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Abstract

Telluric currents, often known as geomagnetically induced currents (GIC), are produced by the

natural variations of the Earth’s magnetic field.

The corrosion protection system of a buried pipeline generally comprises the coating and cathodic
protection system. Cathodic protection is an electrochemical protection system that maintains the
pipe-to-soil potential (PSP) sufficiently negative in order to reduce corrosion to negligible levels.
Varying telluric currents alter the PSP, thus interfering with the pipeline corrosion protection

system and can create conditions when corrosion might increase above acceptable levels.

This paper presents an evaluation of telluric-associated corrosion derived from measured and
modelled PSP variations. The corrosion rates (metal loss per year) due to varying telluric currents
with continuous frequency spectra (1 Hz to 10° Hz) are approximated with the use of published
experimental results derived for the specific sets of fixed frequencies.

Results are presented for PSP observed on Australian and European pipelines during two periods
of strong geomagnetic activity (in 2003 and 2004) and for identical hypothetical pipelines located
at different latitudes for the entire year 2004.

From the analysis of recorded PSP, it was found that the corrosion rates for a near-equatorial
pipeline (Australia) could be higher than for mid-latitudes (Europe). This is possible because
telluric-associated corrosion rates depend not only on geomagnetic activity, but on the properties
of the pipeline coating, the performance of the cathodic protection system and environmental
conditions. The study demonstrated that without cathodic protection the estimated corrosion rates
exceeded the benchmark values recommended by national and international standards, and in

exceptional case can exceed the acceptable values even with cathodic protection.

Telluric-associated corrosion estimated for the identical hypothetical pipelines located in zones
with different geomagnetic activity, clearly demonstrated the latitudinal dependence. The
substantial increase of corrosion rates (about 5 times) has been found with increase of latitude from

subauroral to auroral locations.
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1. Introduction

Buried oil and gas transmission pipelines, being made from steel, are subject to corrosion, which
is one of the main concerns for their operational safety. Several methods are used to protect
pipelines from corrosion (Peabody, 2001). The first line of protection includes the highly resistive
durable coating layer. The mechanical and temperature stresses imposed on pipelines require
monitoring of the coating and pipeline integrity, a challenging task for buried pipelines which can
extend hundreds of kilometers in remote areas. To further enhance the level of protection, the
cathodic protection system is commonly used. This system charges and maintains the pipeline steel
electrically negative with respect to the surrounding soil (Peabody, 1979; Degerstedt et al., 1995;
Peabody, 2001; Gummow, 2001; Revie (ed.), 2015).

For cathodic protection to work effectively, the protection potentials should be maintained within
the range of acceptable values, depending on the pipeline characteristics and environmental
conditions. Typically, these levels would be between -1.2 V and -0.85 V (e.g., ISO 15589-1, 2015;
NACE SP0169, 2013). In accordance with ISO 13623 (2017), the allowable corrosion rate for the
pipeline is determined by the pipeline designer. With effective cathodic protection, a corrosion
rate of 0.01 mm/ year can be achieved under certain circumstances (ISO 21857, 2021; 1SO 15589-
1, 2015). In North America, a value of 0.025 mm/year or less is recommended as a benchmark

(NACE SP0169, 2013) value for an allowable annual corrosion rate.

Telluric (i.e. “geomagnetically induced”) currents are driven in the Earth and earthed conductors,
such as pipelines, by variations of the geo-electromagnetic fields. These varying currents can enter
and exit the steel pipeline at places where the coating has defects, thus producing the PSP
variations with respect to the recommended CP level. Corrosion can occur when telluric currents
are exiting the pipeline at the contact of bare steel with soil (e.g. Campbell, 1978; Martin, 1993,;
Ingham et al., 2022). An extensive list of references on telluric current interference with pipelines
is provided in Boteler and Trichtchenko (2015).

An example of simultaneous measurements of the geomagnetic field variations (at Ottawa

Geomagnetic Observatory, Canada), geoelectric field variations (at location in Southern Ontario)
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and PSP variations at a site on the pipeline in Nova Scotia, Canada, during the geomagnetic storm

on 6-7 April 2000 is presented in Fig. 1.
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Fig. 1. Measurements performed during geomagnetic storm on April 6-7, 2000, of the following
characteristics: a) geomagnetic field at Ottawa Geomagnetic Observatory, b) geoelectric field in

Southern Ontario, and ¢) PSP variations on Maritime pipeline in Nova Scotia.

As can be seen from Fig. 1, the increase in variations of the geomagnetic field during the
geomagnetic storm enhances variations in the geoelectric field. This drives larger telluric currents,

which, in turn, amplifies the PSP variations.
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The intense and prolonged variations of PSP caused by telluric currents introduce inaccuracies in
the estimation of the CP levels which are regularly monitored for safety reasons. This type of
telluric interference is well known and is addressed in multiple research papers and technical
documents (e.g., Degerstedt et al 1995; Place and Sneath, 2001; NACE TM0497, 2018; NACE
SP0104, 2020; 1SO 21857, 2021). Recently published results by Buchler (2020) presented an
approach evaluating telluric-related corrosion risks through extrapolation of theoretical and
experimental CP criteria obtained for pipeline interference with a DC-traction system. These
results have been also included in the technical guidelines and recommendations of 1SO 21857
(2021). However, these publications do not present the estimation of telluric-associated corrosion

rates.

Most of the theoretical results and experimental data on pipeline corrosion are concerned with the
naturally occurring electrochemical processes caused by constant direct currents (DC). These are
well described, for example, in Peabody (2001). Another source of corrosion that attracts a lot of
attention is alternating current (AC)-related corrosion caused by the electromagnetic interference
from man-made AC-sources, such as power lines, trams, trains, and others (Gummow et al., 1996;
Revie (ed.), 2015 and references therein, 1ISO 15589-1). Corrosion due to the low-frequency
telluric currents fluctuating with periods from 1 second to 24 hours has attracted less attention. In
earlier works by Gideon et al. (1970) and Campbell (1978), it has been estimated as negligible,
although Peabody (1979) stated that the risk of corrosion due to telluric currents should not be

ignored, a conclusion that later has been supported by Osella et al. (1999).

