharge systems; therefore, spent cleaning solution and rinse water should be
retained and disposed of properly.

D8.10.2.1 Cr (VI) waste may be reduced to Cr (111) with sodium bisulfate (NaHSO3).
Dissolve 3.75 g sodium bisulfite per gram of Cr (VI) in the waste solution and mix for 1 h.

D9. Calculation of efficiency

D9.1 Hydrogen evolution method

Anode efficiency is calculated for each sample as follows;

2H+  +  2e-       →  H2
(g)

I  x  100
Percent Efficiency   =  ----------------- (18)

I + (132 V)
         t

where;

I   =   impressed current in mA (i.e., 24 mA)

V   =   Volume of hydrogen evolved in time t (ml)
t   =   Elapsed time of hydrogen collection (minutes)

D9.2 Weight loss method

Anode current capacity is calculated for each sample as follows;

                 C
ampere.hours/kilograms  =  ----  x  1,000     (19)

             W

where;

C  = Total charge passed in two-week (336 h) test (ampere.hours) (see Paragraph D9.2.1)
W  = Weight loss of anode samples (grams)
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D9.2.1 If a copper coulometer is used to determine total charge,  C in Paragraph D9.2
above is;

C = 0.8433 Wcu       (20)

where Wcu weight gain of copper cathode wire (grams).
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Appendix E

Publications referred to

IEC 529 Degrees of protection provided by enclosures (IP Code).

BS 89 Specification for direct acting indicating electrical measuring instruments
and their accessories.

BS 148 Specification of unused mineral insulating oils for transformer and
switchgear.

BS 729 Hot Dip Galvanized Coatings on Iron and Steel Articles.

BS 970 Specification for wrought steels for mechanical and allied engineering
purposes.
Part 1. General inspection and testing procedures and specific
requirements for carbon, manganese, alloy and stainless steels.

BS 1377 Methods of test for soils for engineering purposes.

BS 1706 Electroplated Coatings of Cadmium and Zinc on Iron and Steel.

BS 2709 Specification for the electrical performance of semiconductor rectifiers
(metal rectifiers).

BS 2874 Specification for copper and copper alloys plate

BS 2914 Specification for surge divertors for alternating current power circuits.

BS 3602 Specification for steel pipes and tubes for pressure purposes: carbon and
carbon manganese steel with specified elevated temperature properties.

BS 4147 Specification for bitumen-based hot applied coatingmaterials for protecting
iron and steel, including suitable primer where required.

BS 4164 Specification for coal-tar-based hot applied coating materials for protecting
iron and steel, including a suitable primer.

BS 4360 Specification for weldable structural steels.

BS 4417 Specification for semiconductor rectifier equipments.

BS 4515 Specification for welding of steel pipelines on land and offshore.

BS 5467 Specification for cables with thermosetting insulation for electricity supply
for rated voltages of up to and including 600/1000 V and up to and
including 1900/3300 V.

BS 6004 Specification for PVC-insulated cables (non-armoured) for electric power
and lighting.
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BS 6346 Specification for PVC-insulated cables for electricity supply.

BS 6651 Code of practice for protection of structures against lightning.

BS 6926 Specification for copper for electrical purpose; high conductivity copper
wire rod.

BS 7361 Cathodic protection
Part 1.  Code of practice for land and marine application.

CP 1013 Earthing.

CP 20101) Code of practice for pipelines.

ASTM A 106 Standard specification for seamless carbon steel pipe for high-temperature
service.

ASTM A 283 Standard specification for low and intermediate tensile strength carbon
steel plates.

ASTM A 53 Standard specification for pipe, steel, black and hot-dipped, zinc-coated
welded and seamless.

ASM Metals Handbook, Vol. 1  Properties and selection of metals and steels.

NACE Standard RP 0387:90  Metallurgical and inspection requirements for cast sacrificial
anodes for offshore applications.

NACE Standard TM 0190:90  Impressed current test method for laboratory testing of aluminium
anode.

API Spec. 5L  Specification for line pipe.

American Welding Society AWS D.1.1: Structural Steel, Welding, Code - Steels.

1)
 CP 2010 is under revision. The revised Parts of CP 2010 will be issued as Parts of BS 8010.
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TANDA-TANDA STANDARD SIRIM

Tanda-tanda Standard SIRIM seperti yang tertera di bawah adalah tanda-tanda
pengesahan dagangan berdaftar. Tanda-tanda ini hanya boleh digunakan oleh
mereka yang dilesenkan di bawah skim tanda pengesahan yang dijalankan oleh
SIRIM mengikut nombor Standard Malaysia yang berkaitan. Kewujudan tanda-tanda

ini pada atau berkaitan dengan sesuatu barangan adalah sebagai jaminan bahawa
barangabn tersebut telah dikeluarkan melalui satu sistem penyeliaan, kawalan dan
ujian, yang dijalankan semasa pengeluaran. Ini termasuk pemeriksaan berkala kerja-
kerja pengeluaran menurut skim tanda pengesahan SIRIM yang dibentuk untuk
menentukan bahawa barangan tersebut menepati Standard Malaysia.

