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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
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Introduction

This document provides guidance for the prevention of external corrosion when a pipeline is influenced
by electrical interference. Electrical interference can be from stray currents (defined in ISO 8044) and
from naturally occurring interference caused by geomagnetic or tidal activity.

International Standards on cathodic protection (e.g. ISO 15589-1 and I1SO 15589-2) refer to a structure-
to- electrolyte potential value that is considered to indicate that cathodic protection is effective. When
the potential is influenced by stray currents, however, it is not always possible to obtain a meaningful
structure-to-electrolyte potential and other methods of assessment are needed. These other methods
can includermathematical-analysis—of-the—potentialsandfor-direetassessment-of-the—corroston rate

using electrjcal resistance probes.

An affected|structure carrying stray currents, e.g. a pipeline or cable can itself affect other ndarby
structures.

This documpnt is not intended to inhibit the use of alternative equipment or engineering solutiors for
individual gpplications. Where an alternative is offered, it is intended that any-vdriations from this
document bg identified and documented.
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Petroleum, petrochemical and natural gas industries —
Prevention of corrosion on pipeline systems influenced by
stray currents

1 Scope

This
stray
DCe

Othe
cove

A brief description of AC effects, general principles and some guidelines;are provided.

NOTH

Systd
as th|

document establishes the general principles for the evaluation and minimization of.t
current corrosion on external surfaces of buried or immersed pipeline systems€atrse
ectrical interference.

r stray current effects such as overheating, and interference with welding operati
Fed in this document.

1  SeeISO 18086 for the effects of alternating current on buried oriimmersed pipelines.

ms that can also be affected by stray currents include buftied or immersed metal stry
e following:

b)
c) {
d) ¢
e) {
f) s
This
— 1
— 1
\
— 1
Inter

a) Ilipeline systems;

etal sheathed cables;
anks and vessels;
barthing systems;
teel reinforcement in concrete;
heet steel piling.
document gives guidelines-for
he design of cathodicprotection systems that might produce stray currents,

he design of pipeline systems, or elements of pipeline systems, which are buried or im
vhich can besubject to stray current corrosion, and

he selection of appropriate protection or mitigation measures.

and measures described here can be applicable for minimizing the interference effects.

nal‘corrosion risks from stray currents are not dealt with in detail in this document b

he effects of
d by AC and

ons are not

Ictures such

mersed, and

1t principles

NOTE 2

The impact of electromagnetic interference on above-ground appurtenances of pipeline systems is

coveredin EN 50443,1EC 61140,IEC60364-4-41,IEC60479-1,IEC60364-5-52,IEC/TS 61201 and IEC/TR 60479-5.

This document can also be used for pipeline systems outside of the petrochemical and natural gas
industries and other buried or immersed structures.

NOTE3 EN 50162 provides guidance for railway related structures.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.
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IEC 62128-2:2013, Railway applications - Fixed installations - Electrical safety, earthing and the return
circuit - Part 2: Provisions against the effects of stray currents caused by d.c. traction systems

ISO 15589-1, Petroleum, petrochemical and natural gas industries — Cathodic protection of pipeline
systems — Part 1: On-land pipelines

ISO 8044, Corrosion of metals and alloys — Vocabulary

3 Terms

For the pur

and definitions

oses of this document, the terms and definitions given in ISO 15589-1, IEC 62128-2:2013,

[SO 8044 an
ISO and IEC
ISO Onl

IEC Eled

31

coating
electrically
contact bety

3.2

remote ear
theoretical
away from {

Note 1 to ent
test and the t

[SOURCE: IH

3.3

conductive
transfer of
the system ¢

Note 1 to ent
rises becausq

34
drainage

electrical drainage

transfer of s

d the following apply.

maintain terminological databases for use in standardization at the following address

ne browsing platform: available at https://www.iso.org/obp

tropedia: available at http://www.electropedia.org/

nsulating covering bonded to a metal surface for protection against corrosion by preve
veen the electrolyte and the metal surface

th
roncept that refers to a ground electrode of zero“impedance placed an infinite dis
he ground under test

est electrode becomes negligible. Remote earth is normally considered to be at zero potential.

EE Std 81-2012[11]

coupling
nergy occurring when a_part of the current belonging to the interfering system retur
barth via the interfered system

'y: Also, when the veltage to the reference earth of the ground in the vicinity of the influenced
of a fault in the intérfering system, and the results of which are conductive voltages and currg

tray.carrent from an affected structure to the current source by means of a deliberate

hting

ance

ry: In practice, remote earth is approached when the mutual resistance between the ground {inder

ns to

bject
nts.

bond

Note 1 to ent

aal 1 . 1 : 7 - 7 1o = s g - 7 7 - 7 1o o 1
Y. TOIdrdiidg€ uUcvICES SEC UIrect dararrdye oord (o.0 J, Urirdirectiortar dararrrdgye vornd (o./7 ) dIlt

drainage bond (3.6).

3.5

direct drainage bond
device that provides electrical drainage (3.4) by means of a bi-directional, metallic bond between an
affected structure and the stray current source

Note 1 to entry: The bond can include a series resistor to reduce the current.

rced

© ISO 2021 - All rights reserved
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forced drainage bond
device that provides electrical drainage (3.4) by means of a bond between an affected structure and the
stray current source

Note 1 to entry: The bond includes a separate source of DC power to augment the transfer of current.

3.7

unidirectional drainage bond
device that provides electrical drainage (3.4) by means of a unidirectional bond between the affected
structure and the stray current source

Note

3.8
tell
volt
pote

39

electrical resistance probe
ER pirobe
devige that measures metal loss by comparison of the calibrated resistance value of a pi

with

3.10

sampling rate
meaguring interval set by the operator

3.11

alternating current interference
AC interference
electrical disturbance generated by AC systems that affects buried or immersed pipelines by

and/|
Note

3.12
dire

DC interference
distyrbance, generated by DC systems, that affects buried or immersed metallic structur
by canduction

4 Abbreviations and symbols

4.1

AC

1 to entry: The bond includes a device such as a diode to ensure that current can only flow ihg

ric interference
ges generated by geomagnetic field variations that cause variations in the-observed
htials

known physical characteristics

pr induction

1 to entry: Powerlines, railway traction systems.

Ct current interference

ne direction.

pipe-to-soil

bce of metal

y conduction

bs primarily

Abbreviations

Alternating current

ACVG Alternating current voltage gradient

CP Cathodic protection

DC Direct current

DCVG Direct current voltage gradient
emf Electromotive force

© IS0 2021 - All rights reserved
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GIC Geomagnetically induced currents
HVAC High voltage alternating current
HVDC High Voltage Direct Current

IR Product of the current and resistance (I and R) that indicates the voltage drop error in a
potential measurement

13Y% Photovoltaic

r.m.s. Rootmreamsquare

4.2 Symbols

a1 Per annum

B Magnetic field

E Structure/soil potential for non cathodically protected structures
E, Anodic potential

E. Cathodic potential

AE Potential difference due to operation / non-operation of the interfering source
AE, Anodic potential shift (IR drop included)

AE, avg Average anodic potential shift

AE, |Rfree |Anodic potential shift (IR drop excluded)

AE, Cathodic potential shift

AE,, Measured interference

AE g Average cathodic potential shift

E., Structure potential-of a metal in a given corrosion system (ISO 8044)
ElR-free Structure potential without measurement error due to current flowing in the circuit
E,, ON potential

Eqn,avg Average ON potential

E, Protection potential according to ISO 15589-1

Epet On potential required to achieve effective cathodic protection

F Electric field

Iepn Coupon current

Ji Current density

A Anodic current density

Je Cathodic current density

4 © IS0 2021 - All rights reserved
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Jepn Coupon current density
Jref Reference value for current density (analogous to I...¢)
p Soil resistivity (Q-m)
Q, Anodic charge during the period of anodic interference
Q. Cathodic charge during the period of cathodic interference
R, Coupon element resistance
iso [solation resistance, usually of a cable insulation
S Seconds
S-kmf1 Siemens per unit length
t Time
T, Interval when the structure is anodic with respect to the selected value of E
T, malk Maximum duration of the anodic period
T, Interval when the structure is cathodic with respect to the selected value of E|
Veor Corrosion rate
Vese Voltage with respect to a copper/copper sulfate reference electrode
5 Information exchange and co-opération

Compmnon sources of interference that ¢an cause stray current corrosion are given in Claul
the design stage of buried or immersed metallic pipeline systems, the possibility of both
suffering from stray current interference shall be taken into consideration and docur
pipeline system should achievethe acceptance criteria identified in Clause 8. Construction
chanL

interfference situation.

Elec
and

es on existing structufes, regenerative braking, etc. can require a detailed considef

frical interferencé-problems on buried or immersed metallic pipeline systems shall be
documented, with the following points in mind:

The operator of the pipeline system can protect a structure against corrosion with
that the-eperator considers to be the most suitable. However, levels of electrical intg
neighbouring structures shall be maintained within the defined limits given in Clause

f] Or]ref

ef Or]ref

e 6. During
causing and
nented. The
work, major
ation of the

considered,

the method

rference on
3

N fray currents ncpnr‘la”v from DCtraction Cvcfnmc are lenrﬂv related tothe r]ncurh of

the traction

return circuits. This means thatitis p0551ble to 11m1t the stray current by traction c1rcu1
not to eliminate it.

t design, but

Where other structures that might be affected are present, the requirement to maintain interference

within the defined limits applies to all affected structures.

Utility-scale photovoltaic (PV) installations can develop a steady state DC interference to adjacent
buried pipelines. It is expected that the operator of the PV installation will maintain constant
monitoring of the R value to verify the isolation resistance between the PV panels and the earth.
The pipeline operator should be informed of any changes in the R values outside the threshold value.

The operating characteristics of HVDC systems can change under fault and maintenance conditions.
These changes can affect the corrosion risk to buried pipelines and such changes should be

communicated in a timely manner to the pipeline operator.
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These goals are best achieved by agreement, co-operation and information exchange between the
parties involved. Information exchange and co-operation are important and shall be carried out both at
the design stage and during operation of the systems. In this way possible effects, suitable precautions
and remedies can be assessed.

The following information is required to make a sound engineering judgement:

— details of buried metallic structures;

— cathodic protection installations or significant modifications to existing installations;

— DC traction system installations or significant modifications to existing installations;

— HVDCt
— details
— utility s

Agreement
between in]
procedures

‘ansmission line installation or modification to existing installations or modes of oper4
bf any sources of DC installations that can cause interferences to buried pipelines;
cale photovoltaic systems.

and co-operation is more effectively achieved and maintained by periodic mee
erested parties, committees or other associations who can establish information exch
nnd protocols.

6 Common sources of interference that can affect corrosion

6.1 Gene

DC systems
unintention

a) traction

b) overheq

ral

that can cause currents to flow in the earth or.any other electrolyte, whether intentior
b1, include the following:

systems;

d lines for vehicles;

c) trolley us systems;

d) power§
e) equipm
f) commu
g) instrum

h) cathodi

ystems;

ent at industrial siteg é.g. welding;
hication systems;

entation systems;

C protection systems;

tion;

tings
ange

al or

i) high v01tage transmission systems. See Annex E;

j)  track circuit signalling systems. (For stray currents from traction systems, [EC 62128-2 gives
requirements for minimizing their production and for the effects within the railway system);

k) photovoltaic power systems. See Annex H;

1) offshore wind farm power systems;

m) geomag

netic interference (telluric currents). See Annex D;

n) tidal fluctuations. See Annex G.

