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1. Introduction

  Catastrophic oil and gas pipeline incidences such as lo-
calised corrosion induced pipeline explosions are reported 
around the world1,2). These serious pipeline breakdown in-
cidents are often due to unanticipated failure of high risk 
pipeline sections where localised corrosion, cathodic pro-
tection (CP) excursions, coating disbondment and degra-
dation occur in an unexpected manner. Although sig-
nificant effort has been made over past decades to under-
stand, predict and prevent pipeline failure, major questions 
remain unanswered. For instance CP excursions from safe 
protection potentials (e.g., -850 mV vs copper/copper sul-
phate reference electrode (CSE) due to various forms of 
stray currents are believed to affect the effectiveness of 
CP systems; however there is no unified consensus as to 
how 'big' these excursions (either in magnitude, or dura-
tion or frequency) need to be in order to warrant a major 
pipeline durability hazard. This uncertainty has caused dif-
ficulties in selecting CP parameters in relevant industry 
standards. Coating cracking, disbondment and degradation 
are known to cause coating damage and localised forms 
of corrosion such as corrosion under disbonded coatings; 

however these effects have not been sufficiently quantified 
primarily due to the lack of technological capabilities. 
These issues need to be addressed if the ambitious goal 
of extending the safe operation life of pipelines to 100 
years is embraced by the future pipeline industry. The 
Energy Pipeline Cooperative Research Centre has devel-
oped a comprehensive research and development exercise 
directed at improving the asset management tools avail-
able to the pipeline industry, allowing informed decisions 
on pipeline life prediction and life extension3). A unified 
multidisciplinary research thrust has been initiated to de-
velop pipeline protection strategies through research on 
pipeline degradation mechanisms, damage assessment and 
remnant life prediction. Our current research approaches 
include, (i) systematically categorising and quantifying the 
level and nature of damage of pipeline as a result of the 
combined effects of coating failure, ineffective CP, non-
uniform mechanical strain, and complex electrochemical 
and environmental conditions; and (ii) developing pipeline 
health monitoring and life prediction tools that work in 
a complementary manner to provide long-term remnant 
pipeline life prediction as well as in-situ site-specific pipe-
line condition monitoring and warning.
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2. Developing Methods for Quantifying and 
Monitoring Pipeline Corrosion

  A critical step in this research is the enhancement of 
technological capabilities that are required for compre-
hending key factors affecting buried steel pipeline corro-
sion and environmentally assisted materials degradation, 
and the development of pipeline condition monitoring 
technologies that are able to provide in-situ monitoring 
and warning of pipeline damage. Currently pipeline corro-
sion management relies heavily on periodic time based 
routine inspections using pipeline condition assessment 
methods including the monitoring of CP conditions by 
the close Interval potential surveys (CIPS) or IR drop cou-
pons; the detection of coating defects by direct current 
voltage gradient (DCVG) surveys; the assessment of metal 
loss using in-line inspection tools (intelligent pigs) and 
historical excavations. These methods are useful for de-
tecting stray currents, for locating big defects in the pipe-
line coating, and for assessing the operation of CP 
systems. A weakness of these inspection methods is that 
they are often expensive and therefore are performed only 
on a periodic basis (usually every 5 years for intelligent 
pigs). Another approach that should be useful for pipeline 
corrosion management is the use of corrosion monitoring 
and warning sensors. Currently the most widely adopted 
corrosion monitoring sensors in the pipeline industry are 
steel coupons and electrical resistance probes (ER probes). 
Steel coupons buried next to the pipe and electrically con-
nected to it are used to assess the operation of CP systems; 
however conventional weight-loss measurement can be 
difficult for buried structures because of practical diffi-
culties in coupon installation and excavation. ER probes, 
often referred to as ‘intelligent’ weight-loss coupons, are 
used to detect corrosion by monitoring the electrical resist-
ance between the ends of an elongated coupon of constant 
cross-section subjected to the corrosive environment. The 
ER coupon can be electrically connected to the pipeline 
to simulate the bare metal exposed in a coating defect 
for detecting corrosion data under CP. A major limitation 
of ER probes is in the detection of localised corrosion 
because localised damages may not lead to any significant 
change in electric resistance, metal weight or ions 
concentration. Although corrosion monitoring has been 
widely applied to many industrial structures such as chem-
ical plants, practical application of existing corrosion mon-
itoring techniques to buried structures such as a steel pipe-
line has been limited.
  It would be highly desirable if more reliable, convenient 
and economic techniques could be developed for monitor-
ing buried pipeline corrosion and coating damage. This 

