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The so called correlation technique is being applied in Poland from the 
eighties of the last century. It is connected with anticorrosion protection 
technology of metal structures in municipal areas. It is based on simultane-
ously investigating two mutually interacting signals representing the cause 
and effect of a corrosion hazard to underground structures. Representation 
of this dependency in the form of a correlation spectrum has been found to 
be an extremely convenient tool for rapid and unequivocal interpretation of 
results during assessment of hazards, as well as the effectiveness of reme-
dial measures. Primarily it found application for analysis of stray current 
interaction, mainly in municipal agglomerations. Unfortunately, in spite of 
a wide and already long application period of this technique – it has not 
been standardised in any way. In the article correlation technique principles 
and application rules have been reminded, being the result of many years 
experience, qualifying the method for standardisation.
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1. Introduction

At the end of the seventies of the last cen-
tury fi rst attempts were made with the use of 
equipment then available to register and use 
the direct recording technique of the corre-
lation between two voltages in stray current 
fi eld investigations. Assessment was desi-
red of the corrosion hazard caused by stray 
currents in towns. The correlation technique 
was to disclose in a simple and indisputable 
way how the voltage between electric trac-
tion rails and the tested underground metal 
structure affects the potential change of the 
structure measured versus a non-polarising 
reference electrode [1]. Investigating stray 
currents is quite a diffi cult activity, as all si-
gnals representing stray currents that can be 
measured are stochastic in character. Hen-
ce, interpretation of random changes in the 
function of time of single measured quan-
tities, e.g. the structure potential, recorded 
on tapes in paper recorders was extremely 
complicated and always subjected to large 
error.

Linking of the cause developing the cor-
rosion hazard – a quantity proportional to 
the current fl ow between rails and the struc-
ture, with an effect of this fl ow – electroche-
mical polarisation of the endangered struc-
ture, seemed to be the key to realisation of 

rapid fi eld measurements, unequivocal in 
interpretation. Presentation of this depen-
dency in the form of a correlation spectrum 
is an extraordinarily convenient tool for ra-
pid and relatively simple interpretation of 
results during assessment of the hazard, as 
well as effectiveness of remedial measures 
[2–4]. 

Applicability of this method was immedi-
ately confi rmed in practice and was propa-
gated in a relatively short time [5–6]. Pri-
marily it was found that this technique also 
has another earlier underrated advantage 
– the test results are obtained on one sheet 
and it is not required, as in earlier cases, to 
analyse very long tape recordings of time 
dependencies of each signal. One glance at 
a correlation spectrum performed in a way 
known to the experimenter allows, after 
achieving some skill, an almost immediate 
interpretation of interference occurring be-
tween the stray current source and the cor-
rosion endangered structure. The corrosion 
hazard magnitude can be assessed, as well 
as the type and degree of anti-corrosion pro-
tection, if it has been applied. 

Modern supplementing of the correlation 
technique with processing possibilities al-
lows for a more complex description of the 
stray current interaction character. As a re-

sult of such an approach in the simplest case 
the potential change asymmetry coeffi cient 
is applied, as a measure of the harmful stray 
current hazard [7]. This method, naturally 
called the ”stray current investigation cor-
relation method”, became in Poland an in-
dispensable tool of all works performed in 
connection with this corrosion hazard of 
metal underground structures and concerns 
assessment of the hazard, as well the degree 
of effectiveness of counteracting activities, 
in the open fi eld and in municipal agglom-
erations [e.g. 7–9]. 

Unfortunately, in spite of a very wide and 
already long application period of this tech-
nique – it has not been normalised in any 
way. Digital loggers and required software 
for realisation of this method are produced 
in Poland, while the measurement technique 
is being applied in all centres dealing with 
operation of underground metal structures, 
in towns (water pipelines, heat-pipes), as 
well as in the fi eld (arterial gas pipelines). 

Below correlation technique principles 
have been reminded, as well as the deve-
lopment history and basic application rules, 
being the result of many years experience, 
which at present already qualify the method 
for standardisation.