AC systems

(see Annex F) that can induce voltages into buried structures include

— three phase power transmission overhead cables,

© ISO 2021 - All rights reserved
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— buried three phase power cables, and

— AC operated railways.
6.2 Direct current

6.2.1 General

Sources of DC that can affect the structure-to-electrolyte potentials on pipelines can either originate

from industrial or natural sources.

6.2. Traction systems

Therje are various configurations of DC traction systems that are in common,use. The
diffef in respect of the way that the current is returned to the substation(s)\ Which¢
confijguration is used there will be some current that returns via the earth. IEC:62128-2 giy
on pérmissible limits.

6.2. Industrial systems

6.2.3.1 General

Induptrial systems that use, or generate, DC should be provided with earthing systems that]
on lojng earth return paths nor deliberately utilize third-papty structures for earthing purp

6.2.3.2 Welding

Welding return circuits should be configured to-ensure that the return paths are as short

and dlo not exacerbate the risk of currents returning via third-party structures.

6.2.3.3 Photovoltaic interference onburied pipelines

Leakiage currents in photovoltaictsystems originate from a fault or from the systematic an
flow|of DC where there is cable insulation damage to PV modules and other array
Undgr certain conditions, the DC leakage currents, if left unattended, or not detected at a
accelerated stray currentCorrosion on metallic underground infrastructure, such as pipel
near|large, utility-scale PV systems.

6.3 | Alternating-eurrent

6.3.1 General

AC ppwered systems can cause interference on pipelines due to inductive, conductive an|

by generally
bver system
es guidance

neither rely
oses.

as possible

d inevitable
omponents.
1, can cause
ines, buried

d capacitive

cou mamanchanicrac yayhich ovn dacoses thaod inm Dafaranconc [2] and [A1]
p e THCCHa ST S, vt ar - eSOt <Crer CnCeSToa GO

It is possible that the voltage resulting from interference on the pipe can exceed accepta

ble levels of

touch-potential and/or current densities that will lead to corrosion damage of exposed steel surfaces.

The potentials and current densities that are used to determine the risk of corrosion from AC

interference are detailed in References [3] and [6].

Annex F provides additional information and one method to calculate the induced voltage
of pipe.

© IS0 2021 - All rights reserved
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6.3.2 Overhead and buried power lines

6.3.2.1 General

Overhead power lines can generate unacceptable voltages onto buried pipelines, primarily by induction.
The induction is a result of magnetic coupling. The magnitude of the induced voltage depends on the
distance, length of parallelism, inducing current magnitude, frequency and phase relationship.

6.3.2.2 Buried power cables

Buried pow

er lines can generate unacceptable voltages onto buried pipelines, primarily by indu

in the samd
cables close
of arranging
phase and c

6.3.2.3 Rajilway systems

AC railway
the coupling
result in co
and 16,67 H
on buried p
systems shd
pipelinesl2l,

6.4 High;

There are t
and bipolar.
earthing of |

during nornpal operation and to minimize edrth current during faulty or unbalanced load conditio

The entire
immersed nf

Buried HVA
separation ¢
constructiol
bonded in ¢
Where an o
from burieq
conditions i
interferencd

y the individual phase cables to reduce the net inductance because the phases are in
hncel each other.

b is primarily inductive. The rails of AC powered railways are’earthed, and this can

way as overhead power lines. It is preferable if buried cables are laid with the.f
to each other and formed in a trefoil configuration. Trefoil formation refers to-a ime

systems can be a source of interference. Where the pipeline is-parallel to the rai

nductive coupling to adjacent buried structures. AC railways can operate at 60 Hz, §
z. When evaluating the risks resulting from the effects{of ‘electromagnetic interfer
pelines running near AC electrified traction systems, the harmonic distortion in raj
uld be considered. The presence of harmonics can exacerbate voltages induced on bi

voltage direct current transmission systems

vo main configurations for high voltage direct current transmission systems, mono
Bipolar HVDC systems should be givenpreference to avoid stray current interference
HVDC systems shall be designed in such a way as to avoid current flowing through the ¢

ystem design shall consider\the possible high-level of stray currents to which buri
letal structures can be exposed, even at a substantial distance from the electrode stat

C and HVDC cables_are joined together in joint bays installed along the cable route
istance between joint bays is dependent on the cable operating voltage, conductor siz
1. Not all joint bays will have an earth local to the joint bay, but the cable screens w
ach joint bay) The location of all earths should be advised by the cable system oper
perator decides to install an earth at a joint bay the earth should be installed at a disf
| pipelines that will ensure that the touch voltage created on a pipeline during
5 within safe limits. AC and DC leakage currents through earth systems can also res
or buried utilities and should be minimized.

tion,
hase
thod
anti-

way,
also
0 Hz
ence
lway
hried

bolar
. The
parth
ns.

bd or
on.

The
b and
11 be
ator.
ance
fault
h1t in

Additional information is given in Annex E.

6.5 Natural interference

6.5.1 Gen

eral

Natural low frequency interference is caused by geomagnetic field variations and by tidal water

movements.

6.5.2 Geo

magnetic (telluric) interference

Geomagnetic field variations are variations in the earth’s magnetic field. The geomagnetic field
variations induce electric currents in the Earth and in long conductors such as pipelines and power
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transmission lines. These induced currents are generally referred to as telluric currents when
related to pipelines and as GIC by the electric power industry. Both terms are used in literature and
to be consistent with present pipeline practice this document will use the term telluric currents. (See
Annex D for additional information).

6.5.3 Tidal interference effects

The movement of conductive seawater through the Earth’s magnetic field acts like a dynamo and
generates an electric field in the seawater. This drives an electric current (a flow of charge) in the
seawater, perpendicular to the direction of water movement. Where this electric current meets the
land, there is a build-up of electrical charge that creates a potential gradient both along the seafloor and
inland perpendicular to the coast. (See Annex G for additional information).

7

7.1
The

ldentification and measurement of stray current interference

Principle

dentification of the stray current interference is achieved by analysis of the measur

evalyation of the interference is performed by a comparison of the data*‘with the acceptanc

The

measurements shall be planned to consider any known infermation relating to the

acceptance criteria (Table 1 for DC). In particular, the following points should be considere

The
a)
b)
c)
d)
e)
f)
g)

tlype of coupling of the interference (AC and/or DC);
felative position to the stray current source (renigte or nearby);
gnticipated duration of the anodic excursion(7,

a,max);

dnticipated time dependence of the amplitude of E, - E_ as well as J, - J. (Interference
¢onstant or seasonally changing at cofistant T,).

measurement requires determination of the following:

the correct position for the feference electrode and/or coupons to be measured (See Al
identifying the area of highest interference (Annex B);

[onfiguration of theZGoupon or probe (size and shape);

[onnection of-colipon or probe to the pipeline;

$amplingTtate of the measuring system;

Duration of the measurements (see 7.3.6);

rments. The
b criteria.

nterference
H:

hmplitude is

hnex B);

N wirrhing QON/QFF ratio;

The evaluation of interference can be based on several different measurements at representative
locations with respect to a reference electrode:

structure potentials;

current flowing through a coupon or probe;

[R-free potential measurement of a coupon or probe;
voltage between two reference electrodes;
corrosion rate determined on a coupon or probe;

line current measurement.

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=a8de19da6ecd18f9edf6c454ccc90f9f

ISO 21857

:2021(E)

A description of the representative location for determining the relevant position for a simple situation

is given in A

nnex B for the case of a conductive coupling.

Annex C provides information on the operational principles of the electrical resistance (ER) probe.

7.2 Stray

7.2.1

Current interference

Inductive and conductive coupling from remote sources

The worst-case assessment of interference in the case of inductive coupling and remote conductive

coupling is

btained when placing the reference electrode at remote earth. The method for determ

ning

remote eart
with high is
the interfers

In such a co
material as

h is described in ISO 18086:2019, Annex G. Since inductive coupling is usually assec
plation quality of the interfered structure, the positioning of the reference electrede 4
bd structure can be used as an approximation of the remote earth.

nfiguration, the probe should ideally be installed next to the pipeline in thé-same bed
the pipeline, outside the influence of any field gradients generated by ceating defects.

7.2.2 Con|ductive coupling from nearby sources

In the case
in soil potel
reference el
case situati
in the case
represents,
interference
interference
is given as f
— pipeling
pipeling
distanc

pipeling
at theld

There are d
relevant lod
by measure
extrapolate
between pif

IEC 62128-2

of conductive coupling, the corrosive effect of the stray current is a result of the ch
ntial because of the electrical field generated by the stray~current source. Thereforg
pctrode or the probe shall be placed within the electrical field, taking into account w

of conductive coupling. The smallest distance of the pipeline to the interference sd
in the case of conductive coupling, the portion~of the pipeline with the largest ley
. Therefore, the reference electrode, the coupen-or the probe shall have a distance t
source that corresponds to this smallest distance. For specific conditions, this worst
llows:

parallel to the rail: Reference electrgde shall be placed above the pipeline;

intersection with a rail: Reference electrode shall be placed above the pipeline w
e to the outer rail that corresponds to the smallest distance between rail and pipeline;

within the gradient of an‘anode bed: Reference electrode shall be placed above the pip|
cation with the smallest-distance between pipeline and anode.

ation described\above. In these cases, the electrical field distribution shall be asse
ment or calCildation. The expected level of interference at the relevant position is
1 based on/the electrical field distribution to the position with the smallest dist
eline and\interference source.

and\Reference [26] provide examples of a calculation method to determine the electrical

jated
bove

lding

ange
, the
orst-

bns. See Annex B for further information with respectito assessing worst-case condifions

urce
el of
b the
case

ith a

eline

ases where it is.-met possible to place the reference electrode, coupon or probe af the

ssed
then
ance

field

distribution

frem a rail. Based on these equations a correction for the electrode placement can be md

de.

7.3 Meas

urement of electrical parameters

7.3.1 Data acquisition systems

Sampling rates for potential, voltage and current measurements are typically between 0,1 s and 5 s for
time variant values.

Coupon on/off measurements, for example, can require fast switching and sampling rates. Sampling
rates shall be selected to enable accurate and meaningful measurement of the signal and phenomena
under investigation.
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In the case of time variant DC interference such as tidal or telluric currents, longer intervals between
the measurements can be used. The data acquisition system shall have an input impedance of at least
10 MA for voltage measurements.

7.3.2 Possible errors in AC measurements

IS0 18086[3] requires measured root mean square potential values as part of its risk assessment process.
The r.m.s. values might not be correctly measured by some digital voltmeters if the AC waveform is
not sinusoidal. Non-sinusoidal waveforms can occur if the load is non-linear (i.e. not predominantly
resistive). Non-linear loads can include loads with inductive or capacitive components, e.g. switch mode

pow

The

(3rd’

To m

7.3.3

The

er supplies, furnaces, industrial systems.

harmonics produced when the load is non-linear distort the waveform and the triplel
6th, 9th etc.) can significantly increase the peak voltage.

pasure the r.m.s. potential value correctly, digital voltmeters with a true rmsfunction s

Potential measurement

pipeline potential measurements shall be performed by connecting-the data logger to

h harmonics

hall be used.

the pipeline

and 4 reference electrode. The positioning of the reference electrodedepends on the type of [nterference
and is described in Clause 7.

If no|direct connection to the interfered pipeline is possible, the measurement with respeft to remote
eartm can be performed. In this case, instead of the pipeliné\connection, a reference electrofle at remote
earth is connected to the data logger.

7.3.4 Current measurement on probes

The pffect of the inclusion of the shunt in the circuit that is being measured should nof result in a

mea

Lowg

7.3.5
All 1

q

urement accuracy worse than +/-2,5,%-because of the shunt. A typical value for the s
br value shunts can be necessary to fmeasure currents greater than 1 mA.