is not an easy task since there is an array of complex 
issues encountered when monitoring, modelling and pre-
dicting buried pipeline corrosion. A major difficulty is that 
there are too many inter-related variables such as temper-
ature, pressure, metallurgy, soil chemistry, thermo-me-
chanical conditions, geometry, mechanical stress, coating 
defects, and CP excursions whose effects on corrosion 
have not yet fully quantified. Another practical difficulty 
is that corrosion measurement in highly resistive and in-
homogeneous soil media can be very challenging due to 
complications in setting up and maintaining corrosion test-
ing cells and sensors. For instance, although electro-
chemical methods have been widely used in many in-
dustries for corrosion measurement, their application in 
the monitoring of external corrosion of buried pipeline 
has been very limited. Conventional electrochemical po-
larisation based methods are difficult to be applied in high-
ly resistive conditions because the high resistance of soil 
between the pipeline, i.e., working electrode, and the refer-
ence electrode, often causes a huge potential drop com-
monly referred to as IR drop that can cause significant 
corrosion rate measurement errors4). The large surface area 
of the pipeline compared to the counter electrode suggests 
a highly non-uniform distribution of the polarisation cur-
rent that can also cause significant corrosion rate measure-
ment errors. More importantly, it is well known that these 
conventional electrochemical methods can only be used 
for estimating general corrosion because in principle they 
are based on the most fundamental relationship in electro-
chemical kinetics, i.e Butler-Volmer equation, which only 
describes the kinetics of uniform corrosion mechanism 
and thus does not apply to localised corrosion4). Corrosion 
rates under CP are not directly related to polarisation re-
sistance values typically obtained by traditional electro-
chemical monitoring techniques since for instance the 
Stern-Geary equation is intended for determining corro-
sion kinetics around the open circuit potential (OCP).

2.1 Evaluation of electrochemical methods for measuring 
pipeline corrosion under CP
  One of the first attempts to overcome challenges asso-
ciated with electrochemical corrosion measurement under 
CP was proposed by Stern and Geary5), who proposed 
to estimate corrosion rates under cathodic polarisation 
conditions based on extrapolation of the anodic Tafel be-
haviour to the applied CP potential. Jones6) considered 
that the anodic Tafel constant could be determined ex-
perimentally either directly from anodic polarisation data 
or indirectly from cathodic polarisation data. This approach 
is not preferred due to the significant corrosion damage 
produced to the electrode during anodic polarisation. 
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Another approach is based on the calculation of anodic 
corrosion kinetics without requiring anodic polarisation. 
This approach assumes that the anodic component is 
equals to the difference between experimental values and 
the ideal linear cathodic Tafel behaviour. Unfortunately, 
this assumption is only valid for systems where cathodic 
reaction kinetics are activation controlled5). This repre-
sents a major limitation, since the method would, in princi-
ple, not be applicable to systems which dominant cathodic 
reaction rate is diffusion controlled, such as buried 
pipelines. Despite its limitations, this approach was widely 
studied. Stern and Roth7) experimentally confirmed this 
method by measuring steel corrosion rates under CP in 
acidic environments. Jones6) applied it to buried mild steel 
obtaining a good correlation with anodic Tafel constants 
estimated by the direct approach.
  Following up these research efforts, we have carried 
out experimental evaluation of the ability of conventional 
electrochemical methods including potentiodynamic po-
larisation and impedance methods in measuring steel cor-
rosion under CP in order to understand their applicability 
and limitations. To verify the possibility of using the po-
tentiodynamic polarisation method for measuring steel 
corrosion under CP, as suggested by Barbalat et al.8,9), 
potentiodynamic polarisation tests were conducted in 1 wt. 
% NaCl with pH of 1.5 and 6, and in soil saturated with 
1 wt.% NaCl solution of pH 6. Anodic and cathodic polar-
isation tests were conducted separately. OCP was stabi-
lized for an hour prior to polarisation measurements. 
Working electrode’s surface area was 2.25 cm2. A scan 
rate of 10 mV/minute was used in all tests. The current 
measured in a potentiodynamic polarisation test is a net 
current arising from anodic and cathodic reactions, which 
can be expressed as: i = ia +ic, where, i is the net current 
measured in a potentiodynamic polarisation tests. ia is ano-
dic current and ic is catholic current assuming an ideal 
linear cathodic Tafel behaviour. As shown in Fig. 1, catho-
dic branch of the polarisation curve can be extrapolated 
to obtain cathodic current density (activation controlled) 
for whole range of potential. Close to the open circuit 
potential, deviation in cathodic current arises due to a 
dominant anodic reaction. Anodic current can be obtained 
from the equation, i = ia +ic, and is plotted in Fig. 1a 
and Fig. 1b. Anodic current density was calculated at 4 
points and a best fit line was drawn which represents ano-
dic reaction as a function of potential. Using this method 
at a CP of –850 mVCSECuSO4 corrosion rate was estimated 
to be 12.9 µm/year in saturated soil whereas corrosion 
rate in 1 wt. % NaCl with pH of 1.5 was estimated to 
be 1045 µm/year. This suggests that cathodic polarisation 
curve could be used to estimate corrosion rate of steel 