2. Correlation technique of stray current 
investigation

2.1. Recording of a correlation spectrum
Investigation of the maximum cathodic 

protection interference (harmful interac-
tion) with the use of a series of voltage mea-
surements between interacting structures 
and the potential of one of them in various 
locations (usually the electric traction and 
pipeline) already had been described by 
A.W. Peabody in the fi rst issue of his book 
in 1967 [10] – this technique was called 
determination of the ”Beta curve” or ”Beta 
profi le”. Also, it is tritely described in the 
main NACE standard concerning cathodic 
protection [11], where it has been defi ned 
in the following way: Beta Curve: A plot of 
dynamic (fl uctuating) interference current 
or related proportional voltage (ordinate) 
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Fig. 1 First correlation 
spectrum recorded by 
the author in the heat 
distribution network 
in Szczecin; analogue 
recorder XY TRP type 
from SEFRAM (X – 
voltage rails-pipeline, Y 
– pipeline potential ver. 
CSE electrode)

Fig. 2. Correlation spec-
trum obtained by an 
XY recorder after pre-
liminary interpretation 
(outline of the recording 
on paper, the blackening 
of paper by the recorder 
pen has been taken into 
account). Note: signs on 
measured quantity axes 
are marked opposite to 
the description of further 
correlation measurement 
result (X – voltage rail-
s-pipeline, Y – pipeline 
potential ver. CSE elec-
trode)

Photo 1. First magnetic recorder RM2-I [12] (a) and its successor RM3-2 (b) during fi eld operations

a) b)

versus the corresponding structure-to-elec-
trolyte potentials at a selected location on 
the affected structure (abscissa).
Introduction attempts of the ”correlation” 
concept during works on the revision of the 
mentioned standard in 2009 have not been 
successful till the present, although the 
defi nition seemed to be obvious – works on 
revision of the standard were held up due 
to a wide discussion on cathodic protection 
criteria and the necessity of agreeing stand-
points between NACE and the International 
Standardisation Committee (ISO). It reads 
as follows: Correlation: Simultaneous mea-
surement of two dynamic (time-varying) 
parameters, e.g. voltage and/or current, 
presented in an X-Y plot to determine the 
relative relationship between the two pa-
rameters and whether the fl uctuations over 
time are caused by one or more sources of 
stray current.

The aim of citing the above mentioned 
American defi nitions is to show that the de-
termination method of the largest stray cur-
rent interaction with the use of Beta curves 
has little in common with the correlation 
method of stray current investigation de-
scribed in this paper (beyond the fact that 
in both methods pairs are used of two si-
multaneously recorded quantities). Present 
diffi culties in introduction of the defi nition 
of performing correlation measurements, 
in spite of the fact that recording of mu-
tual dependencies is generally applied in 
the World, are shown by the fact that this 
measurement technique, applied today in 
Poland, is not applied in the USA.

The sense of testing correlation depen-
dencies of signals being the result of stray 
currents, hence randomly changing, could 
have originated only when appropriate 
measurement tools appeared, e.g. the X-Y 
recorder allowing mutual recording of two 
voltage signals, this taking place only at the 
beginning of the seventies of the previous 
century. The publication in which mention 
was made of attempts to apply such a re-
corder for assessment of HVDC power line 
interaction was an inspiration to undertake 
trials to test correlations.

Recording of a correlation spectrum di-
rectly on paper with application of an XY 
recorder was not simple for many reasons, 
nevertheless the achieved effect is very sat-
isfactory. In Fig. 1 and Fig. 2 results have 
been presented of fi rst experiments with ap-
plication of the correlation technique during 
fi eld measurements of stray current inter-
actions. The main drawback of the logger 
was a 220 V/50 Hz power supply, which in 
a fundamental way limited possibilities of 

its use in fi eld measurements. This obstacle 
was eliminated by applying a portable two-
channel recorder for fi eld measurements 
using a stereophonic cassette recorder 
(M532SD cassette recorder), while the re-
corded results were reproduced in labora-
tory conditions on XY loggers.

Voltage signals supplied to the logger 
were replaced by a pulse wave of width pro-
portional to the measured value and in such 
a form were saved to magnetic tape. Voice 
recordings also were possible, allowing 
saving of current comments, e.g. connected 
with movement of electric locomotives. An 
enormous advantage of this recording tech-
nique of parameters connected with stray 

currents was possibility of their multiple 
playback, this being used also in laboratory 
works for control of electrochemical appa-
ratus (a potentiostat), by means of which 
real stray current interactions were repro-
duced on steel electrodes. These investiga-
tions were used for determination of the as-
sessment method of harmful interactions of 
stray currents on underground metal struc-
tures [7–9].