IR-free potential measurement on coupons or probes

R-drop measurement errors shall be minimized by calculation or measurement. In

conductive coupling, the ehntic drops in the ground shall be considered. Possible method

least]

one, or a combination; of the following:

positioning of the“reference electrode permanently or temporarily close to the coup
gurface;

interruption of the protection current through the coupon/probe;

flaking'readings when the interfering source is out of operation;

hunt is 10 Q.

the case of
s include at

on or probe

calculation of the [R-drop caused by the protection current;

calculation of the IR-drop caused by the interference source.

7.3.6 Duration of the measurement

The data acquisition shall be performed over a representative period. The following aspects require
consideration:

in the case of a constant interference (e.g. cathodic protection) this corresponds to at least 3 cycles

with the interference source switched on and off;

in the case of time variant interference from timetabled traction systems an initial measurement
should be performed for at least 24 h. From this data, the periods of the maximum and minimum

© IS0 2021 - All rights reserved
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interference can be determined. Subsequent measurements can be performed over a shorter
duration in the period of the highest interference;

in the case of a time variant interference (e.g. telluric,c, HVAC) with unknown operational

characteristics, the measurement should be performed over a time period of at least 24 h with the
period of maximum and minimum interference included.

In the case of known and documented interference frequency, shorter recording times can be used.

7.3.7 Specific requirements for coupons or probes

In the case
current inte

The current
spread resid
the current
has stabiliz
conditions.

It is not aly
chemical ch
Reference [§

7.4 Corrgd

Acceptance
(see 8.2) or

The measuy
protection.

£ AL b £ 4] £ 2 : . 1.1 Dot [21 1 no
Ul AU TIITTITICIILE, U1IT UST Ul 1 CUIII L,UupUllb 15 lCLlull cu U_y NCICICIILT LQJ r'or vu

rference different sizes of coupon can be usedl[®l.

flow through a probe is dependent on its spread resistance. For buried pipeline
tance is dependent on the soil resistivity as well as change of soil composition becau
flow through the steel surface. The coupon shall be polarized until the IR-free pote
bd before making the measurement. This will allow for the formation,of represent]

vays possible to install the probe in the original soil. In this case a documented
aracteristics) replacement soil can be chosen that represents-worst-case conditions

1.

)sion rate measurement

criteria for DC interference can be based on either direct measurement of corrosion
beneral electrical parameters (see 8.1) or a combination of both.

n the case of a probe or coupon the positioning at the representative location as desc

in 7.2 is requiired.

8 Accept

8.1 Oven

The level of
are met.

For structur
interferencsd
[Corrosion

For structul

fance criteria for DC interference

View of criteria

levels .is_the potential measured during periods when the interference is not pr
otential (£, )]

tray

5 the
se of
ntial
ative

(i.e.
(see

rate

ement of the external corrosion rate is-direct evidence of the effectiveness of cathodic

ribed

stray current intetrference shall be deemed acceptable if the criteria mentioned in Table 1

es that arewnot cathodically protected the baseline value used to assess anodic and cathodic

psent

'ésthat are cathodically protected the baseline value used to assess anodic and cathodic

interference Tevels can be the on potential required to achieve effective cathodic protection [Reference
potential (E..¢)].
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Table 1 — Overview of criteria for the assessment of stray current interference

Non-cathodically protected

Cathodically protected

Steel and cast-iron structures

Anodic interference (i.e. when
the potential is more anodic than
the potential during the periods
of non-interference)

Anodic potential shift (relative to
E.,) AE, (IR-drop included):

AE, <300 mV (p > 200 Q-m)

or

[R-free potential Ejg_f.qe:
ElR-free < Ep

(Ep=protection potential according to
Reference [7])

TimeTomstart

AE, <1,5mV(Q:m)-lep
(15Qm<p<200Q-m)
or

AE, <20 mV (p <15 Q-m)
or

anodic potential shift (relative to
E.)AE

T. a,IR-free

AEa,IR-free <20 mV
See 8.3.1.1.2

(IR- drop excluded):

See8.3.1.1.3

Cathpdic interference

Time constant

Cathopdic potential shift AE:
AE{& 500 mV (IR-drop included)
See 8.3.1.2

Anodlic/cathodic interference

Time variant

Average anodic petential shift

(relative to E_,,)
AE, avgt DEf oy < AE,

davg =
See 8.3.1.1.2

IR-free potential Ejp_¢.q.
EIR—free s Ep

(Ep=protection potential ccording to
Reference [7])

Shift of E,

on,avg’

Eypave < Evep— AE

on,avg = a,avg

See 8.3.1.1.3

Average cathodic potential shift AE,
AE, <500 mV (IR-drop included)
See8.3.1.2

cavg =

c,avg’

All cpnditions

Corrosion rate design value
See8.2

-1
Veor £ 0,01 mm-a

See 8.2

Stee

imconcrete without cathodic protection

Anodicimterference

Time constant

Time variant

ATodic potemntiat shift{retativeto
E.J) AE;:
AE, <200 mV see 8.4.1

AE <200 mV see 8.4.2

a,avg =

a Further information can be found in Annexes A and J.

8.2 Corrosion rate

According to Reference [7] the pipe-to-electrolyte potential at which the corrosion rate is less than 0,01
mm per year (10 um-a-1) for carbon steel and cast iron is the protection potential, E,,. This corrosion
rate is sufficiently low that corrosion will usually be acceptable for the design life. The corrosion rate

criterion is therefore:

© IS0 2021 - All rights reserved

13


https://standardsiso.com/api/?name=a8de19da6ecd18f9edf6c454ccc90f9f

ISO 21857:2021(E)

V., < 0,01 mm per year (10 pm-a-1)

cor —

It is possible that under certain interference conditions, this corrosion rate cannot always be met, and
an accepted corrosion rate (design value) for a given design life shall therefore be considered. The
accepted corrosion rate shall be justified and accepted by all interested parties.

For pipelines that are not cathodically protected, there is no active corrosion mitigation and the
acceptable corrosion rate shall be the rate of corrosion used in the pipeline design.

For pipelines that are cathodically protected and subjected to external AC electrical interferencel3],
provides guidance on the corrosion risks associated with AC and combined AC and DC electrical
interference

These valuep can be measured in accordance with Annex B.
8.3 (Criteria for steel and cast iron

8.3.1 Tinle constant interference

8.3.1.1 Anodic interference

8.3.1.1.1 (General

The relevanf anodic interference is evaluated from the anodic potential shift AE, when the interfgring
source is in And out of operation.

8.3.1.1.2 Non-cathodically protected structures

Anodic interference shall be deemed acceptable if theeriteria according to Table 2 are met.

Table 2 — Acceptable anodic potential shifts AE, for buried or immersed steel or cast-irgn
structures that are not cathodically protected

Resistivity of the electrolyte Maximum anodic potential shift | Maximum anodic potential shift
(Q-m) AE, AEEl rrlll\‘/ 5ree
(inclu di(lrlngVI)R- drop) (excluding IR-drop)
=200 300 20
15 to 200 1,5mV (Qm)lepa 20
<15 20 20

a  pinQm.

8.3.1.1.3 (athodically protected structures

Anodic interference shall be deemed acceptable if the IR-free potential of the structure, Ejg_¢..., meets
the criteria for the protection potential, E, given by Reference [7].

8.3.1.2 Cathodic interference

The relevant cathodic interference is evaluated from the cathodic potential shift AE. when the
interfering source is in and out of operation. This value is determined by the difference of the potential
measured with the interference source operating minus the potential with the interference source off.

Cathodic potential shifts, AE_, due to cathodic interference on a certain part of a structure imply that
there exist other parts that are subject to anodic interference, i.e. an anodic potential shift AE,. If very
negative potential shifts (e.g. AE. > 500 mV, IR-drop included) are measured, it is recommended to
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identify areas with anodic potential shifts to confirm conformity with criteria mentioned in 8.3.1.1.2
and 8.3.1.1.3.

Values recorded during the non-operational period of the interfering system shall be considered as the
normal or unaffected potentials.

8.3.2 Time variant interference

8.3.2.1 General

Subclause 8.3.2 covers time variant interference, e.g. due to DC operated railways, telluric currents and
tidal|effects.

The fime (t) variations of the interference signal, e.g. E(t) or E,(t), are considered to consist ¢f successive
intervals with anodic, E,(t), and cathodic, E_(t), polarization. The terms “anodic! ahd “cathodic” are
defirjed with respect to a selected reference level E, ¢ (see Annex J) The interfererce signal is monitored
overja representative duration.

E(t) ¢r E,,(t) are measured with the reference electrode placed according.to Annex B and without any
couppn placed nearby.

For iphstalled coupons, the assessment is based on the measurenient of the coupon current Uepn)» from
which the current density (/,,,) is calculated. Anodic and cathodic current densities that are due to
time|variant interference are defined with respect to a selectéd reference level /¢ (see AnnexJ).

8.3.2.2 Time variant anodic interference

8.3.2.2.1 Non-cathodically protected structures

The gverage anodic interference, AE, ,,, is asSessed from a representative measurement of £(¢) showing

interjvals when the interfering source is intand out of operation.

Areference potential E, ¢ is evaluated from the interval when the interfering source is out ¢f operation,
e.g. during the night.

Intervals of anodic interference are identified from E,(t) = E(t) - E,..; > 0, which had been mdasured over
a refjresentative time interyal’(see 7.3.6). The average anodic potential shift, AE, ,,, is evgluated from
the average of E,(t) overthe representative time interval.

Anodic interference~shall be deemed acceptable if AE, ,,, is within the limits defined for AE, (see
8.3.111.2).

8.3.2.2.2 .Cathodically protected structures

One ¢pfthese four methods can be used to determine whether the time variant interference i acceptable:

a) Time variant interference shall be deemed acceptable if the IR-free potential of the structure,
ERfreer is within the limits for the protection potential, E}, given by Reference [7]. The IR-free
potential can be measured with the use of coupons.

b) The reference on-potential E ., at which effective CP in accordance with Reference [7] is just
achieved, is determined during the period without interference (e.g. during the night in the absence
of train operation). Subsequently the average anodic potential shift AE, ., is determined over a
representative period of time, typically 24 h, with the CP system in continuous operation (no
switching of the rectifiers). A sufficient level of cathodic protection is ensured, if the following
equation is satisfied:
E <E - AE

on,avg = a,avg
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d)

[This methodology is based on the assessment of traction system interference where the maximum

interval (T, ,,,,) of anodic excursion does not exceed 250 s.]

The value of T,

a,max

NOTE
traction interference.

= 250 s is a conservative value derived from field measurements of typical DC

Annex | provides a generalized description of the method (b) applicable for the entire frequency
domain of stray current interference and details of the Q method. The Q method uses the ratio
between the anodic and cathodic charge to determine if the level of interference is acceptable.
This evaluation is more conservative when compared to (b) for T, . greater than 250 s and less

conservative for T, .. less than 250 s.

Annex A provides details of an alternative method. This method is more conservative than b) or c).

8.3.2.3 Ti

Time varia

cathodic prqtection rectifiers. Analogous to AE, ,, (see 8.3.1.1.2), the average cathogdic potential s
shall be evaluated from a record of the potential E (non-cathodically(protected struct
or E,, (cathpdically protected structures). If the evaluation yields very negative potential shifts
¢ > 50p mV, IR-drop included) it is recommended to identify areas with anodic potential shi
confirm confformity with criteria mentioned in 8.3.2.2.