under CP, however care has to be taken in measurements 
and in making Tafel extrapolation. A small difference in 
drawing best fit line or Tafel extrapolation may result in 
significantly different results. In cases that cathodic re-
action is diffusion controlled, this method cannot be 
applied.
  Although potentiodynamic polarisation could be used 
to determine corrosion rate of steel under CP, it requires 
the application of significant perturbations that could de-
stroy a testing system. Aiming at imitating the success 
of the linear polarisation resistance method for measuring 
corrosion rates, some small amplitude polarisation variants 
of the potentiodynamic polarisation method have sub-
sequently been proposed. For instance Gerasimenko et 
al.10), proposed a method to extrapolate polarisation resist-
ance under CP from results obtained at OCP in order to 
estimate corrosion rates in cathodic polarisation conditions. 
A limitation is that this method requires previous knowl-
edge of the anodic Tafel constant which is hardly available 
for real systems. Meas et al.11), proposed a set of equations 

(b)

(a)

Corrosion rates under
CP (4 data points)

Corrosion rates
under CP (4 data points)

Fig. 1. Potentiodynamic polarisation curves and data fitting under 
two different experimental conditions: a) pH=1.5 and b) saturated 
sand with pH=6. ‘ic’ is cathodic current extrapolated from linear 
Tafel extrapolation, ‘I’ is net current measured in potentiodynamic 
polarisation experiments. Line named as ‘ia’ is best fit line of data 
points obtained by subtracting ‘ic’ from ‘i’ and represents net cor-
rosion rate at various cathodic potentials.
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to analytically calculate the corrosion rates under CP 
based on the corrosion rates measured at OCP, the slope 
of the cathodic polarisation curve at the CP potential and 
the area beneath the polarisation curve in the potential 
range in which the slope was measured. Although this seems 
to be a promising approach, no experimental confirmation 
of the technique was presented by the authors. Qamar et 
al.12), further developed Meas’s method and claimed to have 
established an analytical method that does not require 
knowledge of the OCP corrosion potential. However im-
portant inconsistencies appear to exist in the formulation 
which the method was based upon. Jankowski13) reviewed 
these methods and concluded that none of them is capable 
of fully evaluating corrosion rates in cathodic polarisation 
conditions.
  Another possibility is the use of electrochemical im-
pedance spectroscopy (EIS) as a small amplitude polar-
isation method to measure corrosion rates under CP. 
Based upon suggested methods by Jankowski et al.13-15), 
we have carried out experimental evaluation of the EIS 
method for measuring corrosion rates under various CP 
potentials. Prior to EIS testing, CP potential was applied 
for a period of an hour before EIS data was collected 
in a frequency range of 100 kHz to 50 mHz. Nyquist 
plots obtained at various potentials have been used to de-
termine impedance values. It has been found that the im-
pedance values increased as applied CP potential de-
creases from -550 mV to -900 mV; however unexpectedly 
further decrease in applied CP potential lead to decrease 
in impedance values. This is unexpected because with de-
creases in applied CP potential, rates of cathodic reactions 
are expected to increase and rates of anodic reactions are 
expected to decrease. This suggests that the trends in im-
pedance change with applied CP potential did not agree 
to the principle of cathodic protection. Decrease in im-

pedance values below -850 mVCSECuSO4 could be related 
to increased rate of cathodic reaction, and not related to 
anodic reaction that determines corrosion rate. This result 
suggests that impedance values could not be used to de-
termine corrosion rates under CP.