As soon as fi rst personal computers ar-
rived and digital treatment of correlation 
measurement results became possible, a 
new period of development of this tech-
nique was started. At fi rst, microcom-
puter equipment (Sinclair Spectrum) was 
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Fig. 3. One of the fi rst printouts from stray current 
correlation measurement reports for assessment of 
the corrosion hazard caused by stray currents (AC-
KOR software)

equipped with analogue-digital converters 
and they were used for reading data re-
corded by a magnetic logger. Calculation 
software was elaborated (in the BASIC 
language), which controlled the process of 
data input and performed calculations of 
all characteristic quantities for investigated 
stochastic processes, while the crowning 
achievement of these activities was elabora-
tion of a result presentation method in the 
form of a report (printout from a graphics 
printer). In Fig. 3 such a printout has been 
presented, it contains: a) a header, b) loca-
tion of measurements, c) calculation results 
for the recorded potential, d) graphical form 
of the fragment or the whole recording of 
potential changes in the function of time, 
e) the real probability distribution and the 
empirical cumulative distribution function 
for potential changes, f) results of calcula-
tions for the structure-stray current source 
recorded voltage, g) results for the recorded 
voltage, h) real probability distribution and 
empirical cumulative distribution function 
for voltage changes, i) results of specialist 
potential-voltage correlation calculations 
used for assessment of the corrosion hazard 
caused by stray currents in the place of mea-
surement, j) correlation spectra in the form 
of printed pixels in a scale constant for all 
graphs (potential 0 ÷ -1 V, voltage ± 5V) 
and in a maximum scale dependent on mea-
sured extreme values. Spectra are presented 
in a coordinate system, in which the axis of 
abscissa (voltage) passes through a point, in 
which for a zero voltage the potential value 
achieves the greatest probability. In such a 
system the correlation spectrum can be di-
vided into the anodic (upper) and cathodic 
(lower) parts. It is one of the most important 
operations on data, permitting interpretation 
of results through the prism of stray current 
electrochemical polarisation of the investi-
gated object.

The next step in the development of the 
correlation method of stray current investi-
gation was application of digital recorders 
and more advanced computer processing 
of results, together with elimination of the 
inconvenience of graphical spectra presen-
tation in the form of monochromatic pix-
els and replacement with a representation 
dependent on probability – by grey shades 
or in colours. Several versions of digital 
recorders have been designed in various 
centres (NPK-120, L’Instruments – SCM 
and mRA, RP97 [13], Gamma 1024 [14], 
ATEKO Ostrava) with distinct assignment 
for performing stray current correlation 
investigations with respective software for 

reading and analysis of results, e.g. KORE-
LACJA software in PASCAL [14].

Simultaneous application of a third di-
mension for presentation of spectra (prob-
ability) allows for a more discerning and al-
most immediate assessment of phenomena 
occurring in the investigated system. In Fig. 
4 the same spectra have been presented in a 
two-dimensional form (repeating values are 
represented on the plane by one pixel, all 
pixels are in one colour) and with coding of 
the third dimension by changes of the pixel 
colour.

It can be distinctly seen from the location 
of both spectra in the above example that 
on the left side of the coordinate system pa-
rameters are concentrated in the III quarter 
(cathodic), while from the probability di-
stribution it results that in the Ist (anodic) – 
red and yellow pixel colours determine the 
highest probability. Representation of the 
probability value in the spectrum display, as 
well as in calculations for each coordinate 
system quarter brings in valuable informa-
tion concerning primarily the corrosion ha-
zard degree.

This example was not selected without 
purpose. It illustrates the case of application 
of cathodic protection to an underground 
metal object (pipeline) operated near a ra-
ilway line, on which signifi cant interaction 
of stray currents is noted - voltages between 
the pipeline and traction rails exceed 50 V. 
The pipeline potential is equal to -1 V (vs. 
the Cu/sat. CuSO4 electrode). It seems that 
the result is caused by cathodic interaction 
of stray currents, however the high probabi-
lity of parameters in the investigated system 
in the Ist quarter negates this – cathodic po-
larisation has to be caused by another sour-
ce – a cathodic protection installation.

Modern acquirement of data and interpre-
tation of their correlation spectra nowadays 
is performed exclusively by the digital tech-
nique, nevertheless a specialist is still requ-
ired for their analysis.

2.2. Analysis of correlation spectra
Stray current correlation measurements are 

based on simultaneous performing of a se-
ries of measurements in equal time intervals 
of any electric value proportional in a given 
place to the stray current fl owing in and/or 
fl owing out from the underground structure 
(real or only potentially creating such an in-
teraction), characterised by an unequivocal 
value ”0” – as independent variable X, and 
a potential of this structure versus a non-
polarising reference electrode placed near 
it, as per potential measurement principles 
for this type of underground structure – as 

dependent variable Y. The dependencies be-
tween signals are obvious – electrochemical 
polarisation is the result of current fl ow and 
it is the object of investigations, even if the 
direct cause is not a current fl owing through 
the metal-electrolyte phase boundary (the 
proportional dependence of the measured 
signal to this current is important). The sig-
nal recorded as variable X, apart from volt-
age between the investigated underground 
object and the stray current source (rails, 
return cable connection, supply pole in the 
substation) can also be the voltage drop in 
the ground (gradient) measured at the sur-
face of the investigated underground struc-
ture, as well as the current between the ob-
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Fig. 4. Example comparison on information real results contained in a monochrome spectrum and a spec-
trum imaging probability by colours – result of mRAgraph software made by L’Instruments (A – voltage 
rails-pipeline, B – pipeline potential ver. CSE electrode)