AE,

c,avg’

AE,

c,av

8.4 C(rite
cathodic p

8.4.1 Tim

The relevan|
is in and ouf

Anodic inter

8.4.2 Tim

Analogous t
AE whe

a,avg g
acceptable i

9 Reduc

9.1 Gene

Measures ta

rotection

t anodic interference is evaluated from the potential shift AE, when the interfering sg

e variant cathodic interference

cathodic interference can be expected, for example, from the anodes of potential contr

ria for steel pipes in concrete based on potential measurements without

e constant anodic interference

of operation.

ference shall be deemed acceptable(f'AE, < 200 mV.

e variant interference

0 8.3.2.2, the relevant@nedic interference is evaluated from the average potential
h the interfering source is in and out of operation. Anodic interference shall be deg
[ AE <200 mV,

a,avg
tion of DC'stray current interference

ral

Ken to minimize the effects of stray current interference should commence with the s¢

olled
hifts,
ires)

(e.g.
ts to

urce

shift
bmed

urce

of the interfe

rence. I this is impractical or ineffective, then attention should be turned to the inter

ered

structure. In some cases, it is necessary to introduce interference mitigation measures to both to
achieve an acceptable interference level.

It is possible that the source of interference originates from a structure that is itself interfered with.
This is known as secondary interference. Where secondary interference exists, it is advised to modify
the original source of interference first. The source of secondary interference might have to be modified
if it is not possible to modify the original source.
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Modifications to the source of interference

9.2.1 Principles

Under normal operating conditions the earth shall not be used to carry any direct currents. Exceptions

to th

is principle are:

— cathodic protection systems;

Stru

cExrac

DC traction systems (within the limits given in IEC 62128-2).

d

foraign a
\Zamv

arfarancn H ot ba o nactad o

z chall aRKa
Cr e C Ce-—Srom o T ot Com ettt a0

hich oxn o cotiwnn oFf 104
THICTar CoSour cc—oTrTIIv

r immersed

4

met3

9.2.2

All c
weld|
pers

stray

For v

such

XA
cTOrco vy

I structures unless it is necessary for safety or stray current corrosion protection reag

Direct current systems at industrial sites

pnductors of direct current systems (such as direct current power systems and di
ing equipment) should be insulated from earth. When, for some reasons, (e.g. for
bnnel) earthing or equipotential bonding is necessary, special care-shall be taken in oy
currents, for instance earthing at only one point.

velding operations, the weld current circuit shall be as shortvas possible. Earthed metd
as railroad or crane tracks, overhead pipe crossings or other foreign buried pipelines

ons.

rect current
he safety of
der to avoid

| structures
shall not be

used|to conduct welding current.

9.2.3 Direct current systems at ports

9.2.3.1 Cranes

New/|crane installations at ports should be designed for alternating current operation with any direct
current required for crane operation generated locally at the point of use. Each conductor carrying
direqt current should be insulated from.earth.

If a direct current crane system cannot be operated without an earth connection, as in the case of an
existiing installation, special measures shall be taken in order to avoid stray currents, e.g. by installing

an in|

9.2.3

Each|
curr
caus
redu

9.2.3

sulated return conducter.

.2 Quayside diréct current welding stations

ship shall be<served by one or several independent quayside welding stations. A 5
ent welding system serving several ships can be a source of stray currents betweg
ng severéydolphin or fender corrosion damage as stray current interference is not
red byequipotential bonds between ships. Pipelines can be similarly affected.

ingle direct
en the ships
significantly

.30 Direct current power supply to ships

Direct current power systems on ships featuring complete earth insulation and earth protective relays
are often supplied with DC electric power from shore.

If a direct-current power system on a ship features single phase earthing, alternating current power
shall be supplied to the ship and rectified on board for use in the direct-current power systems.

9.2.4 Direct current traction systems

Stray current from DC tractions systems is an inevitable consequence of the use of the running rails as
the return circuit for the traction supply current. There are two types of earthing systems commonly
used in such systems: the earthed system and the floating earth system. In a floating system, the
running rails (and, hence, the DC negative bus) are allowed to float with respect to earth. In an earthed
system, the running rails are effectively bonded (solidly or through a diode) to earth at the substation.
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The earthed system holds the negative potential at, or near, earth potential. With this arrangement,
stray currents might be increased with respect to a floating earth system, other things (substation
spacing, conductivity and insulation of the return circuit, power supplied, etc.) being equal. From the
stray current corrosion point of view earthed systems are to be avoided. Modern DC operated railways
use a floating earth system in accordance with [EC 62128-2.

All modern traction systems will use a current feedback system during braking (i.e. regenerative
braking).

The stray current control design requirement is to minimize the impact of the stray current on the
supporting infrastructure and on third party infrastructure. Acceptable stray current control can be

achieved by
conform wit
system is a
design issug

a)

conduct

d DCt Uf IHICadosurTy, lllUOt}y, l:lt thc dcoisu }thoc. Thc LUlltl Ul lllCthUdD tU bC call iCd Uut
h the requirements given IEC 62128-2. The set of measures for any individual DC-tra
balance of the different constraints each system will have. In broad terms, DCytra
s that impact on stray current can be summarized as:

ivity of the return circuit (e.g. the rails);

shall
ction
ction

b) insulatipn of the return circuit from earth;

c) spacing|of supply substations;

d) substation and system earthing;

e) regenerptive braking.

Many of thefe parameters are inevitably fixed early in the design'process. Once a system is operatjonal,
the largest pole factor that modifies the stray current levels\is the resistance of the rails to earthlél
(91, Poor corjtrol of the resistance of rails to earth can be_the critical factor behind excessive rai| and
infrastructyre corrosion.

9.2.5 Cathodic protection systems

9.2.5.1 Adjustment of transformer rectifier output

The currentjoutput of the rectifier installed on an interfering structure shall be adjusted to the minimum
level required to achieve cathodic pretection (see Reference [7]). The possibility of distributing the
total current by additional rectifiers’and groundbeds helps to control DC interference and reducg the
risk of over-polarisation.

9.2.5.2 Infcreasing coating resistance

Structures with high quality coatings (e.g. >10® Q-m?2) require less cathodic protection curren{ and
hence minimize therisk of stray current interference from their cathodic protection system.

Coating defects on a cathodically protected structure might need to be located and repaired wjith a

high-quality

o L 1 ) I £ - 1 ~ ~ CEI. | 1 1
CUOALITY T LHIC ICVET UL HITCTITITIICT LU TITATI Uy SUTULLUILcS 15 10 DT Icuductcu.

9.2.5.3 Groundbed location

The interference from impressed current anodes depends on the anode current output, distance to
neighbouring structures, and the resistivity of the surrounding medium.

The soil potential gradient will determine the level of interference to adjacent structures. Calculations
can be made using standard formulae or modelling (see Reference [10]). Annex I provides general
requirements for modelling.
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The interference can be reduced by ensuring that the neighbouring structures are not within the area
of the anode field where the potential gradient causes the potential to shift outside the limits detailed

in Cl

9.2.6

The

field
flow
resis
elect

and

steel
beca
tellu

alon

Fact

inter

9.2.7

ause 8. This can be achieved by the following:

increasing the distance from the anode to neighbouring structures (either horizontally or vertically)

- this is the most effective method;

reducing the voltage gradient around the groundbed by enlarging the groundbed geo
reducing the current output;

locating distributed anodes close to the structure to be protected;

tthe use of linear anodes close to the structure to be protected.

Telluric interference

Ibasic mechanism for telluric interference is that the geomagnetic field variations indug
in the pipeline that drives currents in the pipeline. Where currents flow on or off the
through the resistance between the pipe and the ground (e.g. coating resistance ot
tance) produces a voltage drop (Ohm’s Law). This is seen as a tellufig Variation in the s
rolyte potential. Normally, the telluric current flows onto the pipeline at one end, along
dlischarges to ground at the other end of the pipeline. If therge is-a low resistance betw
and the ground, either intentionally because of good ground connections or uni
ise of a poor coating, the voltage-drop produced by the telluric current will be sn
ric interference will be small. However, anything thatiobstructs the flow of telluric

#, and off the pipeline will increase the voltage drop, (See Annex D for additional inforr

rs in pipeline design that should be considered when assessing the voltage drop cause
ference that might occur are as follows:

modifications to the interfered structure coating resistance. Higher coating resista
larger telluric fluctuations;

the length of electrically continudus pipeline. Longer pipelines experience larger fluctu

the use of insulating flanges; nsulating flanges will divert the telluric current off {
into the ground, and backlonto the pipeline. This results in anti-phase potentials eithg
insulation;

ends, (Telluric currents tend to flow on and off the pipeline at bends);
¢hanges in the series resistance of the pipeline system;

location ef'groundbeds and the use of potential controlled transformer-rectifiers.

Direct current communication systems

metry or by

e an electric
pipeline, the
groundbed
tructure-to-
the pipeline,
en the pipe
ntentionally
hall and the
current on,
hation).

d by telluric
nce leads to
ations;

he pipeline,
r side of the

Direct currents from communication systems shall not be the source of any stray-current interference
with nearby pipelines or cables. Pipelines or cables shall not be used for earthing connections.

10

Modifications to the interfered structure

10.1 General

Modification to the interfered structure can consist of one or more of the following:

a)

application of mitigation (e.g. raise local soil potential, see Reference [11]);

b) modifying the electrical continuity of the interfered structure (e.g. installation of isolation joints);
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<)

Bonding between the source of interference and the interfered structure should only be used as a last
resort and even then, only after careful consideration of the secondary and long-term effects that the
bonding might have.

increasing the distance from the interfering structure.

The choice of remedial measures that can be applied to the interfered structure is dictated by criteria
relating to both the interfering and the interfered structure includes the following:

the location of the interfering source, which can be important in finding a solution that is both
technically and economically satisfactory;

the eled rical

continu

trical status of the interfered structure (e.g. the nature of its insulation), its elect
ty and whether cathodic protection is applied;

the eled rical

continu

trical status of the interfering structure (e.g. the nature of its insulation);\its” elect
ty and whether cathodic protection is applied;

the characteristics of the environment between the interfered structure ‘apd the interfs
structure (soil conductivity and presence of nearby metallic structures).

Pring

10.2 Design prerequisites

10.2.1 Coatings

el of

The applica
stray currer
design and
solution.

10.2.2 Isolation from other structures

There shou
structures
shall have n

10.2.3 Dist

Since the inf
from knowr]

10.2.4 Inst

10.2.4.1 Gg¢

le.g. casings) that might be affected by stray currents; e.g. reinforced concrete struc

Lion of high resistance coatings to the interfered Structure reduces the overall ley
ts in the structure due to an increase of the struetiire to soil resistance. This simplifig
peration of countermeasures that might be required but is not necessarily a cost-effe]

d be no unintentional direct metal contact with stray current sources or other 1

b direct metal contact with.stray current sources.

ance to be maximized

erference level decreases with distance, new structures should be located as far as pos
stray currentseurces.

allationof'mitigation devices

tneral

s the
ctive

netal
ures

sible

The installation of mitigation devices alms to reduce or eliminate stray current interference from the
interfered structure directly into the environment, to meet the criteria detailed in Clause 8.

This can be achieved by the following:

— application of impressed current cathodic protection;

— shifting

the structure potential more negative via bonding.

When using these techniques, the selection of a suitable site for the permanent or temporary reference
electrode for measurement or sensing shall be made with care (see Clause 7 and Annex B).

In all cases the devices shall be adjusted so that the minimum current is used to achieve the desired

objective.
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The application of these measures requires the co-operation and approval of the concerned parties (see
Clause 5).