2.2 Development of localised corrosion monitoring tools 
for pipeline under CP
  Another major limitation of any of the techniques dis-
cussed above is that they are derived based on an ideal 
homogeneous electrode and therefore they are not suitable 
for situations where localised corrosion dominates. In the 
case of underground pipeline under CP, localised corro-
sion attack is the most common form of corrosion damage 
due to a CP induced local chemical environments around 
a steel pipeline. For this reason particular focus should 
be on the development of pipeline condition monitoring 
tools that is able to provide in-situ monitoring and warning 
of localised corrosion. The basic principles that underpin 
the use of corrosion sensors to monitor localised corrosion 
are: (i) Localised corrosion is not an accidental occurrence, 
it occurs as the result of fundamental electrochemical ther-
modynamic instability in an infrastructure such as a 
pipeline. Properly designed sensors such as those described 
in the literature4) could be able to measure such thermody-
namic instability by real-time monitoring and visualising 
of electrochemical corrosion processes. (ii) Although the 
exact location of localised corrosion can be difficult to pre-
dict along the length of a buried pipeline, the locations 
that are sensitive to localised corrosion is predictable in 
corrosion engineering. Sensors can be embedded at these 
strategic locations in order to obtain real time data for lo-
calised corrosion monitoring and prediction. Corrosion 
warning information is usually from ‘worst-case scenario’ 
locations of the infrastructure. In an attempt to evaluate 

    

Fig. 2. A novel sensor for simulating a disbonded coating over a simulated CP protected pipeline surface.
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localised corrosion rates under CP, Sun et al. used a cou-
pled multi-electrode array and estimated the largest anodic 
current density based on statistical parameters, assuming 
that the local current densities measured at all electrodes 
follow a normal distribution16-18). Unfortunately, no corre-
lation with actual metal loss values or localised corrosion 
pattern was presented.
  In order to develop a practical tool for pipeline con-
dition monitoring, as shown in Fig. 2, a novel sensor for 
simulating a disbonded coating (a crevice) over a CP pro-
tected pipeline surface and for measuring localised corro-
sion related parameters over the CP shielded crevice19,20). 
Corrosion under disbonded coating due to the formation 
of a crevice between disbonded coating and the pipeline 
surface is one of the threats to a pipeline. The environment 
developed in the crevice can be significantly different to 
the bulk soil and the CP can be shielded to ineffective 
CP potential values. Little information about what occurs 
in the crevice can be obtained by pipeline inspection meth-
ods such as CIPS and DGVG methods. Additionally, the 

most used smart pigs (when applicable) have difficulties 
in detecting longitudinal crack associated with stress cor-
rosion cracking produced under disbonded coatings. 
Moreover, existing corrosion monitoring probes such as 
ER probes only simulate bare metal exposures to the bulk 
soil with ideally no disbonded regions, consequently pro-
viding no information on the corrosion under disbonded 
coatings. Testing of the sensor has been carried out in 
aqueous and soil cells in order to understand the sensor’s 
performance in buried environmental conditions. Fig. 3a 
shows typical current density distribution maps measured 
after 23 h exposure of the sensor to 0.01M Na2SO4 satu-
rated sandy soil at the open circuit potential (-776 mVCSE) 
and at a CP potential (-1050 mVCSE). The metal losses 
calculated from the sensor’s output for each of the con-
ditions are shown in Fig. 3b. Corrosion clearly decreased 
when a CP potential was applied, however even at a rather 
negative CP potential of -1050 mVCSE, some small corro-
sion sites were actually detected under the disbonded area. 
It is believed that the accumulation of hydrogen bubbles 

(3a)

(3b)

   

Fig. 3. (a) Current density distributions over a sensor surface after 23 h exposure to 0.01M Na2SO4 saturated sandy soil under OCP 
and under CP; (b) Metal loss maps calculated from the sensor’s output under OCP and under CP respectively.
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that provided additional shielding could be responsible for 
this behaviour. More details on this new sensor are pre-
sented in another 19th International Corrosion Congress 
paper[20].
  Corrosion sensors such as the one shown in Fig. 2 could 
be a component of a comprehensive pipeline management 
tool that enables the prediction of remnant pipeline life 
and the warning of unexpected pipeline damage. This tool 
would enable site-specific and in-situ warning of pipeline 
failures due to localised corrosion, ineffective CP, coating 
disbondment and degradation by placing sensors at strate-
gic and ‘worst-case scenario’ locations of a pipeline, such 
as non-piggable pipeline and high risk pipeline sections. 
Information from these tools will enable pipeline owners 
to prioritise site survey and inspection operations, and to 
develop maintenance strategy to manage older pipelines, 
rather than replace them.