Fig. 5. Change of correlation spectrum shape (rotation, shifting)after application of different protection me-
thods against stray currents [4] 

Fig. 6. Correlation spectra before and after application of controlled drainage (description of the coordinate 
axes as shown in Figure 4)

ject and a simulating electrode placed at the 
surface of this object (the object potential 
is then a so called mixed potential, cover-
ing the object metal elements, as well as the 
simulating electrode, having contact with 
the ground). Both signals have to be related 
with each other – signal X has to interact 
directly on the structure; measurements of 
other quantities derived from stray currents 
can lead to erroneous conclusions.

The measurement times and interval times 
between consecutive measurements depend 
on the character of measured signals – they 
are stochastic processes, treated as ergodic 
and stationary, hence one should follow 
principles elaborated for such randomly-
variable quantities. The time of performing 
measurements should not be shorter than 
at least one period of the slowest possible 
course of changes affecting the measured 
signal – in the case of electric tractions it 
is the time of electric locomotive passage 
through a section supplied by the nearest 
substation (from experience – approx. 20 
minutes for the tram traction, approx. 30 
minutes for the rail traction). Information 
obtained this way will be representative for 
this measurement period and hence, if an 
average daily assessment of phenomena is 
required, performing of recordings for 24 
hours will be required.

The interval between each measurement 
depends on the highest frequency, which in 
fi eld measurement conditions can infl uence 
a given phenomenon – as it is electrochemi-
cal polarisation, it has been assumed that 
changes shorter than one second will not 
infl uence the corrosion hazard, hence a fre-
quency of 2 Hz has been adopted.

As a result of measurements performed 
in the above way two series of time vari-
ables are obtained, which are transferred to 
computer directly or indirectly in order to 
determine the degree of the underground 
metal structure corrosion hazard due to an 
external electric fi eld caused by stray cur-
rents fl owing out of the electric traction. 
Analysis of recordings is started from as-
sessment of measured quantity changes in 
time. If the measured quantities are not ran-
dom in character, if signals are determined, 
(e.g. synchronised with a train passing from 
time to time) or unidirectional (only in the 
positive or only in the negative direction), 
then their analysis with the use of stochas-
tic signal analysis software makes no sense, 
especially their mathematical processing. In 
such cases assessment of the corrosion haz-
ard is simple and unequivocal. 

The described methodology of corrosion 
hazard assessment caused by stray currents 
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has been elaborated for more complex cases 
– variable sign random signals, hence cases 
when electrochemical polarisation of the 
endangered underground structure changes 
as to value and direction in a random man-
ner. Time series, i.e. a sequence of numbers 
recorded one after the other representing 
measured voltages, are subjected to mathe-
matical processing by known methods, with 
the aim of determining statistic parameters 
in the value domain – usually the following 
are calculated: mean values, median, stan-
dard deviations and higher moments (skew-
ness coeffi cients, fl attening etc.), empirical 
probability distribution and the cumulative 
distribution function. It is advisable for 
the calculated parameters to be presented 
graphically, together with presentation of 
measured quantity changes in the function 
of time. 

The next phase concerns performing of 
correlation calculations of both variables: 
simple regression (of the free term and 
slope), correlation coeffi cients, and also 
a series of other quantities, dependent on 
computer software, which are determined 
on the basis of determined correlation coef-
fi cients, e.g. asymmetry coeffi cients, which 
as shown by numerous investigations [1–3, 
13, 14], are directly used for assessment of 
the corrosion hazard degree of the investi-
gated metal structure. Various aspects were 
investigated of correlation analysis: use of 
the regression curve slope coeffi cient for 
assessment of insulation coating leakance 
[15], the importance of signal sampling fre-
quency, assessment of non-linear effects, 
comparison of potential change asymme-
try coeffi cients [16–18] and use for drain-
age characteristics calculations [19]. The 
main diffi culty, not easy to overcome dur-
ing measurements in stray current interac-
tion zones, is the IR voltage ohmic drop 
falsifying the most important variable – the 
potential of the investigated structure. Usu-
ally it is so large that the linear character of 
the correlation spectrum dominates, whilst 
electrochemical polarisation is a non-linear 
phenomenon dependent on the polarising 
current in an obvious way, this manifested 
by hysteresis and a more elliptical shape of 
the spectrum. 