A comprehensive approach to the evaluation of pipeline corrosion due to telluric currents was
presented in Gummow (2002). The approach was based on the statistical estimation of the
cumulative occurrences of geomagnetic disturbances using the 3-hour Kp index of geomagnetic
activity, derived PSP variations, and experimental corrosion rate data published by McCollum and
Ahlborn (1916). Gummow (2002) concluded that the increased corrosion during periods of high
geomagnetic activity with Ky>5 could exceed the corrosion rate of 0.025 mm/year level
recommended as a benchmark in NACE SP0169, 2013 (and, therefore, a level of 0.010 mm/year
recommended in ISO 15589-1, 2015). Following the approach established by Gummow (2002),
Ingham and Rodger (2018) estimated the corrosion on the pipeline in New Zealand for similar
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geomagnetic conditions (i.e. Kp>5). Both studies assumed that the telluric current is constant for
the 3-hour interval used to derive the Kp index, ignoring the actual variability of telluric currents.
Moraes et al. (2020), estimated the telluric-associated corrosion on a pipeline in Brazil for the
geomagnetic storm of March 17, 2015, using modelled PSP variations, thus including the
variability of the telluric currents. All these studies came to a similar conclusion that telluric-

associated corrosion can exceed the maximum acceptable level.

The purpose of the present study is to advance the evaluation of corrosion due to telluric currents.
Rather than using geomagnetic indices, the study employs recorded and modelled PSP variations.
The reference corrosion data for our study were taken from several sources, including the widely
used McCollum and Ahlborn (1916), as well as more recent studies by Birbilis et al. (2005); Qin
et al. (2020) and Du et al. (2021).

Fig. 2 outlines two approaches used in our study.

1) Evaluation of corrosion during geomagnetic storms based on available PSP observations. In this
case, corrosion models derived from the above-mentioned published sources were applied to the
measured PSP values (solid line boxes in Fig. 2).

2). Evaluation of corrosion during the entire year 2004, with several additional steps and models
used to calculate the PSP variations (dashed line boxes in Fig. 2). The input data consisted of
observations of the geomagnetic field variations, regularly monitored over long periods of time at

the geomagnetic observatories.
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Fig. 2. Logic diagram used for evaluation of the telluric corrosion on pipelines.

The paper is structured as follows:

Section 2 describes the observational data, such as pipeline PSP recordings and geomagnetic
measurements. Section 3 outlines the approach for modelling the annual time series of PSP
variations, Section 4 presents the details of the corrosion rate datasets compiled from the published
sources. Main results are presented in Section 5, followed by Discussion (Section 6) and Summary
(Section7).

2. Observational data

Continuous monitoring and archiving of pipeline data are not widely implemented, and the
recordings of PSP are not readily available for the researchers. They are usually obtained directly
from pipeline companies as a part of joint research projects. The policy on data use and
dissemination is defined by each company, often with various restrictions. The modelled PSP time
series are more frequently used for the assessment of telluric current effects on PSP variations,
especially to investigate the impact of different geomagnetic conditions on the same pipeline for

design and mitigation purposes.
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For the evaluations presented here, both measured and modelled PSP data are used. Observed PSP
variations were recorded on the Australian pipeline during November 3-15, 2004 (Trichtchenko et
al., 2007), and on two pipelines in Europe during October-November 2003 (Hejda and Bochnicek,
2005). The recording sites on the Australian pipeline were located at ~ 20°S latitude and the
recording sites on the European pipelines were located at ~ 50°N in the Czech Republic. These
two sets of PSP observations provide a unique opportunity to evaluate telluric-associated corrosion
caused by space weather based on observations during two of the most significant space weather

events in the solar cycle 23.

a)
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Fig. 3. PSP variations (data with 1 min sampling interval) recorded at 3 sites along the Australian
pipeline during 13 days in November 2004, which includes two periods of magnetic storms. Note,
that UT days do not coincide with days in Australian local time (UT+10 hours), thus the start and

the end of observations do not coincide with UT days.
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Fig. 4. PSP variations (30 s sampling interval) recorded during October 23-November 2, 2003,
space weather events on two European pipelines, Druzba and Ingolstadt—Kralupy—Litvinov (IKL)
at sites located in the Czech Republic: a) Orechov (Druzba) and b) Sv Katarina (IKL).

Figs. 3 and 4 present the observed variations of PSP on Australian and European pipelines. During
the November 2004 event (Fig. 3), the PSP variations on a pipeline at the equatorial location in
Australia were larger than recorded at Orechov (Fig. 4a) on the Druzba pipeline at a higher latitude
(~50°N) during the similar geomagnetic storms of October-November 2003 event. The PSP
variations, recorded at Sv Katarina (IKL pipeline), were much larger than the ones observed at



174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

CUMITIIWCU WU uMU T ]

Orechov (Fig. 4) for the same event. These differences can be attributed to the different electrical

characteristics of the coating on two pipelines (see Hejda and Bochni¢ek, 2005, for more details).

Comparisons of PSP variations due to telluric currents on different pipelines might give
inconsistent results due to external factors, such as in the local geomagnetic variations, and due to

the pipeline characteristics (i.e. pipeline steel, coating, topology, corrosion protection system, etc.).

To assess the telluric-associated corrosion on the same pipeline at a wider range of latitudes, the
PSP variations were modelled based on the 5 s data available from three Canadian Geomagnetic
Observatories: Fort Churchill (FCC, 58.8° N, 265.9°E) Meanook (MEA, 54.6°N, 246.6°E) and
Ottawa (OTT, 45.4°N, 284.4°E) for the entire year 2004.

The selected year includes two periods of strong geomagnetic activity, July 24-27 and November
7-11, a typical number of the large space weather events per year at the peak of a solar cycle. The
5-s sampled data (i.e., sampling rate 0.2 Hz) were chosen for a better representation of the fast
variations of the geomagnetic field (Trichtchenko, 2021).

Figs 5, 6 and 7 show the geomagnetic field variations of X- (i.e. North-South) component at all
three stations for the entire year and during the periods of high geomagnetic activity on 3-15
November 2004.

10
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Comparisons of two major storm intervals in 2004, July 24-27 and November 7-10, in terms of
their geomagnetic variations, show that at a high latitude FCC observatory the amplitude of the
variations (~3500 nT in July and ~2150 nT in November) are much larger than at stations in lower
latitudes, such as MEA (~2500 nT and ~2600 nT) and OTT (~1300 nT and ~800 nT). During
November 2004 event, the increase in geomagnetic activity at all 3 stations started approximately
at the same time on November 7, but continues longer at FCC (until November 14), than at MEA
(until November 13) and only until November 10 at OTT. Therefore, both the amplitude and the
duration of high geomagnetic activity differ significantly at all three observatories. Thus, in order
to fully assess the possible impacts of geomagnetic disturbances and associated telluric currents,

it is essential to include the range of representative locations.

14
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3. Models used in PSP estimations

For pipeline modelling, the Distributed Source Transmission Line (DSTL) approach has been
employed (Taflove and Dabkowski, 1979; Boteler, 1997; Trichtchenko and Boteler, 2002). In this
approach, uniform sections of pipeline are represented by linear circuit elements with their series
impedances defined by pipeline steel resistance and parallel admittances defined by coating
conductance to the ground. The geoelectric field in each section is represented by voltage sources
distributed along the transmission line.