3. Developing Techniques for Testing and 
Monitoring Pipeline Coatings

  The first and most vital 'line of defence' against pipeline 
corrosion and degradation is probably the protective 
coating. Pipeline coating failure has been identified as the 
area where the most energy pipeline issues have been 
found21). Currently the failure of field joint coatings (FJCs) 
is responsible for the majority of corrosion issues in some 
pipelines although the FJCs may represent only 5% of 
the coated area in a pipeline system. The impact of in-
appropriate selection of coatings may culminate in crack-
ing of coatings under mechanical strain in hydrostatic test-

ing and pipe bending, as well as coating disbondment un-
der excessively negative cathodic protection voltage. 
Traditionally the DCVG is a survey method for detecting 
defects in the pipeline coating. It is based on the measure-
ment of the potential difference between two reference 
electrodes placed at a constant distance. It can be per-
formed simultaneously with the CIPS (hybrid surveys). 
At the coating holiday locations, due to the lack of a coat-
ing acting as a barrier the protective current density in-
creases leading to uneven distribution of current and IR 
drops. The DCVG method detects these IR drop gradients. 
While this method is a very effective tool to locate coating 
defects, no general relationship between the potentials 
measured and the defect size could be made. The IR drop 
measured at each area is affected by many other factors 
in addition to the defect. Other important limitation of 
these surveys is that they cannot distinguish disbonded 
coatings from intact coatings. This is due to the fact that 
in the case of disbonded coatings, the protective current 
is shielded by the coating film. Developing sensors for 
monitoring coating degradation, disbondment and local 
damages is therefore desirable. One of our recent develop-
ments is shown in Fig. 2. Another development is coating 
assessment based on EIS measurements under CP in a 
standard three-electrode flat cell (PAR). As shown in Fig. 
4, the presence of a scratch in epoxy coating caused a 
significant decrease in impedance value (a drop of 2-4 
orders of magnitudes). These results indicate that EIS can 
be carried out under cathodic protection in highly resistive 
media and that EIS data could be used to detect coating 

Fig. 4. EIS Bode plots collected upon epoxy coated X70 steel specimens (under CP) with and without a scratch. A flat cell, incorporating 
an Ag/AgCl reference electrode and a titanium mesh counter electrode was used to carry out EIS measurements. Tests were performed 
in 0.06 wt.% NaCl solution at an applied potential of -1200 mVAg/AgCl.
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damage under simulated energy pipeline cathodic pro-
tection conditions.
  Another closely related area of application of the EIS 
method is for simulating and measuring the cathodic dis-
bondment of thick pipeline coating (usually over 500 µm 
in thickness). EIS tests were carried out under applied 
CP potential conditions. In a typical experiment a sinus-
oidal potential wave at applied CP potentials (-760 
mVAg/AgCl or -1200 mVAg/AgCl) with an amplitude of 10 
mV was applied to a coated specimen with an artificial 
defect. Impedance response was measured over frequen-

cies between 105 Hz to 10-2 Hz, recording 10 points per 
decade of frequency. The most critical step of using EIS 
is the extraction of useful information from EIS diagrams. 
An equivalent circuit such as the one shown in Fig. 5 
is needed to fit the non-ideal EIS plots measured from 
our experiments in order to extracting useful information 
related to coating disbondment. By carrying out EIS analy-
sis using the complex equivalent circuit, various parame-
ters including solution resistance (RΩ), coating capacitance 
(Cc), double layer capacitance (Cdl), polarisation resistance 
(Rp), pore resistance (Rpo), could be determined. These 

Fig. 5. A complex equivalent circuit proposed to fit the ‘non-ideal’ EIS plots measured from electrode with a disbonded coating22), 
and a typical set of EIS data obtained after different periods of cathodic disbondment testing using a flat cell, incorporating an Ag/AgCl 
reference electrode and a titanium mesh counter electrode.

