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I. INTRODUCTION 
At to date, monitoring electrolytic corrosion phenomena is still a stimulating challenge for safety. 
As an example, in gas pipeline networks of towns, also a small holiday in pipe can generate 
dangerous consequences to buildings and persons. In this case, for the corrosion monitoring 
system, the town underground is a remote and electromagnetically hostile environment, often 
affected by stray currents capable of centupling the corrosion rate. Thus, specific and effective 
automatic solutions are necessary, capable not only of measuring the corrosion speed, but also of 
diagnosing position and size of the metal loss, early. 
Among experimental techniques of on-field corrosion monitoring, Electrochemical Impedance 
Spectroscopy (EIS) is still one of most reliable and affordable [1]-[7]. A small-amplitude sine 
wave is applied to the interface metal-electrolyte (electrode) in order to gather information about 
corrosion reaction kinetics. Alternative techniques, such as Electrochemical Noise (EN) [8]-[10], 
where spontaneous electrochemical potential and current are monitored, do not have a settled and 
unambiguous basic analytical structure. Thus, different interpretation of results, as well as 
unacceptable measurement uncertainty, arise, asking for further investigations [9]. Moreover, in 
the abovementioned field applications in hostile electromagnetic conditions, very-low amplitude 
signals (order of mV fraction) of electrochemical noise can not be extracted easily. Finally, if the 
problem of signal transportation to the measurement system on cables of several tens of meters 
length is considered, the scarce on-field application of EN, in spite of its fashion in research, can 
be explained. 
However, also for EIS, a comprehensive interpretation of measurement result and diagnostics of 
corrosion phenomena is a task carried out mainly at laboratory level. Moreover, with diagnostics 
aims, impedance spectra can not be univocally related to different operating conditions (such as 
cathodic protection level, soil resistivity, and so on) or to damage characteristics (such as failure 
position, leakage area extension) in an easy way.  
In this paper, a digital signal processing (DSP)-based monitoring and diagnostics algorithm [11], 
exploiting EIS and suitable for a low-cost on-field micro implementation [12]-[13], is presented, 
numerically characterized and experimentally tested.  
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Fig.1 Architecture of the proposed micro corrosion meter. 

II THE PROPOSAL 
 
The proposed algorithm is implemented on a micro corrosion meter included in a distributed 
measurement system for corrosion monitoring and diagnostics [14]. The system is managed by an 
artificial neural network (ANN) [15]-[16], exploiting field data sent by the single micro corrosion 
meters distributed along the structure to be monitored.  
 
A. Design concepts 
The design of the proposed measurement algorithm for the micro corrosion meter was based on 
the main following concepts:  

• Validation of electrical dynamic model of the corrosion phenomena directly on field, by 
means of Kramers-Kronig transforms [2]-[3], [6]; 

• In-deep analysis of diffusion and polarization corrosion phenomena, by means of piece-
wise interpolation of impedance spectrum; 

• Quantitative description of the impedance spectrum for the ANN work, by means of a 
shape analysis; 

• Extraction of further hidden information inside the impedance spectrum, by means of 
wavelet transform [10], [17]-[18]. 

 
B. Architecture of the proposed micro corrosion meter 
The architecture of the proposed micro corrosion meter implementing the above design concepts 
is shown in Fig. 1. It is based on three main blocks: measurement, validation, and processing. 
The first block measures (i) the voltage Vρ and the current Iρ, for the soil resistivity according to 
the Wenner method, (ii) the pipe-to-soil potential VPS, (iii) the unknown VX and reference VC 
voltages, for measuring the real Z’(f) and  imaginary Z”(f) parts of the impedance at the 
frequency f, according to a voltammeter digital method exploiting Hilbert transforms, proposed in 
[19], and (iv) the small variations of voltage ∆E and current density ∆i, for assessing the anodic 
ba and cathodic bc Tafel constants [3]. Such quantities are obtained through suitable measurement 
circuits wired by an automatic switching unit.  
From the measurement block, digital values of soil resistivity ρ, pipe-to-soil potential VPSD, and 
real and imaginary parts of the impedance are obtained. Such data are filtered in the validation 
block by a suitable algorithm based on the Kramers-Kronig transforms [2]-[3], [6], and then 
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Fig.2  The measurement block 