Following Boteler (1997), the PSP variations (V) can be expressed as:

d’E 21 _ 4E
w V=5 @)

where E is geoelectric field along the section of pipeline (modelled with use of geomagnetic data
as explained later in this Section), y is propagation constant, defined as y = vZY ; with Y is parallel
admittance and Z is the series impedance. Although both Z and Y are generally frequency-
dependent, for the frequencies of telluric variations (i.e. below 1 Hz) the inductive and capacitive
parts of the pipeline impedance and admittance are negligible (Trichtchenko, 2016). As such, the
series impedance can be replaced by the resistance of pipeline steel, and parallel admittance equals
to the coating conductance to ground.

Solution of Equation (1) can be written as:
V(x) = s(Ae—y(x—xﬂ — Be Y(x2=0) )
where V(x) is PSP variations at location x, and coordinates x1 and x2 are the positions of the

pipeline ends. A and B are constants dependent on the boundary conditions at the ends of the

pipeline (terminating impedances), expressed as follows:

— (Zo=2.)Z1—(Zc+Z1)Zy exp(yL) (3)
(Zo+ Zc)(ZL+Zc) exp(YL)—(Zo—Zc)(ZL—Zc )exp(-YL)

— (Z1L-2c)Zo—(Zc+20)Zo exp(yL) (4)
(Zo+ Zo)(ZL+Zc)exp(YL)—(Zo—Zc)(ZL—Zc) exp(—YL)

where Zo and Z. are terminating impedances at both ends of pipeline (x=0 and x=L) and Zc is the

pipeline characteristic impedance Z, = /Z/Y.

15
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The PSP variations can be calculated from Equations (1-4) when pipeline parameters and the
geoelectric field are known.

The following assumptions about pipelines were made: the “hypothetical” pipeline extends in the
East-West (i.e. Y-) direction with the uniform electromagnetic and geometric parameters as
presented in Table 1, which corresponds to the case described in (Trichtchenko and Boteler, 2002).
The PSP variations were calculated at the location point with x= 868 km, i.e. at the end of the
pipeline, where the values are higher (Boteler, 1997). The East-West direction for the pipeline has
been chosen to describe the extreme case, because, statistically, the geoelectric field is usually
larger in this direction (Trichtchenko, 2021).

Table 1. Electrical and geometric parameters of the modelled pipeline

Pipeline parameter Value
Length L 868 km
Pipeline series resistance Z 0.028 Q/km

Pipeline parallel admittance Y 0.01 S/km

Propagation constant y 0.0167 km'*

Characteristic Impedance Zc 1.67 Q

Terminating Impedances Zo=Z. | 0.1 Q

Coating thickness ¢ 0.7 mm

After substitution of values from Table 1 into Equations 2-4, the resulting PSP variations at the
end of pipeline V(t) can be expressed as:
Vi (t) =3.4-E,(t) (5)

where VL is in mV, Ey is the value of geoelectric field in mV/km.

Geoelectric field is modelled with use of the measured geomagnetic field B and the modelled
surface impedance Zearth, based on widely utilized formula presented in the magnetotelluric

literature, (Simson and Bahr, 2005) as follows:

[E (a))] = i [Zearen(@)] [E (0)] (6)

16
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where o is the angular frequency, and the vectors of electric and magnetic fields are [E (w)] =

(Eyten) =9 B @1= (530)
The components of frequency domain magnetic field are obtained with use of discrete Fast Fourier
Transform (Press et al., 2007, also Trichtchenko and Boteler, 2002).

The one-dimensional Earth resistivity structure ("layered earth™) is used, i.e. the impedance Z at
the top of any layer n is found by applying the recursive relation for the impedance of an N-layered
half-space (Weaver, 1994).

o tmes(aiony
Zy = iwly (kn(1+rnexp(—2knln))> K

where for each layer n:

In is the thickness,

kn is the propagation constants k,, = \/iwu,o, ,
L, is relative permeability,
on is conductivity,

rn is reflection coefficient defined as:

1_kn@

r, = —2k 8
R 1+knzi’(f,;1 (8)

The impedance Zn for the last layer N (uniform half-space) is Zy = (iowu)/ky .

As the “hypothetical” pipeline extends along Y-axis, only the Ey component is used for the

calculations of PSP variations:
Ey (@) = == Zearin () By (0) (©)

Conversion of the geoelectric field from the frequency domain back to the time domain has been
performed with use of a discrete inverse Fast Fourier Transform (Press et al., 2007; Trichtchenko
and Boteler, 2002).

Details of the layered Earth models used in the electric field calculations are presented in
Appendix, Table A (after Trichtchenko et al., 2019).

17
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4. Corrosion models

The theory of corrosion under steady-state conditions is based on the application of Faraday’s law
of electrolysis (Peabody, 2001, p.307), which states that the mass of the metal loss due to oxidation

can be expressed as follows:

Adm=j-a-At- (10)

Neg F

where Am is the mass loss in grams (g), j is steady-state (i.e. DC) current density in A/cm?, a is
the exposed surface area in cm?, At is the time of exposure (in s), ne is the number of electrons
participated in the oxidation reaction, M is the molecular weight of metal, F is the Faraday
constant, F=96485 (Coulomb/mole). For the iron oxidation reaction, the number of electrons ne=2,
M=56 g/mole.

For practical reasons (i.e. availability of the pipe-to-soil voltage measurements), the current density
J in (10) is commonly replaced by voltage V using von Baeckmann and Shwenk (1975, equation

38 on page 365), (also in Gummow 2002):

j=2 (11)

p Zc
where p is soil resistivity, r is radius of coating defect, c is coating thickness. Schematic geometry

and example of results obtained with use of Equation (11) are presented in Fig. 8.

18
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Fig. 8. a) Geometry of the coating defect (not to scale), where b is thickness of the pipeline wall
(steel), c is thickness of the pipeline coating, 2r is diameter of the coating defect; b) dependence
of current density on the defect diameter for voltage drop of 1 V and soil resistivity of 1000 Q-m

for various values of coating thickness.

The mass loss is commonly expressed as Am = d - a - Ab, where Ab is change of the wall
thickness, d is iron density in g/ cm? (d=7.8 g/ cm?®). Substituting Equation (11) for current density
and the above expression for mass loss into Equation (10), the loss of wall thickness Ab due to
DC-corrosion is expressed as:

Ab =V At - 2 L

dneF p-(¥+c)

(12)

where Ab, r, ¢ are given in cm, voltage drop Visin V, Atis in's, d is in g/cm?; p is in Q-cm

Expression (12) can be rearranged in terms of DC corrosion rate (CRpc) as:

cm Ab M V 1
CRDC (T) - A_t o dngF ; %+c (13)

For consistency with Gummow (2002), the defect radius has been defined as 0.5 cm and the
resistivity of the host media (soil) is 1000 Q-cm. The coating thickness ¢ is 0.07 cm (Table 1).