Fig. 6. Correlation between charge transfer and uncompensated resistances and disbonded area against time for coated steel during 30 
days exposure under -1.4 VAg/AgCl CP potential.
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electrochemical parameters could be correlated to coating 
disbondment that can be determined based on observation 
of electrode surface. A typical correlation between electro-
chemical measurement and coating disbondment ob-
servation is shown in Fig. 6. Correlation shown in Fig. 
6 suggests that EIS analysis could provide in-situ in-
formation on the processes of cathodic disbondment oc-
curring at the interface of coating and steel pipeline. A 
further progress in this research is the combined use of 
the EIS and the array electrode that could provide more 
detailed spatial and temporal information regarding coat-
ing disbondment processes. Therefore EIS has the poten-
tial of monitoring coating disbondment in the field. 
Results from this latest development will be reported 
elsewhere.

4. Developing Methodologies for Quantifying 
the Effects of CP Excursions

  Excursions from the standard CP potential (e.g. -850 
mVCSE) due to stray current, traction and telluric influen-
ces are observed and measured rather frequently on 
pipelines. These external interference signals are consid-
ered to be stochastic in their nature (i.e. the magnitude, 
duration, timing are all random). It has been shown that 
CP excursions can be over a huge potential range, for 
instance +5 VCSE to -18 VCSE

23). Such excursions shift CP 
potential significantly away from the standard ‘safe’ CP 
potential of -850 mVCSE. It is known that such CP potential 
excursions can affect CP efficiency; however currently 
there is no consensus on how ‘big’ they, either in magni-
tude, length or frequency, need to be to warrant a major 
pipeline durability hazard. This uncertainty has caused dif-
ficulties in selecting CP parameters in industry standards. 
Although significant effort has been made to systemati-
cally categorise and quantify the level and nature of dam-
age of pipeline as a result of CP excursions, there are 
still major difficulties in drawing decisive conclusions be-
cause of the complexity of the electrochemical corrosion 
processes occurring at the complicated soil/buried steel 
interface. A major difficulty in stray current corrosion re-
search is the lack of reliable and reproducible ex-
perimental methodologies that are able to systematically 
categorise and quantify the level and nature of damage 
as a result of various modes of CP excursions24). Given 
the large number of variables, it is an important task to 
develop and adopt suitable research methodologies and 
strategies.
  Our strategy to systematically categorise and quantify 
the level and nature of damage as a result of various modes 
of CP excursions is to conduct several different types of 

complementary tests and computational modelling. Major 
effort has been made to develop an aqueous cell that could 
improve experimental control and address issues asso-
ciated with experiment reproducibility. This is an im-
portant step towards overcoming ambiguities in CP ex-
cursions test results; however initial trial using an aqueous 
corrosion cell was not successful, because of the mixing 
up of OH- and H+ ions from anodic and cathodic reactions, 
and failure of simulating true high pH conditions over 
CP protected surfaces. In order to better simulate the pH 
environment on steel surface, a novel electrochemical cell 
has been designed by utilising an electrolyte that mimics 
the high resistivity of soil and an ion selective membrane 
that separates the electrolytes in the anodic and cathodic 
zones. The membrane avoids pH changes due to the mix-
ing of solutions from the anodic and cathodic zones, while 
maintaining conductivity to ions in the electrochemical 
cell. The improved experimental method exhibited ex-
pected CP behaviour with high pH value recorded in the 
cathodic zones and lower pH recorded in the anodic zones. 
This experimental setup was further enhanced by improv-
ing uniform current distribution using multiple CP anodes. 
Electrolytes of 1000 ohm×cm resistivity have been selected 
as ‘baseline’ moderate corrosive media which are appro-
priate for completing accelerated corrosion tests in a rela-
tively short period of time. The predesigned ‘baseline’ CP 
excursion signals are ±250 mV sine wave superimposed 
on the standard CP potential of -850 VCSE with 1 cycle 
per minute. It has been shown that this new corrosion 
cell is able to simulate the conductivity, pH and CP ex-
cursion conditions over a bare pipeline surface. It also 
enables in-situ observation of accelerated corrosion proc-
esses and patterns, and the correlation of corrosion behav-
iour with different forms of potential excursions over vari-
ous experimental periods. Steel corrosion as a result of 
several selected forms of CP excursions has been cat-
egorised and quantified using this aqueous corrosion cell 
under simulated energy pipeline environmental and catho-
dic protection conditions. Corrosion pattern and rates were 
found to change significantly with varying CP excursions 
signal amplitudes (±250 mV and ±500 mV), CP potential 
levels (-850 mVCSE and -900 mVCSE) and pH conditions. 
Faraday law calculation and surface profile analysis has 
been adopted as methods for corrosion analysis. It is clear 
that localised corrosion rates are much higher than general 
corrosion rates. Corrosion rate results from surface profil-
ometry analysis and from Faraday’s law calculation are 
similar in most cases if only general corrosion rates on 
general surface area are considered. Details on this new 
aqueous testing cell have been presented elsewhere25).
Although the aqueous corrosion cell test is very useful 
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in fundamental research of stray current corrosion, even-
tually it does not fully simulate soil and field conditions, 
especially the pH and oxygen and ions diffusion 
conditions. Therefore experiments have been further ex-
tended from an aqueous corrosion cell to a sand corrosion 
cell and huge sand boxes. Various forms of soil and clay 
cells have been designed in order to achieve upscale of 
the lab testing of pipes subjected to CP excursions in bur-
ied environmental conditions. A typical sandy soil cell 
experimental setup is shown in Fig. 7. The medium in 
the soil test was 1000 ohm.cm sandy soil. The resistivity 
was adjusted by a 0.5 mol/L NaCl solution. The whole 
cell was sealed to preventing evaporation during the ex-
periment period. The testing cell parameters are the same 
as the aqueous cell, except that no membrane was needed 
in this sandy soil cell. In a typical test, a pre-designed 
interference signal of ±500 mV on CP -850 mVCSE was 
applied to a steel specimen, after a constant CP of -850 
mVCSE was applied to it for 24 hours. After 15 days test 
in the sandy soil cell, as shown in Fig. 7, localised corro-
sion occurred on the coupon surface. Our test results sug-
gest that pH condition over a simulated pipeline surface 
is critical in corrosion behaviour. Under high pH con-
ditions, the steel coupon surfaces were passive. Although 

