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CORROSION MONITORING OF SACRIFICIAL ANODES BASED ON CONTOUR PLOT 

ANALYSIS OF ELECTRO-MECHANICAL IMPEDANCE SPECTRA 

Jeslin Thalapil1, Durgesh Tamhane1, Sauvik Banerjee2 and Siddharth Tallur1 
1Department of Electrical Engineering, Indian Institute of Technology Bombay, Mumbai, India 
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ABSTRACT 
In this paper, we utilize a graphical teclurique originally 
proposed for damage assessment in beams, to determine 
the extent of corrosion of sacrificial zinc anode discs 
instrumented with piezoelectric transducers using Electro­
Mechanical Impedance (EMI) measurements. The 
underlying parameters determining extent of corrosion 
(thicknesses of the zinc and zinc oxide films) are extracted 
from measured resonance frequencies of radial and 
transverse vibration modes by finding roots of the 
characteristic equations of these modes graphically through 
contour plot. This teclurique shows excellent agreement 
with experimental results, requires no calibration and is 
computationally inexpensive unlike optimization 
tecluriques. 

KEYWORDS 
Structural health monitoring, contour plot teclurique, 

corrosion monitoring, resonant smart sensor 

INTRODUCTION 
Vibration characteristics of a structure, namely 

frequency, mode shape and damping characteristics, are 
affected by the physical characteristics of a structure, and 
are used as sensing parameters in structural health 
monitoring (SHM). Several tecluriques have been reported 
for the damage localization (determining the geometric 
location of the damage) as well as damage quantification 
(evaluation of the severity of the damage) [l]. Natural 
frequency-based tecluriques require a single point 
measurement and shows greater accuracy, ease and 
reliability over the other vibration-based tecluriques [2,3]. 
The 'inverse problem' in the field of SHM, quantifies the 
damage in a structure (i.e. change in geometr) through 
changes in natural frequencies, by solving simultaneous 
non-linear equations [4]. Analytical, Finite Element 
Analysis (FEA) and optimization-based inverse tecluriques 
have been reported showing the effectiveness of frequency 
based graphical teclurique (using contour plots) in 
detection of de lamination and cracks in 
composite/isotropic beams. Contour plot teclurique for 
analyzing shift in resonance frequencies is highly effective 
for estimation of damage location and quantification of 
extent of damage, without requiring computationally 
expensive iterations or network training [4-8]. 

Corrosion affects the dynamic properties of a 
structure, thereby causing shift in resonance frequencies. In 
previous work on this subject, Tamhane et al. presented an 
analytical model for measuring the extent of corrosion by 
monitoring the shift in resonance radial in-plane frequency 
obtained through Electro-Mechanical Impedance (EMI) 
measurements [9]. In this work we develop an alternate 
teclurique to estimate the extent of corrosion of sacrificial 
anodes by utilizing the contour plot teclurique applied to 
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three modes of vibration of the disc; namely the radial 
expansion mode and two fundamental out-of-plane 
(transverse or 'trampoline') vibration modes of the disc. 
The contour plot teclurique does not require a model of 
delamination dynamics of corrosion byproducts and 
therefore requires no calibration. The teclurique is 
validated through extensive FEA and extended to 
resonance frequency values obtained from experimental 
EMI measurements conducted with an impressed-current 
based accelerated corrosion system. The contour plot 
teclurique is thus suitable for in-situ monitoring of 
sacrificial anodes used in cathodic protection systems. 

MATHEMATICAL FORMULATION 
This section provides analytical models for 

determining the resonance frequencies of the radial in­
plane axisymmetric and transverse modes of vibration of a 
circular plate. A photograph of the smart anode (zinc anode 
instrumented with PZT transducer) is shown in Figure l(a). 

Axial In-plane Vibration of Circular Plates 
The model proposed by Tamhane et al. [9] represents 

the corroded metal disc with PZT transducer as a composite 
structure comprised of two portions as shown in Figure 
l(b ). The general solutions for the individual portions are 
obtained by extending the constituent equations for 
vibrations of a circular plate [10]. 

For a twin layered circular disc with equivalent 
circular PZT transducer undergoing axisymmetric in-plane 
radial vibration, the following boundary conditions apply: 
(i) free edge boundary condition at r = a is N1 (r) = 0, i.e. 
au1 I + U1 I 0 d c· " ) 

. . 
f a:; r=a V1eq 7 r=a = , an 11 COntmmty O 

displacement and radial forces at the interface between 
portion I and portion II (at r = b). Accounting for these 
boundary conditions in the solutions for displacement, a 
3 x 3 characteristic determinant t:,.R is obtained [9]. Since 
the material properties (Young's modulus E, Poisson's 
ratio v and density p) for the three layers (metal anode, 
metal oxide and the PZT transducer) are known, the 
characteristic equation lt:,.R I is reduced to a non-linear 
function in natural frequency ( wr ), thickness of corroded 
metal oxide layer (h1) and thickness of metal anode layer 

(hz). 