analyzed in the processing section in order to obtain the desired parameters for corrosion 
monitoring and diagnostics to be transmitted to the ANN.  
Measurement block 
The measurement block (Fig.2) consists of: 
- a management unit to control the block as a whole; 
- a digital port to drive the automatic wiring of the measurement circuits; 
- a signal generator, consisting of a conditioning block and a DAC (digital-to-analog converter), 
generating a signal VS, sinusoidal for impedance measurement, and dc for resistivity 
measurement; 
- a multiplexer (MUX) selecting measurands according to the measurement to be carried out; 
-a conditioner for the measurement signal; 
- an ADC (analog-to-digital converter);  
- a pre-processing unit, which computes the resistivity ρ, the pipe-to-soil potential VPSD, and the 
real and imaginary parts of the impedance Z’(f) e Z’’(f), (according to the Hilbert-based algorithm 
proposed in [19]) from the digital quantities VρD, IρD, VPSD VXD, VCD (the digital measured values 
of Vρ, Iρ, VPS, VX, e VC, respectively). 
Validation block 
A critical problem in EIS is data validation owing to uncertainty sources affecting experimental 
data, such as: not sufficiently low limit of the bandwidth, imperfect design of the electrochemical 
cell (faulty contact in electrodes, linking wires too long, and so on), or a too much selective FRA 
(filtering the nonsinusoidal response of the electrochemical system by linearizing its 
characteristic artfully).  
Data were validated by verifying a significant coincidence with the ones modeled by Kramers-
Kronig transforms (KK) [2]-[3], [6]: 
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They stand if the electrochemical system fulfils the same main requirements (linearity, causality, 
stability) underlying the electrical impedance definition.  
Processing block 
Impedance data are interpolated in the frequency domain in order to increase the frequency 
resolution of the spectrum. In particular, interpolation requirements are different in the frequency 
bandwidth: (i) at low frequency (less than the Hz), possible diffusion phenomena (often of very 
low quantity) have to be detected and, simultaneously, high-variable amplitude noise due to 
measurement system has to be filtered; and (ii) at high frequency (more than the Hz), polarization 
phenomena have to be measured, and, thus, a more varying trend of the spectrum has to be 
approximated, with less influent noise. With this aim, a piece-wise interpolation according to 
frequency sub ranges was carried out (Piece-Wise Interpolation block, PWI in Fig.3). Further 
details on this procedure will given in the final paper. 
Then, the interpolated data Z’(f)INTERP and Z’’(f)INTERP, and the other measurement results are 
processed in order to compute: 

• The polarization resistance Rp [3]: 
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• The corrosion current density ic [3]: 
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• The corrosion speed vc [3]: 
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Fig.3 Processing block 
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where ic is the corrosion current density in Ampere/cm2, K is a unit conversion constant, 
EW is the equivalent weight in equivalent grams, d is the density in grams/cm3, and A is 
the holiday area in cm2;  

• The double-layer capacity Cd  [3]: 
Cd =1/[2πfRp]           (7) 

• The coating quality index:   
QR= max(Z’’(f)INTERP)/ Rp         (8) 

giving an idea of the coating quality in the area invested by the measurement signal; 
when QR is equal to 1, there are no holidays, when is less than 1, a loss in the coating is 
present. 

The shape of the spectra Z’(f)INTERP and Z’’(f)INTERP can discriminate some corrosion conditions 
better than the Bode and Nyquist representations. In particular, the following points (the array FT 
in Fig.3) were determined in order to describe these spectra quantitatively: 

• F1, F2 and F3, on the imaginary part spectrum Z’’(f)INTERP, aimed at measuring corrosion 
phenomena of polarization and diffusion. The points F1 and F3 correspond to two maxima 
and F2 to the inflection point between them (Fig.4b). In case of a significant diffusive 
behavior, a bimodal spectrum is obtained, with a first local maximum (F1) at low 
frequency (corresponding to the maximum of a first Nyquist circle), and a second local 
maximum (F3), pointing out higher frequency polarization phenomena (corresponding to 
a second Nyquist circle). Without a diffusive behavior, only one global maximum arises 
(F1), and, in this case, the algorithm selects the last spectrum point as F3; 

• F4, F5, and F6, on the real part spectrum Z’(f)INTERP, for detecting polarization phenomena 
specifically; F4 and F6 correspond to the two sharp ends at higher frequency and F5 to the 
inflection point between them (Fig.4c).  