10.2.4.2 Cathodic protection

A cathodic protection system, when properly designed and applied, can mitigate the adverse effects of
stray current interference. This can be achieved in two ways. Either by conventional cathodic protection
using the methods detailed in Reference [7] or by adjusting the soil potential gradient in accordance
with Reference [11] in order to satisfy the criteria in Clause 8.

10.2.4.3 Rnnding

Bonding is intended to shift the potential of the interfered structure more negative (cathedic). This can
be adhieved via a direct drainage bond or a unidirectional drainage bond from the interfer¢d structure
back|to the DC current source. In some circumstances, it is necessary to use aforced drdinage bond,
which will require a dedicated power source.

The [nevitable consequence of this, however, is that all bonding has the possibility to increase the
overall amount of stray current generated. This risk can be controlledusing series resistprs. For this
reas¢n, bonding shall only be considered as a last resort.

For fathodically protected structures, there shall be no dirett drainage bonds to tjme variant
interfference sources. (e.g. DC traction systems).

In al] cases the devices shall be adjusted so that the minihium current is used to achieve|the desired
objegtive.

The application of these measures requires the co-operation and approval of the concerned|parties (see
Clause 5).

Following such a connection, investigationsshould be carried out on the source, and nearby or crossing
foreign structures. If necessary, further ¢gunter-measures should be carried out.

Thismethod is not intended to provide/cathodic protection to the interfered structure.

10.2{4.4 Earthing electrode System

The yise of electrical earthing electrodes or earth mats to reduce the effects of DC stray cufrent, either
temgorarily or permadently, is not recommended. The risks of increasing the stray cufrent effects
outweigh the possible-bénefits.

If earth electrodes are used for temporary mitigation of AC interference, then they shall|be cathodic
with|respect tojthe structure to be protected (e.g. zinc, magnesium).

In the case’of permanent AC mitigation, the electrodes should be connected via a DC decoupling device
unlessthey are specifically required by design to provide cathodic protection to the pipe.

10.2.5 Modifying the electrical continuity of the interfered structure

For stray current interference on long structures (e.g. steel pipelines or reinforced concrete structures),
it might be possible to limit the area of the structure exposed to interference by electrically isolating
sections of the structure and hence to reduce the potential difference between the structure and the
electrolyte. Electrical isolation can be achieved by installing isolating joints (see Reference [7] for more
information).

When isolating joints are used for this purpose, precautions should be taken to ensure that no corrosion
is caused at the isolating joint by current flow across the isolating joint via the ground[2l. The criteria
mentioned in Clause 8 shall be met.
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For pipes carrying a conductive electrolyte, precautions should be taken against possible internal
corrosion on the pipe wall at the anodic side of the isolating joint (see Reference [7]).

Due to their isolating seals, interference on coated cast iron pipes only needs to be considered in areas
with steep potential gradients (e.g. exceeding 200 mV per individual pipe length). Such conditions can
occur within 10 m around the rails of DC operated traction systems and in the vicinity of ground beds.
If unacceptable interference is expected, the pipe joints shall be short-circuited by cables and measures
detailed in 10.2.4 shall be applied.

11 Inspection and maintenance

All plant an
or to mitiga
to the intery

I equipment which has been installed to limit the flow of stray current into the electr(l)lyte,
Le its effect, should be inspected and maintained at prescribed intervals at leastracecoyding
als given in Reference [7].
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Use of current probes to evaluate fluctuating stray current
interference on cathodically protected structures

2
=

Probe

lecording ammeter

nactrdinag ualtantay

method was developed from practical experience in the Netherlands fop pipelines
p operated at on potentials between -0,85 V to -1,0 Vsp. The corrosion| risk is correc
when applied under these conditions. This method, however, can resulf in an over-estim
:Esion risk when more negative levels of cathodic protection are applied.

ent probes can be used to evaluate fluctuating stray current interference on cathodical
tures. A typical method to carry out the measurementwith current probes is shown i

3(v)

historically
tly assessed
ation of the

y protected
Figure A.1:

ECoT O S vV Ot Ceer

electrode
structure
Insulation

16 mm diameter (for example)
65 mm (for example)

Figure A.1 — Measuring method

An insulated steel probe with a bare steel surface is pushed into the ground to the depth of the pipeline
(see Annex B for further guidance on coupon positioning). The probe is electrically connected to the
pipeline. The bare surface of the probe now functions as the steel surface in a simulated coating defect.
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The recording ammeter is used to determine the direction and the magnitude of the current. The
measurement is typically carried out during a period of 24 h.

A.2 Measurement evaluation

A.2.1 The probe current corresponding to the cathodic protection potential of the pipeline (in
accordance with ISO 15589-1) is measured during a period when the pipeline is not interfered by
fluctuating stray current (e.g. at night). This probe current is defined as 100 % (reference value) as
shown in Figure A.2, period “A”).

A.2.2 The(probe current (the result of cathodic protection current and stray current) is continupusly
recorded dufring a period of typically 24 h.
A.2.3 For pvaluation, the hour with the highest probe current reductions (i.e. the hourwith the most
positive potg¢ntial fluctuations) is identified (period “B“ in Figure A.2).
A.2.4 Prohe currents below any of the values given in column 1 of Table Adl-indicate a high risk of
corrosion if their accumulated duration exceeds the corresponding values of column 3 of Table A.1.
Corrosion risk is shown graphically in Figure A.3.
Y
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Figure A.2 — Example of the result of a probe current measurement
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Table A.1 — Current criteria in case of interference due to DC traction systems

Probe current of the Maximum acceptable occurrence period
reference level worst hour in seconds
% %
>70 Unlimited unlimited
<70 40 1440
<60 20 720
<50 10 360
70 180
<30 72
<20 36
<10 0,5 18
<0 0,1 3,6
NOTE 1 The figuresin Table A.1 are based on practical experience.
NOTE 2 Evaluation according to Table A.1 might result in an overestimation-of the corrosion risk in|cases
where the [R-free potentials (e.g. as measured in step 1) is considerably (e.g.*250 mV) more negativ¢ than
the protection potential according to ISO 15589-1.

Y
90

80
70
60
50
40
30
20
10

Key
Ipw risk of cerrosion

high risk of corrosion
fime in-% worst hour

< X N R

Irrobe current in % of cathodic protection current

50

Figure A.3 — Graphical representation of Table A.1
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Determining the relevant position for placing reference
electrodes, coupons and probes in case of any conductive coupling

caused by stray currents

B.1 Intrg

The stray cfirrent leaving the rail causes an ohmic drop AE in the soil, which is picked-up by theg

coating defg
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The measur
correct dete
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Instead, a 1
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clearly that
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ration with only two coating defects does.not represent a typical interference

duction

two
fore,
n be

cts shown in Figure B.1. Since the two coating defects have identical size’and, therg
ad resistance, the anodic potential shift AE, and the cathodic potential shift AE, cg
be identical in a first approach.

n the
ition
ence
e B.1

ement of the stray current interference in the configuration in&igure B.1 will result i
rmination of the anodic interference AE, caused by the stray.current. The field distrib
e lower image in Figure B.1 represents the field distriblition picked up by the refetr
the soil surface with respect to remote earth. The potential distribution shown in Figur
he field distribution picked up by the reference electrode at the soil surface.

parly,
case.
, the
ea is
ed in

e interference levels in Clause 8 will allow for estimating the actual corrosion risk. Cl¢

rge number of coating defects remote front’the intersection may be assumed. Hencg
tance of the one coating defect within the stray current gradient in the crossing ay
r larger than the one of all the remote*coating defects. This configuration is illustrat
where the large number of small.coating defects remote from the crossing is illustfated
ge coating defect. The potential'drop AE is in this configuration no longer equally shHared
wo coating defects. Instead, a strong cathodic interference AE_ on the small coating defect
hnodic interference AE, on the'large coating defect are observed. This confirms that a ptray
ing the rail causing a cathodic interference does in most cases not lead to a critical apodic

n is more complex-in the case of a stray current returning to the rail in the case
|1 potential as~illustrated in Figure B.3. The measurement results in a small catl
, while the stall coating defect at the crossing with the rail experiences a strong aj

the anedic interference cannot be assessed based on a potential measurement in the given

Figure B.3. §

n~The same applies to a coupon placed in the ground below the reference electrofle in
imdla clelrence ars he counon wi eri ici erence.

The position of the reference electrode with respect to the rail is crucial for the assessment of the stray
current risk. In Figure B.4 the effect of different reference electrode positions with respect to the rail
is illustrated. At position (a) a small cathodic shift, at position (b) no shift, at position (c) an anodic
shift and at position (d) a strong anodic interference AE,, is measured. This is primarily the result of
the positioning of the reference electrode within the gradient caused by the rail. This consideration
demonstrates that based on the positioning of the reference electrode, any interference value can
be obtained. None of the interference levels AE,, in Figure B.4 corresponds however to the actual
interference at the coating defect.

Similarly, coupons buried at pipeline depth below the reference electrodes would not reveal the actual
interference condition of the critical coating defect. Both the potential and the coupon measurement
significantly underestimate the actual corrosion risk at any of the locations (a) to (d). The situation
is further complicated by the fact, that a measurement at position (d) would indicate an anodic
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interference even in absence of any coating defects within the gradient of the rail. The optimum coupon
and reference electrode location is described in B.2 and shown in Figure B.5.

The discussion of the experimental problems associated with the assessing of the stray current
interference demonstrates that the actual stray current interference can only be determined based on
a more profound analysis. Most stray current measurements without consideration of these aspects
results in a significant underestimation of the actual corrosion risk. This is not only true with respect
to the extent of the interference but also with respect to its polarity.
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1 ¢lectrode AE  voltage shift
2 yoltmeter AE, anodic shift
3 festpost AE_ cathodic shift
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Figyre B.1 — Stray.current interference of a pipeline with only two identical coating defects. The
potential distribution shown at the bottom illustrates the potential distribution at the soil surface
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Figure B.2|— Cathodic stray current interference of a pipeline with asymmetric distributign of
the coating defects.corresponding to a typical configuration
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Figure B.3 — Anodic stray curreint interference of a pipeline with asymmetric distrjibution of

the coating defects corresponding to a typical configuration
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Figure B.5 — Correct positioning 6fthe reference electrode (or coupon) for correct 3ssessment
of the anodic stray current interference of a pipeline

B.2 | Optimized assessment of the stray current interference

Sincg¢ the direct ass€ssment of the stray current interference is not possible based on a [potential or
a colilpon measurement in the given configuration, the question arises with respect to gn improved
meagurement method. The above argumentation has clearly demonstrated that the positipning of the
referjence ele¢tvode within the gradient of the track only leads to a measurement of the gradient rather
than|the actual interference of a coating defect. Even in absence of a coating defect on the pipeline a
similar interference level will be obtained. Consequently, any measurement can only be dgne based on
a wolsttase consideration with the assumption of the presence of a coating defect. The wgrst position
of the coating defects is at the closest approach of the pipeline to the track exhibiting the largest
gradient. Assuming a homogeneous soil resistivity and a homogeneous current distribution, it follows
immediately that this worst-case interference can be determined by placing the reference electrode or
coupon at the same distance to the rail. This configuration is illustrated in Figure B.5 for anodic stray
current interference of a pipeline with asymmetric distribution of the coating defects corresponding to
a typical configuration. The measured interference is illustrated by means of AE,,,.

This concept applies similarly to a pipeline parallel to the rail. In this case, however, the measurement
shall be performed in that part of the parallelism with the most negative rail potential and/or the
poorest rail to earth insulation resulting in the maximal voltage gradient in the soil.