Keterangan-keterangan lanjut mengenai syarat-syarat lesen boleh didapati dari:

Ketua Pengarah
Institut Standard dan Penyelidikan Perindustrian Malaysia

Persiaran Dato’ Menteri, Seksyen 2, Peti Surat 7035
40911 Shah Alam

Selangor Darul Ehsan

SIRIM STANDARD MARKS

The SIRIM standard marks shown above are registered certification trade marks.
They may be used only by those licensed under the certification marking scheme
operated by SIRIM and in conjunction with relevant Malaysian Standard number. The
presence of these Marks on or relation to a product is assurance that the goods have
been produced under a system of supervision, control and testing, operated during
production, and including periodical inspection of the producer’s works in accordance
with the certification marking scheme of SIRIM designed to ensure compliance with a
Malaysian Standard.

Further particulars of the terms of license may be obtained from:

Director-General
Standards and Industrial Research Institute of Malaysia

Persiaran Dato’ Menteri, Section 2. P.O.Box 7035
40911 Shah Alam

Selangor Darul Ehsan
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INSTITUT STANDARD DAN PENYELIDIKAN PERINDUSTRIAN MALAYSIA

Institut Standard dan Penyelidikan Perindustrian Malaysia (SIRIM) telah ditubuhkan hasil dari cantuman

Institut Piawaian Malaysia (SIM) dengan Institut Negara bagi Penyelidikan Sains dan Perusahaan
(NISIR) di bawah Undang-Undang Malaysia Akta 157 pada 16hb. September 1975:Akta Institut
Standard dan Penyelidikan Perindustrian Malaysia (Perbadanan) 1975. Institut ini diletakhak dengan
kuasa untuk memamju dan menjalankan penyelidikan perindustrian dan untuk menyedia dan

memajukan standard-standard bagi barangan-barangan, proses-proses, amalan-amalan dan
perkhidmatan-perkhidmatan; dan bagi mengadakan peruntukan bagi perkara-perkara yang
bersampingan atau berkaitan dengan maksud-maksud itu.

Satu daripada tugas-tugas Institut ini adalah menyediakan Standard-Standard Malaysia dalam bentuk
penentuan-penentuan bagi bahan-bahan, keluaran-keluaran, kaedah-kaedah ujian, kod-kod amalan
yang sempurna dan selamat, sistem penamaan dan lain-lain. Standard-Standard Malaysia disediakan
oleh jawatankuasa-jawatankuasa perwakilan yang menyelaras keupayaan pengilang dan kecekapan

pengeluaran dengan kehendak-kehendak yang munasabah dari pengguna. Ia menuju ke arah
mencapai kesesuaian bagi maksud, memudahkan pengeluaran dan pengedaran, kebolehsalingtukaran
gantian dan pelbagai pilihan yang mencukupi tanpa pembaziran.

Standard-Standard Malaysia disediakan hanya setelah penyiasatan yang lengkap menujukkan bahawa
sesuatu projek itu disahkan sebagai yang dikehendaki dan berpadanan dengan usaha yang terlibat.
Hasil ini berasaskan persetujuan sukarela dan memberi pertimbangan kepada kepentingan pengeluar
dan pengguna. Standard-Standard Malaysia adalah sukarela kecuali is dimestikan oleh badan-badan

berkuasa melalui peraturan-peraturan, undang-undang persekutuan dan tempatan atau cara-cara lain
yang sepertinya.

Institut ini beroperasi semata-mata berasaskan tanpa keuntungan. Ia adalah satu badan yang menerima

bantuan kewangan dari Kerajaan, kumpulan wang dari bayaran keahlian, hasil dari jualan Standard-
Standard dan terbitan-terbitan lain, bayaran-bayaran ujian dan bayaran-bayaran lesen untuk mengguna
Tanda Pengesahan SIRIM dan kegiatan-kegiatan lain yang berhubung dengan Penstandardan,
Penyelidikan Perindustrian dan Khidmat Perunding.

STANDARDS AND INDUSTRIAL RESEARCH INSTITUTE OF MALAYSIA

The Standard and Industrial research Institute of Malaysia (SIRIM) is established with the merger of the
Standards Institution of Malaysia (SIM) and the National Institute for Scientific and Industrial Research

(NISIR) under the Laws of Malaysia Act 157 on 16
th

. September 1975: Standards and Industrial
Research Institute of Malaysia (Incorporation) Act 1975. The Institute is vested with the power to provide
for the promotion and undertaking of industrial research and for the preparation and promotion of
standards for commodities, processes, practices and services; and to provide for matters incidental to or

connected with those purposes.

One of the functions of the Institute is to prepare Malaysian Standards in the form of specifications for
materials and products, methods of testing, codes of sound and safe practice, nomenclature, etc.

Malaysian Standards are prepared by representative committees which co-ordinate manufacturing
capacity and production efficiency with the user’s reasonable needs. They seek to achieve fitness for
purpose, simplified production and distribution replacement interchangeability, and adequate variety of
choice without wasteful diversify.

Malaysian Standards are prepared only after a full enquiry has shown that the project is endorsed as a
desirable one and worth the effort involved. The work is based on voluntary agreement, and recognition
of the community of interest of producer and consumer. The use of Malaysian Standards is voluntary

except in so far as they are made mandatory by statutory authorities by means of regulations, federal
and local by-laws or any other similar ways.

The Institute operates entirely on a non-profits basis. It is a grant aided body receiving financial aid from

the Government, funds from membership subscriptions and proceeds from sales of Standards and other
publications, fees and licence fees for the use of SIRIM Certification Mark and other activities associated
with Standardization, Industrial Research and Consultancy Services.
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