After substitution of all constants, the steady-state corrosion rate can be expressed as:

mm Ab

CRpc (%) =22=80 107V (14)

19
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where b is wall thickness in mm, t is time in s, V is anodic voltage change associated with the
current flow from the pipeline through the defect in coating, in V.

The experimental results demonstrated that the corrosion rates of varying (alternating) current are
reduced in comparison with DC-current (i.e. calculated with the use of Faraday’s law for the same
current density, geometry of the defect and soil characteristics), and this reduction depends on the
period of variations (Mc Collum and Ahlborn, 1916; Qin et al, 2020; Brenna et al., 2020).

Most observations of corrosion rates are provided for periodically varying currents produced by
man-made systems (i.e. power lines, trams, subways, etc.) which can enter nearby pipelines and
accelerate the corrosion process. These alternating currents (AC) caused by electrical interference
usually have fixed frequencies (i.e. 16.7 Hz, 50 Hz and 60 Hz and their harmonics), which are
much higher than frequencies of the natural geomagnetic and telluric current variations. Telluric
currents are currents produced by geomagnetic variations and have a continuous frequency
spectrum in the range of 10~° Hz to 1 Hz, corresponding to periods from 1 s to ~12 hours. The main
drawback in the evaluation of telluric-related corrosion is the insufficient theoretical understanding
and the absence of observations under conditions of the continuous frequency spectrum and
continuously varying amplitudes of associated PSP fluctuations.
Only a very limited number of publications describe the results of experiments conducted at
discrete frequencies comparable to those of the natural variations of telluric currents. In these
experiments, currents with fixed periods are applied, and conditions for corrosion are created
during half of the period when the current flows from the electrode (known as “anodic” exposure).
After sufficient duration, the loss of metal is measured, and the corrosion rate calculated. Some
details of such experiments are briefly summarized below.
- McCollum and Ahlborn (1916) presented the results of corrosion rate measurements for
currents alternating at nine fixed periods, with exposure intervals from 1/60 s up to 2 weeks.
The resistivity of the host media (soil) was not clearly quantified, and cathodic protection
was not applied.
- Qinetal. (2020) presented the results of the experimental research on corrosion rates due
to metro stray currents alternating at eleven fixed periods which correspond to the exposure
intervals ranging from 5 s to 1 h. The resistivity of the host media (soil-simulated solution)

was about 140 Q-cm; no cathodic protection was applied.
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- Du et al. (2021) described several types of experiments, in which corrosion rate
measurements were arranged similarly to Qin et al., 2020, but expanded by the addition of
a different host media (more resistive), with exposure time intervals ranging from 10 s to
16 h; no cathodic protection was applied.

- Birbilis et al. (2005) presented results of experiments dedicated to measuring corrosion
rates due to telluric currents in sandy soil with a resistivity of 50,000 Q-cm and in clay soil
with a resistivity of 4,000 Q-cm. The measurements were conducted for currents
alternating with three fixed periods corresponding to exposure intervals of 1 min, 10 min
and 60 min. Cathodic protection of -1 V was applied during the experiment, and voltage

variations during anodic exposure were limited to 1 V (i.e. from -1V to 0 V).

These experiments were conducted with different types of electrodes (shape, size and material), as
well as host media. Different methods were applied to measure the metal loss, ranging from simple
weighing (McCollum and Ahlborn, 1916) to the use of sophisticated resistance probes
(corrosometers) in Birbilis et al. (2005). In all but one experiment the waveform of the applied
varying currents has been described as a periodic rectangular wave, and the time of exposure equals
to a half-period. The waveform of periodic current has not been clearly defined in Birbilis et al.
(2005), and the time of anodic exposure in their experiment corresponded to only 20% of the

fluctuation period.

The results of the experiments were presented as a ratio of the measured corrosion rate of varying
current to the corresponding DC (steady-state)-corrosion rate calculated using Faraday’s law
(McCollum and Ahlborn, 1916; Qin et al., 2020; Du et al., 2021). The tabulated results provided
in these sources were used for our modelling of telluric-associated corrosion. Because Birbilis et
al. (2005) did not provide the tabulated results, the observed corrosion rates due to telluric currents
and DC (steady state) corrosion rates were inferred from their graphic results.

Fig. 9 displays the dependence of the corrosion rate ratio on each discrete exposure time interval.
It should be noted that the time of exposure is defined as the length of time interval when current
flows from the pipe, i.e. transfer of electrical charge corresponds to the oxidation reaction
(Peabody, 1979).
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Fig. 9. Dependence of corrosion rate ratio on the exposure time intervals inferred from available

publications as described in the text. References are provided in the legend. Linear fits (in

logarithmic coordinates) for each dataset are shown as dashed lines. Corrosion rate ratio is the ratio

of the experimentally obtained corrosion rate to the one calculated according to Faraday’s law for

each discrete exposure time interval.

The results of Birbilis et al. (2005) experiments yielded much smaller values compared to the other

three experiments, as shown in Fig. 9. This is most likely due to the application of cathodic

protection, which significantly reduces corrosion rates. For example, for the exposure time interval

of 1 min, the rate reduction is almost 200 times, for the exposure time interval of 1 hour the

reduction changes from 50-150 times for pipeline in sand to only 5-10 times less for pipeline in
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clay. However, these comparisons are not rigorous since the conditions of these experiments were

not identical in many aspects.

The experiments of McCollum and Ahlborn (1916), Qin et al. (2020) and Du et al. (2021) were
conducted to determine the corrosion rates caused by man-made alternating currents. Their results
differ by a factor less than 5 for the most of exposure time intervals. Qin et al. (2020) estimated
that the observed corrosion rate was identical to the calculated DC (steady-state)- rate for exposure
time above 1 h, however, McCollum and Ahlborn (1916) concluded that this ratio was only around

75% even for the exposure time of 1 week.

According to Birbilis et al. (2005), corrosion rates in clay soils (low resistivity host media) are
larger than in sandy soils (high resistivity host media) for the exposure time intervals longer than
approximately 10 min. The comparison of results of Qin et al. (2020) (in less resistive host media)
and Du et al. (2021) (in more resistive host media), as plotted in Fig 9, demonstrates a similar
relation in corrosion rates (higher for low resistive media) for exposure time intervals longer than

1 min.