In many cases, the positioning of the reference electrode is not necessarily possible in the required
location. This especially is true in the case of a stray current interference caused by a cathodically
protected pipeline on a non-protected pipeline. Since the distance between the pipelines is typically
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smaller than the pipe depth any measurement performed above the intersection of the two pipelines is
bound to result in an important underestimation of the actual interference level.
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Operating principles of electrical resistance probes

The Electrical Resistance or ER probe technique can be applied for corrosion rate assessment.
Other coupon quantities such as instant-off potential, AC current density, DC current density, spread

resistance, etc. can also be measured using ER probes.

The ER technique consists in measuring the change of the resistance of a metal element Wh
element suffers from metal loss due to corrosion, the electrical resistance of the elefrient increases. Since
the nesistance of the element also changes due to temperature variations, a seeond elemgnt, which is
coated to protect it from corrosion, is utilized for temperature compensation~TFhe probe t
of an element exposed to the corrosive environment (coupon element) and the element prqtected from

corrgsion by the coating (see Figure C.1).

en the metal

hen consists

Wheh current is exchanged between the exposed element and the soil; the ER technique should provide
means for temperature compensation due to heating of the exposed element by the current

addition to the conventional temperature compensation.

exchange in

The resistance values of the two individual elements are‘itsually measured by passing an excitation
current through the elements and measuring the voltage generated over the element length caused by

the excitation current.

Key
1  1eference element - R,
doupon element - R,
gxcitation current

The thickness of the exposed element at time (t) can be assessed throughout time using t

17 1 ‘\\Q.;\ 2
®) @

-

Figure C.1 - Principle of ER probe with excitation current and voltage measurt

circyit ptinciple. The exposed element thickness at time (¢) is then quantified by a formula,

RN

rment

he sketched
for instance:

Rt R{t="0)
R A(t=10)

d(t)=d(t=0)- RO R =0 c=0)

where

(t=0) refers to initial probe conditions;

R reference element resistance (£2);

r

R, coupon element resistance (Q).

The slope of a thickness versus time curve can be used for simple assessment of the corrosion rate.
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ce of telluric effects can be a concern for maintaining proper cathodic protectio
d can be seen on pipelines around the world. Telluric effects have previously,been
bh latitude locations but are now also being seen on pipelines at lower latitudés.

rents in pipelines are driven by the electric fields produced by geomagnetic disturbd

ne telluric potentials to be determined for specified electric fields[28])These show tha
ntial variations occur where the pipeline structure disrupts thé\flow of telluric cur
beline, for example at bends, insulating flanges, and the ends ofthe pipeline. The magn
0-soil potential variations is influenced by the electrical properties of the pipeline. Th
vith higher electrical resistance has resulted in larger pipe-to-soil potential variations
elines with lower electrical resistance (i.e. more earthyy.

hows how a pipeline network can be modelled to determine the telluric potentials prod

electric fields. This employs a combination of‘transmission line theory to describ
telluric potentials within a pipeline section and\network modelling techniques to deter
Is at the junctions between sections of a pipeline network.

network is used with typical pipeline«features e.g. bends, change of pipeline dimens
th a branch line, and insulating flanges. Numerical values for each step of the proces|
that the example can be used asqa'test case for telluric modelling software.

ine Modelling

‘ents are produced hy'a-geomagnetic disturbance with electric field, F, and magnetic
n the pipeline as shown in Figure D.1. This can be modelled by considering the pipeli
on line with sefies impedance Z and parallel admittance Y, and the induced electric
by a voltagesource, E, in each distributed element (Figure D.1).
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Figure D.1 — Schematic of electromagnetic induction in a pipeline and the equivalent circuit for
a short pipeline sectien

The geries impedance, Z, is given by the resistance per unitlength (Q-km-1) along the pipeline. This can
be cdlculated from the steel resistivity, p, and the cross<sectional area of the pipeline steeljas shown in

Formula (D.1).

-2 (D.1)
Tc(ro - )

Where r, and r; are the outer radius andinner radius of the pipe respectively.
The parallel admittance, Y, expressed in Siemens per unit length (S-km-1), is determingd from the
coating conductance, C, and the-surface area per unit distance of the pipeline as shown in Formula (D.2).

Y =C2nr (D.2)

Thesfe parameters ean-be used to give the propagation constant, y, and the characteristic impedance, Z,
that fescribe theélectrical response of the pipeline as shown in Formulae (D.3) and (D.4).

=TT (D3)
v
SV -

For a pipeline section of length, L, running from node i to node k, the transmission line equations are
used to derive equations for the voltage and current as a function of distance, x, along the pipeline.

VkeVL -V Verk -V,
V=K L v(L—x) 4| LK |—yx (D.5)
eVl _e—7L eVl _e—7L
Verk—y Verl—v
[ 0 I SAS S T S S e S S P I (D.6)
ZO eVl _e=7L ZO eVl _e=vL ’}/ZO

Where V;and V), are the voltages at nodes i and k respectively.
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Evaluation of the telluric interference on a complete pipeline network requires a network of pipeline
sections that takes into account the changes in direction of the pipeline and changes of pipeline
properties, for example between a main pipeline and branches. The junctions between sections are then
defined as nodes in the network. The formulae for voltage and current in each section are still given by
Formulae (D.5) and (D.6) but the voltages at each node depend not only on the conditions in one section

but also on the other sections of the network. These nodal voltages can be calculated by modelling the
pipeline as a nodal admittance network.

To construct the nodal admittance model each pipeline section is represented by its equivalent-pi circuit

as shown in

Figure D.2 where the circuit components are given as Formulae (D.7), (D.8) and (D.9):

The equivalent-pi circuits are then combined into a nodal admittance network, by adding the

values for a
that node. H
admittance
2 and the jy
nodes is giv

1

sinh yL

1

khyL—1)————
4 )zo sinh yL

Figure D.2 —Equivalent-pi circuit for a pipeline section

|| equivalent-pi~Circuits that share a common node to give an admittance to ground
or example, the‘equivalent-pi sections shown in Figure D.3 (top) are combined to giv]
hetwork of Figure D.3 (bottom) where the junction between sections A and B becomes
nction between sections B and C becomes node 3 and the admittance to ground at 1
bn bysedmbining the admittances from the adjacent sections.

’ ’

_Ja

(D.7)

(D.8)

(D.9)

Y’/2
from
e the
node
hese

Vi Ve Ve

Yp=—0—7T

2

Val2

—_— =_+_
2 3T, (

Ja Js Je

Ya ®

—e

A var2 | |ye/2 B wl? 1 |ye/2 c Yel?

*—
*—
*—
—

—
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a) Equivalent-pi sections for a pipeline
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Ji2 J23 J34

1 2 3 4
Y12 ® T ® Y23 ® T ® Y34

B4t Y2 Y3 Va

b) A nodal admittance network

Figure D.3 — Pipeline represented as equivalent pi sections and a nodal admit

This|approach forms a nodal admittance network that can be used to calculate the'tellur
in any general pipeline network. For each pipeline section between two nodes i and k,
length, pipeline characteristics and induced electric field can be used to determine an e
circyit model with parameters I, Y as shown above. These are combinedto give the nodal
network as shown in Figure D.4 where y;, is the admittance of the line‘between nodes i an
the admittance to ground from node i.

% W,
Jik
% 3
W o Yik ' /6',,
o L
3V o,

Yk

Ji
L L

Figure D.4 — Nodal admittance network for modelling telluric potentials produg
pipeline system

Applying Kirchhoeff's’ current law for each node leads to a set of equations that can bg
matifix form:

[V 1=[Yib]

fance

c potentials
the section
quivalent-pi
admittance
d k, and y; is

edina

2 written in

(D.11)

where

[J1 is the current source vector where each term is the sum of the current sources, I, directed into a

particular node.

N
Ji= zjik ki
k=1
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[Y] is the admittance matrix in which the diagonal elements are the sum of the admittances of all paths
connected to node i, and the off-diagonal elements are the negatives of the admittances between nodes

iand k, i.e. Formulae (D.13), (D.14) and (D.15).

N
Y :yi+2yki ki
k=1

Y =Yy

(D.13)

(D.14)

The voltages of the nodes are then found by taking the inverse of the admittance matrix and multiplying

by the noda

-

current sources:

']

(p.15)

These voltages at the "nodes" in the network derived from Formula (D.15) representithe values fpr 4

and V,_ at the ends of the pipeline sections that can be used in Formulae (D.5) and (D.6) to determine

the voltage

D.3 Example model calculation

D.3.1 Gen

To illustratd
example pif
different ch

eral

//(x)and current I(x) in each pipeline section.

how the network modelling can be applied in practice, calculations are presented for the
eline network shown in Figure D.5 where sections labelled A, B and C are pipelines|with
hracteristics. This pipeline contains features that would occur on a real pipeline sucH as a

change in pipeline dimensions, a bend, a junction with a branch line and insulating flanges all of which

influence th|

e telluric potentials that are produced.

Key
1 insulatin

38
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Figure D.5 — Example pipeline and its nodal admittance network model
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Note that the values are shown to either 2 or 4 decimal places. The actual calculations are performed
with a greater precision.

The steps in the calculation are in D.3.2 to D.3.10:

D.3.2 Step 1 Collect the pipeline parameters

Typically, the outside diameter and wall thickness are given and are used to calculate the outside radius
and inside radius. In this example, the values for the three different pipeline characteristics are in

Table D.1:
Table D.1 — Pipeline diameter and wall thickness
Outside Outside Wall Outside Inside
diameter diameter thickness radius radius
(inch) (mm) (mm) (m) (m)

Typd A 30 762 15,6 0,381 0,365 4
Typd B 20 508 12,5 0,254 0,241 5
Typg C 15 381 10,0 0,190 5 0,180 5
D.3.3 Step 2 Calculate electrical parameters

The §teel resistivity and coating conductance are given. Use these, and pipeline dimensions

to calculate

serigs impedance, Z (1) and parallel admittance, Y, (2),and use the Z and Y values to dalculate the
proppgation constant, y (3), and characteristic impedance; Z,, (4).

Pipeline steel and coating characteristics are shown in Table D.2.

Calc

Calcuylated node values are shown in Table D:4.

Calc

lated equivalent pi circuits for each sectionrare shown in Table D.3.

lated admittance matrix valuess@re shown in Table D.5.

Table D.2 — Steel resistivity,coating conductance, and impedance/admittance calculpted values

Steel CGoating Series Parallel Characteristic | Propagation

resistivity, p{ conductance, C | Impedance, Z | Admittance, Y| Impedance, Z, (onstant, y
(Q-m) (S'm2) (Q-km-1) (S'km1) (9) (km-1)
Typg A 0,18x10° 5x10-6 0,004 921 0,011 97 0,6411 0,007 7
Typd B 0,18%10-6 5x10-6 0,009 251 0,007 98 1,076 7 0,008 6
Typq C 0y18x10-6 5x10-6 0,015 444 0,005 98 1,606 3 0,009 6

D.3.4CStep 3 Determine equivalent-pi circuit for each pipeline section

Use Formulae (D.7), (D.8) and (D.9) to calculate the equivalent-pi circuit components I, Y and Y/2.

Table D.3 — Calculated equivalent pi circuit for each section

Section Type Length I (A) for Yg Y/2
(km) E=1 ik ©) )
1-2 B 11 108,10 9,812 8 0,043 9
2-3 A 24 203,22 8,420 0 0,143 2
3-4 A 29 203,22 6,950 2 0,172 8
4-5 A 8 203,22 25,3870 0,047 9
4-6 C 2,5 64,75 25,898 2 0,007 5
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D.3.5 Step 4 Combine equivalent-pi circuits into a nodal admittance network

At each node, i, the Y /2 value for each section meeting at that node is combined to give the admittance
to ground Y; at that node.