Correlation is presented in a Cartesian 
system utilising computer technology in 
various ways, described earlier. It is recom-
mended to always present for comparison 
the graph in the same scale. Correlation 
spectra are frequently presented in extreme 
recorded quantity ranges to facilitate visual 
assessment. For variable value X = 0 the 
most probable value of variable Y is de-

termined, at which interaction of stray cur-
rents is zero (most frequently indicated as 
Es). This value is of very high signifi cance 
in correlation analysis: 

the X axis drawn through this value forms  –
a new coordinate system allowing inter-
pretation of the polarisation direction, 
it is a potential value not burdened with  –
the IR voltage ohmic drop error (if there 
is no other electric fi eld causing polari-
sation of the investigated structure, e.g. 
from a cathodic protection installation).

Due to the above, the graphical form of cor-
relation should always have an abscissa axis 
drawn at the Es value level. In some pro-
grams the effective cathodic protection area 
is marked or also the potential area char-
acteristic for steel corrosion in the ground 
(more positive than -0.55V vs. Cu/sat. 
CuSO4). In order to perform easier assess-
ment of the correlation spectrum orientation 
it is purposeful to draw a line (axis) through 
variable values corresponding to mean val-
ues – it is usually the point of highest prob-
ability in the analysed spectrum.

Application of the correlation method 
for assessment of effectiveness of remedial 
measures, limiting or eliminating harmful 
stray current interaction, always requires 
performing of measurements with switched 
off and switched on protection equipment. 
Changes of the correlation spectrum as the 
result of these actions are illustrated in Fig. 
5. An example of real correlation spectra 
before and after application of new genera-
tion controlled polarized drainage has been 
illustrated in Fig. 6.

3. Proposal for correlation method 
normalisation

Gathered knowledge and experience in 
application of the above mentioned stray 
current investigation correlation technique 
should be used for creation of normative re-
quirements, allowing wider and more com-
parable use of this measurement technique, 
especially formulation of:

the application scope of this measurement  –
technique in corrosion investigations,
correct principles of performing fi eld me- –
asurements: selection of measurement 
apparatus, choice of measurement loca-
tion, connections of cables and referen-
ce electrodes, and in the case of applied 
protection against stray currents – also 
principles of performing such measure-
ments during operation of protecting equ-
ipment,
interpretation method of obtained recor- –
dings and guidelines for calculation of 
basic quantities describing correlations 

(list of determined values characteristic 
for the investigated phenomenon),
interpretation principles for calculated  –
values, i.e. determination on their basis: 
of the structure stray current corrosion 
hazard degree, forecasting of effective-
ness of applied protection means, while in 
the case of operating protection systems 
against stray currents – determination of 
their real action: the hindering degree of 
corrosion processes in the protected ob-
ject.

4. Conclusion

The investigation technique of all aspects 
connected with dynamically changing stray 
currents, especially assessment of the harm-
fulness of their interaction on undergro-
und metal structures with application of 
the correlation technique described above, 
has been successfully used for many years 
in Poland by cathodic protection services. 
The present European standard PN-EN 
50162 [20] in point 5.2.3. merely informs 
that: ”Where measured potentials or voltage 
drops fl uctuate, e.g. as the result of DC elec-
tric traction system interaction, measure-
ments should be performed with the use of 
analogue or digital recorders” and ”It is ad-
visable to simultaneously record quantities 
concerning the endangered structure and the 
operating parameter of the stray current so-
urce, in order to determine the distinct con-
nection of stray currents with this source”. 
It seems that such information in the stan-
dard is in striking confl ict with gathered 
enormous technical experience resources, 
which already should fi nd refl ection in nor-
mative requirements. At present the correla-
tion method is a generally applied tool and 
principles of its application and interpreta-
tion of results should be uniform.

Determination of correlation technique 
application principles, especially for effec-
tiveness assessment of equipment assigned 
for eliminating harmful interaction of stray 
currents, e.g. generally applied electric 
drainage, which in accordance with the 
cited standard should be applied with great 
care and at minimal current load, is in this 
case indispensable. Such normalisation will 
allow not only objective assessment of op-
eration of this type of equipment, but also 
will allow their automation, in the direction 
of meeting in a maximum degree of Euro-
pean standards recommendations. Works on 
construction of electric drainage, which will 
be able to autonomously perform respec-
tive measurements and after their analysis 
optimise its output parameters in accor-
dance with principles described above, are 
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at present conducted by SPZP CORRPOL, 
co-fi nanced by the European Union – Inno-
vative Economy Programme POIG.01.04-
22-004/11) [21].
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