The real part spectrum Z’(f)INTERP turns out to be less variable with the measurement conditions 
than the imaginary part one (Fig 4c). Thus, more detailed information was extracted through a 
wavelet transform [17]-[18]. The peculiar stepwise shape of Z’(f)INTERP suggested the use of a 
mother haar. The DWT decomposition was stopped at the first level in order to (i) determine the 
general half-band haar-like trend of the spectrum (analysis of bigger shape variations, i.e. on 
larger frequency scale) through the approximation coefficient spectrum, and (ii) to extract 
particular half-band haar-like information (analysis of smaller shape variations, i.e. on smaller 
frequency scale), sometimes not perceptible on the spectrum, through the detail coefficient 
spectrum. 
 

III PRELIMINARY EXPERIMENTAL RESULTS 
 
A measurement station on a pilot plant was set-up at Penn State University [20], in order to carry 
out experimental tests in reference conditions of: (i) soil resistivity, (ii) coating holidays, (iii) 
cathodic protection, and (iv) electrode positions. 
In particular, a test campaign was carried out in order to validate the proposed measurement 
algorithm, according to the following plan, repeated twice for high () and low (20 kΩ cm) 
resistivity soils: 

• In absence of holidays: 
o Assessment of the cathodic protection influence; 
o Assessment of the electrode position; 
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• In presence of holidays:  
o Assessment of the cathodic protection influence; 
o Assessment of the electrode position. 

In the full paper, three main examples of test results are reported, aimed at showing the proposed 
algorithm performance, by referring to the main design concepts of (i) piece-wise frequency 
interpolation, (ii) shape analysis, and (iii) use of the wavelet transform. 
In the following, for the sake of the brevity, the discussion of only one of the three cases is 
reported (Fig.4).  
The low-frequency small tails on the right side of the Nyquist plots in Fig. 4a (NP and CP: 
without and with cathodic protection, respectively) show a diffusive behavior of the 
electrochemical system. The design idea of different interpolations in the frequency range of the 
real and imaginary part spectra allows (i) a first local maximum at low frequency, pointing out a 
diffusion phenomenon, and (ii) a second maximum at high frequency, pointing out a polarization 
phenomenon, to be detected easily on the imaginary part spectrum (Fig. 4b). These two points are 
also the shape factors F1 and F3, while F2 is the inflection point between them. The set of the 3 
points (Table 4f) describes the trend of the imaginary part spectrum synthetically in a quantitative 
way for successive processing by the ANN. Analogously, the points F4, F5, and F6 (Fig. 4c and 
Table 4f) describe the polarization behavior, evident in the real part spectrum at visual level, in a 
quantitative and synthetic way. However, the same spectrum does not point out the diffusive 
behavior at low level, and a wavelet transform is carried out (Figs. 4d and 4e). In particular, the 
detail coefficient spectrum (Fig. 4e) shows the diffusion at low frequency clearly. Moreover, it 
allows the difference between the 2 real part spectra (NP and CP) in the inflection point F5 to be 
detected, in spite of its amount, less bigger than the uncertainty band. Apart other quantities Cd 
and QR estimated by the algorithm, Table 4g shows how the percentage error in the estimate of 
the polarization resistance Rp is about null.  
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 (c) real part spectrum, (d) wavelet transform by mother haar
transform by mother haar of the real part: detail coefficients,
erence RpRIF and measured Rp, double layer capacity Cd and
04 Hz), 1 holiday, electrode in position 4X, low-resistivity soil
 not protected, CP: protected). 

 NP CP 
 (Hz) (MΩ) (Hz) (MΩ) 

F1 0.225 0.004 0.246 1214 
F2 148.9 0.077 555.4 0.027 
F3 648.4 0.12 2418 0.039 
F4 63.55 0.36 152.8 0.14 
F5 700.6 0.20 2296 0.080 
F6 10000 0.042 10000 0.038 

(f) 
 

 RPRIF (MΩ) RP (MΩ) ERRORE% Cd (nF) QR 
NP 0.33 0.33 0.01 0.76 0.38
CP 0.11 0.11 0.00 0.64 0.37

(g) 
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