Only three out of four referenced publications were used in our analysis to evaluate the telluric-
associated corrosion. The corrosion rate ratios inferred from Du et al. (2021) fell within the range
of other results and, therefore, were not included.

Further analysis utilizes the following approximations of telluric-to-DC ratio of corrosion rates
(R = CRieypuric/CRpc) due to exposure of the steel to the varying telluric currents with

rectangular waveform (i.e. constant current during each particular discrete exposure time interval
Ati):

McCollum and Ahlborn (1916):
RM&A(At;) = 0.05 - (4t;)°? (15)

Qin et al. (2020):
RE.(4t;) = 0.0087 - (At;))*83 if At; < 60 min

. . . (16)
R5(At;)) = 1.0 if At; = 60 min
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Birbilis et al. (2005)

Bsand(At)_Z 10~ -4, (At)0'4 (17)
REFY(At) = 6-107¢ - (At)YLif At; < 12 h; RESY(At) = 1if At; = 12h

Taking into account the corrosion rate ratios and assuming the voltage is constant (“rectangular-
wave”) during each discrete interval Ati, Eq.(14) can be modified to calculate the telluric-

associated corrosion as follows:

Ab; (mm) = 8.0 - 1077 - R (At;) - V; - At (18)

where Rref

are the ratios defined by Egs, (15)-(17), p is soil (host media) resistivity in Q-cm,
index i identifies each discrete exposure time interval (44), Viis the corresponding exposure
voltage. The exposure voltage is the positive deviation of pipe-to-soil potential from the specific

PSP level at which corrosion rate is negligible (CP level in our calculations). ..

The total reduction in the wall thickness over time can be calculated as the sum of losses during

each interval:

Ab(mm) = 8.0 -10—7-%211V R (Aty) - V,(4ty) - At (19)

where index i corresponds to each discrete exposure time interval (Ati), N is the total number of
exposure intervals during the analyzed period (for example, during several days of November 2004
or October-November 2003 events, or during the entire year 2004).

The final expression for calculating the telluric-associated annual corrosion rate is:

CReeuuric (o) = 2536 LY R (At) - Vi(At) - f; (20)
where f; is the length of time interval 4z expressed as fraction of the year.
It should be noted that, although Faraday’s law is widely used for the calculation of the corrosion

rates due to alternating current (Kajiyama, 2017), the electrochemical processes at the boundary

between exposed pipeline metal and the soil in the presence of cathodic protection are quite
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complex (Buchler, 2020; Brenna et al., 2020). Thus, formulas (19) and (20) could further be
refined based on more specific theoretical and experimental results.

25



CUMITIIWCU WU uMU T ]

460 5. Results

461

462  To utilize the results of experiments conducted for “rectangular” alternating current waveforms,
463  the recorded variations of PSP (see Figs. 3 and 4) were approximated by the sets of average values
464  for each time interval when the PSP value reverses from being more positive/negative than the
465  cathodic protection (CP) level, as illustrated in Fig. 10. The term “average between reversals” is

466  used for this approximation method.

November 7-8, 2004 | I I |
21 Site 1 ‘\
1 1 |
(
> CPA
|
‘1 ‘ | ]
-2 — CP
—— (PSP-CP)
average between reversals
| | | |
15:00 18:00 21:00 00:00 03:00
UT, h

467
468  Fig. 10. Example of recorded and approximated PSP variations at Site 1 of Australian pipeline

469  during November 7-8, 2004. Dark yellow is the original recording with the CP level subtracted
470  (denoted as PSP-CP), blue is the average between reversals with respect to the cathodic protection
471 level.

472
473
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The steady state PSP levels without telluric interference were estimated based on PSP recordings
and found to be -1.0 V+0.05 V. These values are in the range of the recommended CP values (1SO
15589-1, 2015) and are further denoted as “CP”. As presented in Figs. 3,4 and 10, recorded PSP
fluctuate around the CP level. The superposition of the telluric-independent PSP and telluric-

associated PSP variations is discussed in Gummow, 2002.

The pipeline steel is considered protected against corrosion when the PSP equal to or more
negative than the CP level is exposed to corrosion during intervals with PSP are more positive than
CP level. For calculations of corrosion rates based on Equation (20), only time intervals of anodic
exposure were used. This is consistent with the experiments conducted by McCollum and Ahlborn,
1916, Qin et al., 2020 and by Birbilis et al., 2005.

It should be noted that the corrosion rates based on experimental results without cathodic
protection (McCollum and Ahlborn, 2016 and Qin et al., 2020) can be treated as the “worst-case

scenario”.

Calculated telluric-associated corrosion rates are presented in Table 2 for PSP recording on the
Australian pipeline during November 3-November 15, 2004 (Fig. 3). Table 3 contains results for
pipelines in the Czech Republic during the event in October-November 2003 (Fig. 4). Underlined
values in Tables 2 and 3 identify the corrosion rates which exceed the recommended value 0.01
mm/year according to ISO 21857 (2021), numbers in bold are those which exceed the corrosion
rate of 0.025 mm/year considered as benchmark level (NACE SP0169, 2013; Gummow, 2002).

Table 2. Loss of wall thickness (mm/year) during the November 2004 event, at different sites along
the Australian pipeline. Underlined are rates above 0.01 mm/year, numbers in bold are rates above
0.025 mm/year. The ratios to the standard corrosion rates are presented in brackets, with the first

number being the ratio to 0.01 mm/year, the second one to 0.025 mm/year.

Corrosion model Site 1 Site 2 Site 3

McCollum and Ahlborn, (1916) 2.75-102 1.68-102 6.10-102
(2.75/1.1) (1.68/0.7) (6.10/2.4)

Qin et al., (2020) 9.58-107? 6.04-102 2.02-101
(9.58/3.8) (6.04/2.4) (20.2/8.0)
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Birbilis et al., (2005) _ sand 592:10% [3.34-10 1.39-10°3
(0.06/0.02) | (0.03/0.01) | (0.14/0.06)

Birbilis et al., (2005) __ clay 9.46:10% [ 4.10-10°3 2.75-107
(0.95/0.4) | (0.4/0.2) (2.75/1.1)

Table 3. Same as in Table 2, but for two sites at European pipelines during the October-

November 2003 event.

Corrosion model Sv Katarina Orechov
McCollum and Ahlborn, (1916) 7.40-10°3 2.81-10°
(0.74/0.3) (0.28/0.1)
Qin et al., (2020) 2.10-102 1.10-107
(2.1/0.8) (1.1/0.4)
Birbilis et al., (2005) _ sand 1.06-10* 5.35-10°
(0.06/0.004) (0.05/0.002)
Birbilis et al., (2005) _ clay 4.03-10* 5.30-10*
(0.04/0.02) (0.05/0.02)

As presented in Tables 2 and 3, the telluric-related corrosion rates were greater on the Australian

pipeline during November 2004 event than on European pipelines during the October-November

2003 events.