Table D.4 — Calculated node values

Node Sections Y/2 Y/2 Y/2 Y;
involved ) ) ) )

1 1-2 0,043 9 — — 0,043 9

2 1-Z, 2-5 U,5161 0,145 2 — 0,16/ 1

3 2-3,3-4 0,143 2 0,172 8 — 0,316,1

4 3-4,4-5,4-6 0,172 8 0,047 9 0,007 5 0,228 2

5 4-5 0,047 9 — — 0,047 9

6 4-6 0,007 5 — — 0,007 5

D.3.6 Step 5 Construct the admittance matrix

The diagondl elements are the sum of the admittances of all paths connectedto a particular node. These
paths are the branches between nodes and the path to ground from thenode. The table below shows
the branchefs connected to each node and their admittances as well@@s\the admittance to ground [from

the node. The final column shows the diagonal elements,

Y.

ir

individual agmittance values (previous columns) for each node.

Table D.5 — Admittance'matrix

for thenmatrix calculated as the sum of the

Node | Branches Yg values for each branch-(S) Y; (S) Y;; (S)
1 1-2 9,812 8 0,043 9 9,85p 7
2 12, 2-3 9,812 8 8,420 0 0,187 1 18,4199
3 243, 2-4 8,420 0 6,950 2 0,316 1 15,686 3
4 |3-4,[4-5,4-6 6,950 2 25,387 0 25,898 2 0,2282 58,235 4
5 4-5 25,3870 0,047 9 25,4349
6 4-6 25,898 2 0,007 5 25,9057

The off-diagonal elements are'the negatives of the admittances between nodes Y. There is a symnpetry
in the matriik because the eff-diagonal elements occur in pairs because Y}; = Yj.

The resulting admittance'matrix is given in Table D.6:

Table D.6 — Resulting admittance matrix

1 2 3 4 5 6
1 9,856 7 -9,812 8
2 -9,812 8 18,419 8 -8,4200
3 -8,4200 15,686 2 -6,950 2
4 -6,950 2 58,463 5 -25,3870 -25,898 2
5 -25,3870 25,434 8
6 -25,898 2 259057

D.3.7 Step 6 Invert the admittance matrix

This is most easily done using the matrix inversion function built into many software packages. The
resulting inverse of the admittance matrix is given in Table D.7:

40

© ISO 2021 - All rights reserved


https://standardsiso.com/api/?name=a8de19da6ecd18f9edf6c454ccc90f9f

D.3.¢
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Table D.7 — Matrix inversion
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1,370 9 1,2751 1,191 8 1,1451 1,143 1,144 8
1,2751 1,280 8 1,197 1 1,150 2 1,148 1 1,149 9
1,191 8 1,197 1 1,2300 1,181 8 1,179 5 1,181 4
1,145 1 1,150 2 1,181 8 1,273 7 1,2713 1,273 3

1,143 1,1481 1,179 5 1,271 3 1,308 2 1,270 9
1,144 8 1,149 9 1,181 4 1,273 3 1,270 9 1,311 6

for northwar

ward electric

Usefyl calculations can be done by assuming a northward electric field of 1 V-km and dn eastward

elect
be fo|

ric field of 1 V-kmL. The telluric potentials for any amplitude and direction of’électric field can then
und by a simple scaling and addition of the results for these northward andigastward electric fields.

In edch case, northward or eastward electric field, the procedure is to calculate the compjonent of the

elect]

For t

ric field parallel to each pipeline section.

he pipeline shown in Figure D.5, for a northward electric field of t V-km1, the electric field parallel

to seftions 1-2 and 2-3is E;, = 1,0 - cos (60°), while for sections 354 and 4-5, E,, = 0 becausg the electric
field|is perpendicular to these sections. For an eastward eleg¢tric field of 1 V-km1, the ¢lectric field
parallel tg sections 1-2 and 2-3 is E;; =1,0 - cos (30°), whilexfor sections 3-4 and 4-5, E, =(1,0 because
this ¢lectric field is parallel to these sections. The parallél:electric field is then used in Forrula (D.9) to
calcylate the equivalent current source, I;. For each node the equivalent current sources directed into
each|node are then combined [see Formula (D.12)] té‘give the nodal current source, J;.
For anorthward electric field of 1 V-km-1, the sections connected to each node are shown below together
with|their equivalent current sources I and the'resulting value for ;. See Table D.8.
Table D.8 — Calculated equivalent current sources (Northward electric fielf)
Node Sections Ig Ig Ig Ji
involved A
Q (A Q -
1 1-2 54,05 54,05
2 1-2,:2-3 -54,05 101,62 47,57
3 2-3, 3-4 -101,62 0 101,62
4 344, 4-5,4-6 0 0 -64,75 -64,75
5 4-5 0 0
6 4-6 64,75 64,75
Similarly,»for an eastward electric field of 1 V-km!, the sections connected to each nod¢ are shown
belowtogether with their equivalent current sources—and the resulting value for I See Tdble D.9.

Table D.9 — Calculated equivalent current sources (Eastward electric field)

Node Sections Ig Ig Ig i
involved (A) (A) A) (A)

1 1-2 93,62 -93,62
2 1-2,2-3 93,62 -176,00 -82,365
3 2-3,3-4 176,00 -203,22 -27,22
4 3-4,4-5,4-6 203,22 203,22 0 0
5 4-5 203,22 203,22
6 4-6 0 0
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D.3.9 Step 8 Multiply inverted admittance matrix by J column matrix to give nodal
voltages (see Table D.10)

Table D.10 — Calculated nodal voltages

Node Voltages produced by a northward Voltages produced by an eastward
electric field of electric field of
1V-km1 1V-km1
(V) (V)
1 13,619 2 -33,5556
3 8,1718 -24,164 8
] -3,6437 -3974 1
4 -3,5035 24,2231
] -3,496 9 32,167 5
q -1,003 24,2161
D.3.10 Step 9 Use the nodal voltages to calculate the pipeline potentialsywithin each sedtion
For each sfction use Formula (D.5) with the end voltages from the tables above to calculat¢ the
telluric poté¢ntial as a function of distance within each section. This-gives the results shown in the
Figures D.6 p) and b).
\7
30 | Y
20 ¢ 0r
10 F 1t
N 21 2
-10 S
20 -4 F
-3) [ 1 1 1 1 1 1 1 L 1 1 1 1 _5 [ 1 1 1 1 1
0 10 20 30 40 50 60 70 X 0 1 2 X
a) Northward
\7
30 | Y
20 ¢ 0r
10 1t
N 21 2
-10 3L
20 ¢ 4T
-3 ) [ 1 1 1 1 1 1 1 1 1 1 1 1 -5 [ 1 1 1 1 1
0 10 20 30 40 50 60 70 Y 0 1 2

Key
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main pipeline
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distance along pipeline, in km

pipe to soil potential, in V

Figure D.6 — Telluric potentials produced by an electric field of 1 V-km-1

b) Eastward
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Annex E
(informative)

High voltage direct current interference

E.1 Terminal earth electrodes

Ternmn
mini

inal earth electrodes shall be designed for installation in low-resistivity soilcor*seawater to
ize the total earthing resistance and near-surface voltage gradients around the‘earth electrodes.

The rference on

burig

ocation of terminal earth electrodes can significantly affect the stray ctrrent intg
d or submerged structures and shall be carefully considered.

Calcuylated near surface voltage gradients should be checked by current tésts with a test electrode prior

to final decision on the location of the permanent earth electrodes.

E.2

Whe
(ares
by re
the s
degr

Interference measurements prior to commissioning

h the earth electrodes are installed, and prior to comrmissioning, the stray current exgosure areas
s where the potential gradients might cause interférence to other structures) shall pe identified
ference to further calculations and preferably by~atest at reduced current. Metallic structures in
tray current exposure areas shall be located and'tested for stray current interference quch that the
be of interference on final commissioning can be estimated.

E.3 | Interference measurements.after commissioning

Aftel
stray
shall

cathode.

E.4

If th{
Prot
a bip

Inste

commissioning, further meastrements of buried or immersed metallic structureg
current exposure area shallbe.undertaken. On bipolar systems with an earthing syst
be carried out at monopolaroperation with each electrode operating both as an an

Protective measures

e interference s unacceptable (see Clause 8), protective measures shall be taken (sd
pctive measures are required, even if interference only occurs at fault or unbalanced d
polar system.

ad’of ‘protective measures, the parties concerned can enter into an agreement on t}

within the
em, the test
de and as a

e Clause 9).
onditions in

e limits for

fault

and unbalanced operation of a bipolar system, e.g. highest level of current and maximt

hm length of

operation.

E.5 Converter stations

The basic types of HVDC systems include back-to-back, bipolar, monopolar and multi-terminal systems.
The type of an HVDC scheme defines the current path under both normal operation and emergency
operation, and whether earth return operation (continuous or intermittent) can take place. The
return operation can be facilitated by single or multiple earthing points and/or a complete or partial
dedicated metallic return conductor between the converter stations. Outage of any converter station/
pole can result in high unbalanced current that may flow in the earth or in the metallic return
conductors depending on the configuration. The converter stations, in such systems may use either
Line Commutated Converter (LCC with thyristors) or Voltage Sourced Converter (VSC). The converter
stations are advised to be located far enough from the earthing electrodes to diminish, among
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others, remote impacts that include corrosion or electrical interference with existing or new buried
infrastructure (e.g. pipelines). The required separation distance would be the product of a detailed
techno-economic assessment based on technical requirements, actual information and assumptions.
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Annex F
(informative)

Alternating Current Interference

General

An €

magnetic field is directly proportional to the magnitude of the current.

In th
lines
impd

This

EF.2

The ¢
by c4
but t

One
It sh
For H

lectrical current will always have a magnetic field associated with it. The magn

e presence of changing values of magnetic field, a voltage will be induced inte-a pipelin
the magnitude of the induced voltage will be directly proportional to the‘eurrent ang
dance of each phase.

form of induction is known as Low Frequency Induction (LFI).

LFI Calculations

extent and magnitude of the induced voltages can be approximated by mathematical m
lculation. Calculations are mainly suitable for simple‘configurations of pipeline and AC
hese calculations can be used to validate a numerical mathematical model.

way to perform these calculations is using the'formulae and methodology developed
buld be noted that the original calculations\were developed for pipelines that are ab
uried pipelines parallel to the overheadline, the pipe to ground voltage would reach

atea
cond

pipefto-ground voltage at the middle‘of the pipe would be zero.

Exa
inte

The
a)
b)

ch end and would be equal to half the(total voltage induced along the length of the pip¢
ition, the instantaneous pipe-to-ground voltages would be opposite in polarity at each

ples of the calculation arelgiven below. The examples assume that there are no othe
erence.

teps to follow in the'calculation are:

stablish the frequency of the AC.

stablish the-current and the phase angle for each phase.
stablish*the pipeline and the overhead power line route.

stablish the separation between the cable (usually above ground) and the buried pi

tude of the

b. For power
| the mutual

bdelling and
conductors,

in Annex F.
ve- ground.
a maximum
e. Under this
end, and the

r sources of

peline along

1 b
LIIT TOULC,

resistivities and separation between the powerline and the pipeline.

f)
g)
h)

j)

© ISO

Establish the soil resistivity along the pipeline route.
Establish the distance of the conductors from the centre of the pipe.
Establish the distance between phase A and phase B.
Establish the distance between phase B and phase C.

Establish the distance from the centre of the pipe to phase B.

2021 - All rights reserved

Using the information from step 4 break the pipeline down into segments that have similar soil
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k) Calculate the distance of each phase from the centre of the pipe.