this passive film can reduce general metal dissolution, it 
can lead to localised corrosion when a large interference 
signal, e.g. ±500 mV, was imposed on the steel surface. 
This result also suggests that the aqueous corrosion cell 
could only mimic several features of the sandy soil cell. 
Therefore our current tests are carried out in both aqueous 
and soil cells to take advantage of both testing cells.

5. Summary

  Currently there is a lack of technological capability for 
pipeline engineers to monitor and capture pipeline coating 
deterioration and corrosion processes on a continuous ba-
sis, and to perform pro-active warning and maintenance 
on localised corrosion, coating disbondment and degrada-
tion, and CP excursion induced pipeline failures. Our ap-
proaches to achieving the goal of extending the safe oper-
ation life of pipelines include, (i) to systematically catego-
rise and quantify the level and nature of damage of pipe-
line as a result of the combined effects of coating failure, 
ineffective cathodic protection (CP), nonuniform mechan-
ical strain, and complex electrochemical and environ-
mental conditions; and (ii) to develop pipeline health mon-
itoring and life prediction tools that are able to provide 

A test coupon

Testing cell

Localised corrosion 
on testing specimen

Fig. 7. A new sand box electrochemical cell designed and applied to categorise and quantify the level and nature of damage as a result 
of various modes of CP excursions. A coupon after 15 days test in the soil sand box electrochemical cell.
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both long-term remnant pipeline life prediction and in-situ 
monitoring and warning of pipeline damage. A pipeline 
condition monitoring tool is therefore developed for 
in-situ monitoring and warning of unexpected pipeline 
damage. The principle of this pipeline condition monitor-
ing tool is that real time monitoring of localised corrosion, 
ineffective CP, coating disbondment and degradation by 
placing sensors at strategic and ‘worst-case scenario’ loca-
tions of a pipeline, such as non-piggable pipeline and high 
risk pipeline sections, would enable site-specific and in-situ 
warning of unexpected pipeline failures. Information from 
these tools will enable pipeline owners to prioritise site 
survey and inspection operations, and to develop main-
tenance strategy to manage older pipelines, rather than 
replace them.

Acknowledgments

  This work was funded by the Energy Pipelines CRC, 
supported through the Australian Government’s Cooperative 
Research Centres Program. The funding and in-kind sup-
port from the APIA RSC is gratefully acknowledged.
  Industry Advisers, in particular Craig Bonar, Alan 
Bryson, Brian Martin, Bruce Ackland, Geoff Cope for 
their advice and comments on our research.

References

1. E. Gosch, WA gas supply cut 30pc by blast, The 
Australian, 7 June 2008, http://www.theaustralian.com.au/
news/nation/wa-gas-supply-cut-30pc-by-blast/story-
e6frg6pf-1111116564482 (accessed August 18, 2015).