The evaluation based on experimental results without cathodic protection, such as the top two rows

in both tables, produces the largest estimations, i.e., the “worst-case scenario”, often above the
acceptable corrosion rates. These estimations lead to the following conclusions (Tables 2 and 3):
- corrosion rates based on Qin et al. (2020) were above the benchmark level of 0.025 mm/year
(and, therefore, 0.01 mm/year) at all sites on the Australian pipeline.

- corrosion rates derived using McCollum and Ahlborn (1916) experimental results were above

the acceptable level of 0.01 mm/year at all 3 sites on the Australian pipeline, but below the level

of 0.025 mm/year only at site 3.

- corrosion rates on two sites of two European pipelines were below the level of 0.01 mm/year,

and above 0.01 mm/year only at one site if estimated using Qin et al. (2020).



518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

CUMITIIWCU WU uMU T ]

Corrosion rates evaluated according to Birbilis et al. (2005), i.e. with cathodic protection, led to

smaller rates (bottom two rows in Tables 2 and 3), which is consistent with data presented in Fig.
9. For the Australian pipeline, the corrosion rates are below the acceptable levels for high
resistivity soil (sand), while for low resistivity soils (clay) the corrosion rates can reach or exceed
the level of 0.01 mm/year (at Sites 1 and 3) but stay below 0.025 mm/year. For both European
pipelines, the corrosion rates estimated with CP were well below the acceptable rate of 0.01

mm/year.

Even though the PSP values during October-November 2003 event were larger on the IKL pipeline
(at Sv Katarina) than during November 2004 at any site on the Australian pipeline (Figs 3 and 4),
the corrosion rates at Sv Katarina were smaller than at any site on the Australian pipeline. This can
be explained by the differences in the duration of the exposure intervals (i.e. intervals when PSP-
CP>0), as the corrosion rates, according to Equation (20), depend not only on the voltage levels
but also on the duration for each voltage level.

To analyze this effect, the “average between reversals” exposure voltages (i.e. difference between
PSP and CP during exposure intervals) are plotted versus their corresponding durations in Fig. 11
and Fig. 12.
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543  Fig. 11. The “average between reversals” exposure voltages (i.e. positive PSP-CP values) versus
544  corresponding duration of exposure intervals for each Australian pipeline measurement site: a)
545  Site 1; b) Site 2; c) Site 3.
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At Site 1 (Fig. 11a) and Site 2 (Fig. 11b) the (PSP-CP) values were smaller for longer intervals
(>1h and >3 h) than those at Site 3 (Fig. 11 c). The data for Site 3 included significantly more
cases with large (PSP-CP) values during longer exposure intervals. There were several cases where
(PSP-CP) values reached 1.8 V and lasted longer than 1 h and when (PSP-CP) value ~ 1.4 V lasted
longer than 3 h. Because the corrosion rate is directly proportional to the duration of exposure and
corresponding voltage (Eq. 20), the corrosion rate at Site 3 was the largest among all three sites on
the Australian pipeline.
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Fig. 12. The same as in Fig. 11, but for October-November 2003 event and pipelines in Europe: a)
at Sv Katarina site (IKL pipeline) and b) at Orechov site (Druzba pipeline).

The large exposure voltages (3.9 V) at Sv Katerina, as shown in Fig. 12a for October 2003-
November 2003 event, correspond to exposure time of less than 10 min and in many cases even
less than 3 min, while long-lasting exposures were typically characterized by a very small PSP-
CP<0.25 V. The exposure time intervals longer than three hours were not detected. Thus, the
smaller corrosion rate on the European pipeline, located at mid-latitudes, than on the near-
equatorial Australian pipeline was due to the dominance of the shorter exposure intervals between
voltage reversals.

There were several exposure intervals with a duration longer than 1 h at Orechov (Fig. 12b), but
they did not lead to significant corrosion rates due to their relatively small amplitude (see also
Table 3).
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It should be noted, that, while corrosion rates obtained in experiments without cathodic protection
represent the “worst-case scenario”, the application of results based on Birbilis et al. (2005) can
underestimate the corrosion rates. They have pointed out, that the exposure time in their
experimental procedure has been limited to the time when voltage changed between -1 V (CP
level) and 0 V only. In reality, there are many cases when the telluric-associated PSP values are
greater than 0 V (as shown in Figs. 3 and 4), which would inevitably increase the corrosion rates

in comparison with the ones obtained in their experiment.

The evaluation of the corrosion rates for modelled PSP time series at three locations with different
geomagnetic activity has been conducted in a similar way. Telluric variations of PSP are directly
proportional to the geoelectric field (Equation 5), which, in turn, is obtained with application of
the forward and backward Fourier transform. As a result, fluctuations of telluric-associated PSP
around zero are obtained, because this method does not account for any DC-offset. A constant CP
level can be added to the modelled voltage fluctuations to obtain the total PSP variations around
CP level. The example of modelled PSP and the “interval-average”-approximation is presented in
Fig. 13 for the period of geomagnetic disturbance observed on November 8, 2004 (OTT location).
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1
8 November 2004, OTT pipeline
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Fig. 13. Example of modelled telluric-associated PSP variations (5-s sampling interval) and
“average between-reversals” approximation for the “hypothetical” pipeline located near OTT
magnetic observatory during 15 most active hours on November 7-8, 2004. Black line is modelled

PSP, red line is the average between reversals.

Estimates of the telluric-associated corrosion rates for the entire year 2004 based on modelled
telluric-associated PSP time series for 3 different locations (OTT, MEA, and FCC) are presented
in Table 4. Underlined values are those exceeding the annual corrosion rate of 0.01 mm/year (1SO
21857, 2021), and values in bold are values exceeding 0.025 mm/year (NACE SP0169 (2013);
Gummow (2002).

Table 4. Loss of pipeline wall thickness (mm/year) for three locations of the modelled pipeline.
Underlined are rates above 0.01 mm/year and numbers in bold are rates above 0.025 mm/year.
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The ratios to the acceptable corrosion rates are presented in brackets, with the first number being

the ratio to 0.01 mm/year, and the second is the ratio to 0.025 mm/year.