1) Calculate the equivalent distance from the conductor.

m) Calculate the geometric mean separation distance.

n) Calculate the mutual impedances for each phase.

0) Sum the products of the phase current and the mutual impedance for that phase.

The information for steps a), b), c), d), g), h), i) and j) can usually be obtained from the operator of the

AC system.

Step 6 infor

It is commol
as a shieldin
current is in
emf on the f

The total in
the energizg

mation can either be by measurement or provided by others.

Huctive coupling on the pipeline is, therefore, determined by the cunrents flowing thr
d phase conductors as well as through the earth wire. The locdtion of the earth wire

respect to the phase conductors can be critical when calculating LFI on pearby pipelines.

The location
the shieldin

Figure F.1 il
different po|

from 8 m to

Key

—_ —— — €

16 m there is an increasing beneficial effect,

Y

of the earth wire on a lattice tower, with respect to the ghase conductors, is determin
b angle. This angle should be sufficient to protect phasexconductors from lightning stri

lustrates the difference in the calculated induced ¥eltage on the pipe for the earth w
sitions between 0 m and 16 m. From 0 m to 8 there is a decreasing adverse effec

30

25

20 ~e =

15 ==

10 ——

10

rthswire

18 X

1 for overhead powerlines to be provided with an overhead earth wire(s) (EW).(also known
g wire(s)). Due to the close proximity of the EW with the energized phase canductors,
duced on the EW. This current is flowing along the earth wire and is proddeing an induced
ipeline in addition to the emf produced by the phase conductors.

bome

ough
with

bd by
kke.

re at
C and

o no earth wire

X direction of movement, in m

Y voltage, in V-km-1

Figure F.1 — Difference in the calculated induced voltage on the pipe for the earth wire

F.3 Calculation examples (without and with earth wire)

Case 1. No earth wire

Vector phase current A (A) I,:=500 2 0°

46
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Vector phase current B (A)

Vector phase current C (A)

Calculation of mutual impedances (Carson)

ISO 21857:2021(E)

I, =500 £ -120°
I. ==5002120°

Frequency (Hz) f=50
Resistivity (-m) p =100
Height of conductor from centre of pipe (m) h:=12
DistgqmcebetweenrphaseAandB-{m =8
Distgnce between phase B and C (m) d,=8
Distgnce from centre of pipe to phase B (m) d; =15

]

~

bp = ,/d32 +h% =19,2092 0° (m)

=

]

Geometric mean separation distance

I

Mutyal impedances

o = ./(dZ +dy )2 +h? =25942 £ 0° (m)

ep = \(dy—dy P +h? =13,892 £ 0° (m)

Equiyalent distance from pipeline conductor

— P °
ep = 658,37 \/; = 931,076 £ 0° (m)

= (3/Dap Dy, D, ) = 19,059 Z 0° (m)

Induced voltage

D
4, = 9,869x10~ f411-2,8935x1073 - f-log De" J = 0,230 3 2 77,628 4° (Q/km)
ap
Dy,
74,, = 9,869%107*- f+1i-2,8935x1073- f log - | =0,2488 £ 78,56° (0/km)
bp
Dy
2.57=9,869x10~* f+1i-2,8935x1073 - f-log| — | = 0,268 8 £ 79,420 9° (Q/km)
UCp }

Vpi= Iy Zy +ly - Zy +1 2o =17 £-121° (Vkm?)

Case 2. Single earth wire
Vector phase current A (A)
Vector phase current B (A)

Vector phase current C (A)

© IS0 2021 - All rights reserved

I,:= 500 £ 0°
I, = 500 £ -120°
I.=500 £ -120°
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Calculation of mutual impedances (Carson)

Frequency (Hz) f=50
Resistivity (Q-m) p =100
Height of conductor from centre of pipe (m) h:=12
Distance between phase A and B (m) dy =8
Distance between phase B and C (m) d, =8
Distance frgnrecentreof pipetoplase Bt =15
Distance befween the phase A conductor and the earthwire D,,=8
Distance befween the earthwire and the pipeline (m) Dy,p =23
AC resistange of the earthwire (1/km) Iy =25
Geometric mean radius of the earth wire (m) GMR,, = 0,2

Dy, = \|(dy+d3)* +h? =25942 £ 0° (m)

Db =

> dy? +h? =19,2092 0° (m)

<

D¢, = |(d3—d,)* +h* =13,892 £ 0° (m)

Equivalent pipeline distance from conductor

D, = 658,37 - \/é =931,076 £ 0° (m)

Mutual imp¢dances

Z,p = 9,869x107%. f+1i-2,8935x1073 - f log| — | = 0,230 3 £ 77,628 4° (0/km)

D
Zp, = 9,869x107*- f+1(-2,8935x1073 - f log| —= ] = 0,248 8 £ 78,56° ((1/km)

p
D
Zep = 9,869x10#3F +1i-2,8935x1073 - f -log De" = 0,268 8 £ 79,420 9° (2/km)
cp
D_\
Z,, = 9,869x107* f+1i-2,8935x1073 - f-log| —— |=0,302 9 £ 80,625 2° (Q/km)
Daw
D
Zyp = 9,869x107* f+1i2,8935x1073 - f-log| —- |= 0,237 7 £ 78,019° (/km)
Dy
D
Z., = 9,869x107%- f+1i-2,8935x1073- f-log| ——=— |= 0,533 £ 84,687 5° (/km)
GMR,,
Dy,
Z,=r,+9,869x107*- f+1i-2,8935x1073- f-log o | 5,072 2 £ 5,999 5° (Q/km)
w
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Consider a high voltage power line with one overhead earthwire:

7 =7 Zaw'pr
ap "~ “ap

Zw
7 =7 Zaw'pr
bp bp —

Zw

VA .

7 g _aw Zwp

Vp =1 'Z'ap +Ib 'Z'bp+lc 'Z'Cp =13,564 £ - 137,161° (V'km-l)

For the consideration of more than one earthwire or other continuously earthed,coriductiing medium
for shielding purposes, the expressions Z°,,, Z',, and Z'., shall be expanded toinclude their effects.
The pxpressions shall also include the interaction between the earthwiresrahd/or other] conducting
medjums. This increases the complexity of the formulae.

The [determination of the induced voltage, V,, in the pipeline as a conisequence of the |presence of
shielding effects has increased the calculations required to include those effects. Since thgse shielding
medjums reduce the LFI in the pipeline, they need only be considered in the calculation if the voltage
limitfs are exceeded and measures to reduce the LFI warrant thieir inclusion.
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Annex G
(informative)

Tidal Effects

The movement of conducting seawater through the Earth’s magnetic field acts like a dynamo and
generates an electric field in the seawater. This drives an electric current (a flow of charge) in the

seawater, p
land, there i
inland perp
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producing ¢

“tidal dynamo” process at any particular location depends on the vertical component of the E4

magnetic fig

The Earth’s
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Annex H
(informative)

Photovoltaic interference

H.1 Photovoltaic interference on buried pipelines

DC Photovoltaic Interference results from conductive coupling:

a) hen part of the normal DC leakage emanating from the Photovoltaic (PV) Systeém returns to the
ystem’s earth via an interfered system (i.e. buried pipeline) and
b) hen the change in the soil potential gradient (due to a DC ground fault,ih the PV sygtem), in the

icinity of the influenced pipeline, facilitates the formation of conductive voltages and furrents.

Leakiage currents in PV systems originate from a fault or from the‘systematic and inevitlable flow of
DC through non-ideal materials of the cables, PV modules and otherarray components. Upder certain
condiitions, the DC leakage currents, if left unattended, or notdetected at all, may cause|accelerated
stray current corrosion on metallic underground infrastructire (e.g. gas pipelines) buried in the

vicinfity of large, utility-scale PV systems.

H.2 | Source of DC leakage currents

H.2.1 Normal operating conditions

Undgr normal operating conditions of the RV system, the total ground leakage current, is formed by the
contribution of all system components:

a) photovoltaic Modules;

b) DC cables;

c) inverters.

For g certain voltagelevel, the DC leakage is dependent on the effective insulation resistapce (Rgg) of
the system. The effeetive insulation resistance can be measured before connecting the PV system to the
gridf4] and willprovide an indication of the magnitude of the anticipated leakage currents to ground.
The level (magnitude) of DC leakage current is dependent on external factors such as solaf irradiance,

ambient temiperature, degraded sealants and moisture ingress at the modules’ level, soil registivity, etc.

D JAIndetected fault conditions

H.2.

DC leakage currents to ground may be sourced

a) by virtue of the distinct potential of the system against ground and the potential difference
between active system elements, and

b) from DC ground faults. Ground faults in PV systems occur when there is an unintentional connection
between any current-carrying conductor with a grounded surface or earth.

Faults on the DC side can be found in both grounded and floating PV systems. The detection mechanisms
of these faults depend upon the DC grounding characteristics of the PV system and are inevitably
different for grounded and floating configurations[12l. These faults can remain undetected since the
allowable DC fault detection thresholds can be set high, to avoid lost production from false detections
or “nuisance” trips from regular and inevitable leakage currents. The undetected DC faults arise as the
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existing detection thresholds for permissible DC leakage from PV systems have been based on other
issues such as fire prevention or personnel safety:.

H.3 Photovoltaic interference and stray current corrosion

Stray current corrosion refers to corrosion damage resulting from DC flow other than in the intended
circuit. The first prerequisite to facilitate stray current corrosion is a ground fault that falls within
the undetected threshold zones, defined by the inverters. The second prerequisite is for the leakage
current flowing into the earth, to be persistent. When considering stray current corrosion, the location
where the current first enters the ground will most likely be the PV module frame or buried cabling,
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er unit area received from the sun). It is therefore expected to be mgre pronounced d
. The dynamic nature of PV interference suggests that any measurements should be
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s. DC leakage currents can be also sensed as the difference between the positive PV
currents coming from the PV array to the inverter.
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is visible after time as corrosion damage. For pipelines or structures with cathodic protection applied,
PV stray current may not always generate corrosion, and low levels of interference may be tolerated.

Factors that should be taken into account in assessing the size of PV interference or to mitigate it are:

At the sourc

a)

e level:

For detecting DC leakage faults in grounded PV systems, the UL 1741[16] and the NECI1Z] require the

installation of a Ground Fault Protection Device (GFPD). These devices are designed to interrupt
the flow of DC fault currents and also to alert about fault occurrences.

b) Ground fault detection in floating PV systems (isolated & non-isolated) is typically achieved by
monitoring the DC insulation resistance from the PV input (array) to ground(14]. The measurements
are typically achieved by monitoring the insulation impedance of each pole (positive and negative)
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relative to ground. The measurements are achieved by the use of embedded insulation monitoring
devices (IMDs)[18] and they usually take place before the inverter starts operationl4], This type
of monitoring is commonly referred to as R;go measurements. The IMD set point should be in
accordance to the minimum insulation resistance of PV array under some worst meteorological
conditions to avoid nuisance tripping events.

c) If the DC cables of the PV system are placed in plastic conduits, then any DC leakage to ground
arising from these cables will be limited.

At the pipeline level:

ecific to the
the relative
he electrical
hnt to assess

— Liaison of the PV operator with the utility company is needed to assesssthe risk. Speciglized audits
dt regular intervals maybe necessary including measurement and momnitoring. The PV operator may
have to consider the cost of increased infrastructure’s inspections@nd retrofit monitoEing devices
dgainst the potential cost and damage from DC corrosion. In cases where the level of sfray current
¢annot be controlled to acceptable levels, measurement and menitoring of the third-party assets

may be required, with mitigation applied to the affected structure if required.
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