2. Report on an oil pipeline explosion incident; see: http://en.
wikipedia.org/wiki/2013_Qingdao_oil_pipeline_explosion,
last accessed 17 July 2014.

3. Energy Pipelines Cooperative Research Centre, see: http://
www.epcrc.com.au/research-2/research-program-2-coat-
ings-and-corrosion/, last accessed 17 July 2014.

4. Y. J. Tan, Corros. Sci., 53, 1145 (2011).
5. M. Stern and A. L. Geary, J. Electrochem. Soc., 104, 56 

(1957).
6. D. A. Jones, Corrosion, 28, 421 (1972).
7. M. Stern and R. M. Roth, J. Electrochem. Soc., 104, 390 

(1957).
8. M. Barbalat, L. Lanarde, D. Caron, M. Meyer, J. Vittonato, 

F. Castillon, S. Fontaine, and Ph. Refait, Corros. Sci., 55, 
246 (2012).

9. M. Barbalat, D. Caron, L. Lanarde, M. Meyer, S. Fontaine, 
F. Castillon, J. Vittonato, and Ph. Refait, Corros. Sci., 73, 

222 (2013).
10. Y. S. Gerasimenko and V. I. Sorokin, Zashchita Metallov, 

18, 682 (1982).
11. Y. Meas and J. Fujioka, Corros. Sci., 30,  929 (1990).
12. I. Qamar and S. W. Husain, Brit. Corros. J., 27, 125 (1992).
13. J. Jankowski, Corros. Rev., 20, 159 (2002).
14. R. Juchniewicz and J. Jankowski, Application of im-

pedance spectroscopy to the assessment of  cathodic pro-
tection effectiveness, In Progress in Understanding and 
Prevention of Corrosion, eds. J. M. Costa and A. D. 
Mercer, p. 1401, EFC, London (1993).

15. J. Jankowski, Proceedings of the EUROCORR ’99 on the 
Application of impedence spectroscopy to the assessment 
of cathodic protection effectiveness, Aachen(1999).

16. X. Sun, Proceedings of the CORROSION 2004 on the 
Online monitoring of corrosion under cathodic protection 
conditions utilizing coupled multielectrode sensors. NACE, 
New Orleans (2004).

17. X. Sun, Proceedings of the CORROSION 2005 on the 
Real-time monitoring of corrosion in soil utilizing coupled 
multielectrode array sensors, Houston (2005).

18. L. Yang, N. Sridhar, Corrosion, 58, 1004 (2002).
19. F. Varela, M. YJ. Tan, M. Forsyth, and B. Hinton, Proceedings 

of the Australasian Corrosion Association Corrosion 2013 
on the A review of techniques for the monitoring of catho-
dic shielding and corrosion under disbonded coatings,  
Brisbane (2013).

20. F. Varela, M. YJ. Tan, B. Hinton, and M. Forsyth, Proceedings 
of the 19th ICC, Monitoring cathodic shielding and corro-
sion under disbonded coatings, Jeju (2014).

21. U.S. Department of Transportation, Final Report-Dissecting 
coating disbondment pipeline and hazardous materials 
safety administration, Report/DNV Reg No. ENAUS 811 
Brossia (101131), Rev 1 (2010).

22. W. Jeanjaquet, M. Kendig, and S. Lumdsden, Electrochemical 
impedance of coated metal undergoing loss of adhesion, 
In Electrochemical impedance – Analysis and Interpretation, 
eds. J Scully J. R. Silverman D.C. and Kendig M.W., p. 
407, ASTM, Philadelphia (1993).

23. B. Martin, Proceedings of the Australasian Corrosion 
Association Corrosion 2001 on the Stray current corrosion 
in real corrosion, P. F. Thompson memorial lecture,  Newcastle, 
New South Wales (2001).

24. N. Birbilis, L. J. Holloway, and M. Forsyth, Corrosion, 
61, 498 (2005).

25. Y. Huo, M. YJ Tan and M. Forsyth, Proceedings of the 
Australasian Corrosion Association Corrosion 2014 on the 
Understanding the effects of electrical interference signals 
and the environment on the effectiveness of cathodic pro-
tection, (I) A new electrochemical cell for simulating and 
studying corrosion and cathodic protection in soil, Paper 
49, Darwin, Australia (2014).

 

http://www.theaustralian.com.au/news/nation/
http://en