Corrosion model OTT (45.4°N) | MEA (54.6°N) | FCC (58.8°N)

McCollum and Ahlborn, (1916) 1.66-10% 8.18-10? 1.25-101
(1.66/0.7) (8.2/3.3) (12.5/5.0)

Qin et al., (2020) 4.20-102 1.92-10! 2.42:101
(4.2/1.7) (19.2/7.7) (24.2/9.7)

Birbilis et al., (2005) sand 2.27-10% 1.08-107 1.50-10°3
(0.02/0.01) (0.11/0.04) (0.15/0.06)

Birbilis et al., (2005) clay 7.58-10% 2.77 107 2.80-10°®
(0.07/0.03) (0.27/0.1) (0.28/0.1)

The largest corrosion rates are obtained using experimental results without cathodic protection
applied. Among them, results based on Qin et al., (2020) for any pipeline location, and based on
McCollum and Ahlborn (1916) for two locations (MEA and FCC) were significantly above the
level of 0.025 mm/year.

The telluric-associated corrosion rates for “hypothetical” pipelines based on Birbilis et al. (2005)
with cathodic protection applied, are well below the acceptable rates. However, these results can
underestimate the corrosion rates because, as noted earlier, the experiment has been limited to a
potential change of 1 V, thus defining the “lower envelop” for evaluation of telluric-associated

corrosion.

In terms of the pipeline location, the largest telluric-associated corrosion rates were obtained for
the auroral zone (FCC), which has the highest level of geomagnetic activity (Fig. 5). The lowest
rates were in the sub-auroral zone (OTT), a location with the lowest geomagnetic activity among
all three stations (Fig. 7). The results for a pipeline near MEA were at the intermediate level,

which is consistent with the geomagnetic activity at MEA (Fig. 6).
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624  The distribution of “average between reversals” exposure voltages versus the corresponding
625  duration of exposure time intervals are plotted in Fig. 14 a-c for three different zones of
626 ~ geomagnetic activity in order to analyse the joint effect of exposure duration and magnitude.
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Fig. 14. The “average between reversals” exposure voltages versus the corresponding duration of
exposure time intervals for modelled pipeline during the year 2004 at three locations. a) OTT
(latitude 45.4°N), b) MEA (latitude 54.6°N) and c¢) FCC (latitude 58.8° N).

The comparison of Figs. 14 a -c¢ shows that the largest telluric-associated voltages of about 4.5 V
are obtained from FCC geomagnetic data, followed by MEA (2.75 V) and OTT (1.5 V). This is
consistent with the geomagnetic activity levels at these latitudes. The modelled telluric-associated
PSP variations at OTT (45.4°N, Fig. 14a) are comparable with the recordedexposure voltages at
Sv Katarina (~50°N, Fig.12a) despite possible differences in the pipelines’ characteristics. It

provides some additional confidence in the modelled telluric-associated PSP variations.

The exposure time intervals between 1 min and 15 min corresponded to the largest “average
between reversals” exposure voltages for modelled PSP (Fig. 14a-c). As for the observed exposure
voltages (Figs. 11 and 12), the largest values corresponded to exposure time intervals between 2
min to 2 h (Australian pipeline), 2 min-10 min (IKL) and 20-30 min (Druzba). The shorter
durations of the exposure time intervals for modelled PSP explain relatively small corrosion rates

for modelled variations in comparison to the recorded data.

The two cases with exposure interval above 3 hours (albeit very small average voltage values)
occurred only at the OTT location (Fig. 14 a). The exposure intervals above 1 h occurred several
times at OTT and MEA locations (Fig. 14 a and b) and there are no such long exposure intervals
at higher latitude (FCC, Fig. 14 c). This can be explained by the differences in the nature of the
geomagnetic variations. While in the sub-auroral zone (OTT) the largest geomagnetic variations
are associated with the slow variations (main phase and recovery phase of the geomagnetic
storms), which comprise several hours in duration, the geomagnetic activity within the auroral
zone (MEA, and especially at FCC) is mainly associated with faster variations, produced by the

mix of high-speed solar wind and geomagnetic substorms.

The latitudinal dependence of normalized (to OTT) telluric-associated corrosion rates at three

locations calculated using four experimental corrosion models is plotted in Fig. 15.
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Fig. 15. Dependence of annual telluric-associated corrosion rates on geomagnetic latitude

calculated using four published experimental results, as described in the legend. The values are

normalized to the corrosion rate for the OTT pipeline. Telluric-associated PSP variations were
modelled for the year 2004.

The increase in the corrosion rates with latitude is significant (factor of 3.5 to 4.5) for the transition
from subauroral (OTT) to auroral (MEA) zones. It is significantly less pronounced (1. to 1.5)
within the auroral oval, i.e. for the transition from MEA to FCC. The geomagnetic coordinates and
locations of the observatories with respect to the auroral zone were identified according to Fiori et
al. (2020). Regardless of the utilized experimental results (i.e. obtained with or without CP), the
telluric-associated pipeline corrosion is higher at the auroral latitudes for the same pipeline

characteristics.
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6. Discussion

The response of pipelines to the geomagnetic activity in terms of PSP variations and currents along
the pipeline has been observed and modelled in many studies (Campbell, 1980; Boteler and Seager,
1998; Pulkkinen et al., 2001; Viljanen et al., 2010; Marshall et al., 2010; Ingham et al., 2022; see
also an extended list of references in Boteler and Trichtchenko, 2015). However, estimations of
the possible increase in corrosion due to slow varying telluric currents (with periods from 1s to~12
hours) did not attract similar attention, and very limited attempts to quantify this effect have been
made. Some researchers utilized the DC-corrosion approximation (Faraday’s law of electrolysis)
and reported contrasting conclusions, e.g., the effect of telluric-related corrosion in Gideon et al.
(1970) was quantified as negligible, while in Osella et al. (1998, 1999) it is estimated as an
important factor leading to the reduction of pipeline lifetime. The results of the old experimental
study by McCollum and Ahlborn (1916) on the corrosion rates of alternating currents for a wide
range of fixed reversal periods show that corrosion rates decrease with a decrease in reversal

periods and are smaller than DC (steady state) corrosion rates even after a week of exposure.

These results were later brought to the attention of the scientific community by Campbell (1978)
and Peabody (1979) who concluded that the impacts of varying telluric currents on pipeline
corrosion are small but require further investigation, especially for northern pipelines where

significant geomagnetic variations could continue for a long time.

At the turn of the century, Gummow (2001, 2002) published new results with the analysis of
increased corrosion due to telluric activity and concluded that corrosion due to telluric currents
can be significant on the cathodically-unprotected pipelines. Several recent papers include
estimations of corrosion rates based on Gummow’s publications, such as Ingham and Rodger,
2018; Khanal et al., 2019; Moraes et al., 2020. All of the above studies on telluric-associated
corrosion used the results of the experiments published by McCollum and Ahlborn (1916),

obtained without the application of cathodic protection.
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Our evaluation of telluric-associated corrosion extends the approach presented in Gummow (2002)
and utilizes several recently published results on measurements of AC corrosion rates beyond
McCollum and Ahlborn (1916), such as Birbilis et al. (2005), Qin et al. (2020) and Du et al. (2021).
Among them, only in experiments by Birbilis et al. (2005) were cathodically protected electrodes
used, and the lowest corrosion rates, up to 100 times smaller than in the other three references,
were obtained. The main reasons of for such differences could result from the application of
cathodic protection, as well as differences in the other parameters such as soil resistivity, etc.

Results from the experiments without cathodic protection also differ from each other quite
significantly. For example, McCollum and Ahlborn (1916) obtained the largest corrosion rates for
exposure times from 2 s to 1 min. while Qin et al. (2020) provided the largest rates for exposure
time >1 min. The results of McCollum and Ahlborn (1916) did not reach the maximum (DC) level
even for exposure time exceeding 1 week, while the results of Qin et al. (2020) reached the upper
limit for the exposure time of 1 hour. Thus, the conditions of experiments and utilized procedures

can make a significant impact on results.

The spread in experimental results leads to an expanded range of our estimates of telluric-
associated corrosion, as presented in Tables 2-3 for observed PSP variations at different pipelines
and in Table 4 for modelled PSP variations during one year on the identical “hypothetical” pipeline

at several locations.

The obtained high corrosion rates, which exceed the benchmark level of 0.025 mm/year are
associated with the application of the results of Qin et al. (2020) and McCollum and Ahlborn
(1916) experiments without cathodic protection. These “upper envelop” estimations, can be

regarded as the “worst-case scenario”.

The application of results from Birbilis et al. (2005) (measurements with CP) led to significantly
lower estimates. These estimates exceeded the acceptable level of 0.01 mm/year only in one case
considered in our study (for the pipeline in clay). However, caution should be exercised when

considering these low levels. . As pointed out by Birbilis et al. (2005), underestimation is expected
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in their experiments because voltage variations were limited to change between -1V and 0 V only,

while fluctuations of larger amplitude often occur, as presented in Figs. 3 and 4.

Our analysis shows that, despite the fact that geomagnetic variations are lower near the equator
than at other latitudes, the telluric-associated corrosion can be higher on the near-equatorial
pipeline (e.g. in Australia) than that for mid-latitudes location (in Europe). A sizable response of
near-equatorial and low-latitude pipelines to geomagnetic activity was observed and presented in
Barker and Skinner (1980), Ogunade (1986), Marshall et al. (2010), Ingham and Rodger (2018).
Measurements performed on a pipeline in Australia by Martin (1993) reported corrosion rates of
up to 0.038 mm/year. We obtained similar values ranging between 0.0275 and 0.061 mm/year as
presented in Table 2.

The situations when pipelines located at lower latitudes are exposed to higher corrosion rates than
those located at higher latitudes emphasize the importance of considering not only the amplitude
and duration of geomagnetic fluctuations, but also pipeline characteristics (such as coating, type
of metal, geometric parameters, and topology) in estimation of the telluric-associated corrosion.
Presented formulas for calculations of the corrosion rates can be applied to a wide range of
conditions and parameters. The developed approach can be adjusted in the future when the effects
of the duration of exposure and its amplitude on electrochemical processes at the interface of
cathodically protected pipeline and soil during telluric-associated variations are better understood.

7. Summary

This paper presents an evaluation of telluric-associated corrosion for two scenarios:

- observed pipe-to-soil (PSP) variations during geomagnetic storms;

- modelled PSP variations over one year for locations with different geomagnetic activity.
The derived formulas incorporate exposure intervals of varying durations and amplitudes and are
flexible regarding the selection of the threshold potential (assumed as CP level in our calculations)
and other relevant parameters.

To evaluate the corrosion rates due to the telluric currents with the continuous frequency spectrum,

published results of corrosion rates obtained at fixed frequencies of variations were utilized. These
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observational studies varied significantly in their experimental setups and procedures, which

impacted the obtained estimates of telluric corrosion rates.

The evaluations based on the experimental results obtained without cathodic protection are

significantly higher than acceptable corrosion rates of 0.01 mm/year (ISO 21857, 2021) and even
0.025 mm/year (NACE SP 0169:2016). These estimations should be regarded as the “worst-case

scenario” for possible telluric-associated corrosion.

The evaluations based on the utilization of experimental data obtained with cathodic protection

exceeded the acceptable level of 0.01 mm/year only at one location on the Australian pipeline. It
has been pointed out by the authors (Birbilis et al., 2005), that these results most likely
underestimate the real situation, as the utilized experimental data were obtained by limiting the

voltage variations to within 1V.

The analysis of observed PSP time series demonstrated that telluric-associated corrosion rates can
be higher on near-equatorial pipelines than on pipelines located at higher latitudes due to the
differences in the pipeline structural parameters and operational and environmental (soil)

characteristics.

Analysis of the modelled PSP variations on the identical “hypothetical” pipeline located at
different latitudes demonstrated the increase of telluric-associated corrosion rates with latitude by
factor of 5 when the location changes from subauroral to auroral latitudes.

Further detailed experimental and theoretical investigations specifically dedicated to telluric-

associated corrosion are required to better account for a continuous spectrum and varying

amplitudes of telluric current associated with geomagnetic activity.
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Appendix

Table A. Parameters of the layered Earth models used with magnetic data for each observatory.

FCC MEA OTT

Thickness Conductivity | Thickness Conductivity | Thickness Conductivity
(m) (S/m) (m) (S/m) (m) (S/m)
40 0.033 65 0.02 26 0.02
550- 0.01 2700 0.067 900 0.004
16000 1.1-10* 9000 0.0003 9100 0.0002
13000 6.9-10° 17000 0.0004 15000 0.01
10000 1.2-10* 10000 0.0005 15000 0.005
61000 0.002 61000 0.001 61000 0.004
15.10* 0.0063 15-10* 0.0063 10-10* 0.0063
16-10* 0.035 16-10* 0.02 16-10* 0.035
11-10* 0.125 11-10* 0.05 11-10* 0.125
15-10* 0.42 15-10* 0.18 15-10* 0.42
23-10% 0.89 23-10* 0.63 23-10* 0.89
10-10* 2.08 10-10* 0.89 10-10* 2.08
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Highlights:

e Telluric-associated corrosion can exceed the maximum safe rate of 0.025 mm/a;
e |t depends on the properties of pipeline and geomagnetic activity;

e Telluric-related corrosion demonstrate the latitudinal dependence;

e On specific pipelines, corrosion can be high at low latitudes;



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

(1 The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