Transverse Vibration of Circular Plates 
The general solutions for transverse displacement and 

shear angles for individual portions are obtained from the 
constitutive equations of a thick circular plate undergoing 
transverse vibration [ 11]. For a bi-layer circular thick plate 
with equivalent circular transducer undergoing free 
transverse vibrations, the free edge boundary conditions at 
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acp8 i (a<Pr ) Mre = - + - - - </>e = 0 and zero shear force, Qr = ar r ae aw1 + <f>r = 0. At the interface between portion I and ar 
portion II, there exists continuity of transverse 
displacement, shear angles C</>n </>e), moments and shear 
force. Substituting the solutions for displacement and shear 
angles, we obtain a 9 x 9 characteristic determinant l�rl­
With prior knowledge of material properties (E, v and p) 
for the three layers, the characteristic determinant I �r I can 
be expressed as a function of the natural resonance 
frequency of transverse vibration, uh, and thickness of the 
corroded (zinc oxide) layer hi, and the uncorroded (zinc) 
layer h2. Equating the characteristic equations for all 
modes (radial and transverse) to zero, the values of 
thicknesses hi and h2 can be determined by measuring the 
natural frequencies and solving the system of simultaneous 
non-linear equations for all modes. 

CONTOUR PLOT TECHNIQUE 
For any mode of vibration, a three-dimensional surface 

can be generated with solution of the characteristic 
equation displayed on the z-axis and hi and h2 in the two 
orthogonal directions in the horizontal plane. Intersection 
of this plot with horizontal plane at z = 0 (i.e. projection 
on the hi - h2 plane) yields all combinations of hi and h2 
that are solutions of the characteristic equation for the 
measured natural frequency. The 'contour' plot function of 
MATLAB® is used for plotting these curves at z = 0. A 
minimum of such two curves are required to obtain a 
unique solution for hi and h2. The coordinates of the 
intersection point of these 2D projections in the x-y plane 
correspond to the solutions for hi and h2. While two modes 
are sufficient, considering that we are solving for two 
unknowns, it is preferred to use at least three modes to 
avoid cases where two curves intersect at multiple points. 
The common intersection of the three curves of any three 

(a) 

(b) 

r 
Portion I 2 layers) 

PZT 
Portion II 3 layers) Zn 

;I r = b ZnO 
r =a 

Figure 1: (a) Photograph of PZT transducer bonded to zinc 
sacrificial anode. (b) Cross-sectional view of the circular 
anode with equivalent circular PZT transducer on top and 
uniformly formed oxide layer on bottom surface. 

fundamental natural frequencies gives the thicknesses 
(Figures 2 and 3). If there is no unique intersection point of 
three curves, centroid of the triangle formed by three­
paired intersection is taken as the solution for hi and h2. 

RESULTS AND DISCUSSIONS 
Finite Element Analysis (FEA) 

The accuracy of the proposed contour plot technique 
is validated through FEA simulations using COMSOL 
Multiphysics. The simulations are performed using 
'Normal' mesh setting in COMSOL Multiphysics, 
considering trade-off between computation time and 
convergence. The resonance frequencies for the 
fundamental in-plane axisymmetric radial mode and two 
fundamental transverse modes (mode shapes shown in 
Figure 2(a), (b) and (c) respectively), are obtained from the 
combination of hi and h2 programmed into the FE 
software. The resonance frequencies are then used to 
estimate hi and h2 using the contour plot technique, that 
are then compared to the programmed values. Here µcar = 

hi
/ hi + hz and µuncar = 

hz 
/hi + hz and represent the 

normalized thicknesses of the corroded and uncorroded 
regions of the anode respectively. The model chosen for the 
analysis (Figure l(a)) is based on a commercially available 

(a) 

1.i.1 

0 

0.8 0 

(b) lode (0.1 )-Trnnsvcr.;c mode 

o.s 
09 

0.25 
,,_ 

08 0 µ-

(c) Mode (0,4)-Trnn \•cr.;c mode 

1014 

161 

0 

0.8 0 ,,_ 

Figure 2: Example surface plots of characteristic equation 
for vibration modes against corrosion thickness ratios and 

intersections of horizontal plate at ILi I = 0 (in red) for 

programmed µuncar = 0.980 and µcar = 0.031. 
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Figure 3: Example 2-D plots of characteristic equations for 

programmed µuncar = 0.980 and µcar= 0.031. 

cylindrical zinc sacrificial anode (Krishna Conchem 
Products Pvt. Ltd.) of diameter 36 mm and thickness 
7.3mm and PZT-5H transducer of 20mm side square and 
0.4mm thickness (SP-5H, Sparkler Ceramics Pvt. Ltd.). 
The equivalent intersection of the three 2D contour plots 
are shown in Figure 3, corresponding to programmed 
values: µuncar = 0.980 and µcar = 0.031. The estimated 
values using contour plot technique are µuncar = 0. 985 and 
µcar = 0.030. 

Experimental Results: Corrosion monitoring of 
sacrificial zinc anodes 

Accelerated corrosion experiments were performed on 
two separate commercially available zinc sacrificial anodes 
instrumented with PZT transducer (sample A and B). The 
PZT transducer is attached using Fevikwik® instant 
adhesive at the center of one of the flat surfaces on the 
circular zinc anode surface. To ensure water proofing, PZT 
transducer is coated with an epoxy sealant (M-Seal® Clear 
RTV Silicone Sealant cured for 12h). The anodes are 
subjected to impressed current of 0.35A for varying 
durations of time using the experimental setup detailed in 
[9]. The measured resonance frequencies for the 
fundamental radial mode and two transverse modes: (0,1) 
& (0,4) are recorded every 30 minutes and the shifts in 
resonance frequencies are noted. The values of these 
frequencies are programmed as inputs to the contour plot 
algorithm to estimate the thicknesses of ZnO layer (h1) and 
Zn layer (h2). The results for samples A and B are 
tabulated in Tables 1 and 2 respectively. To evaluate the 
accuracy of the proposed model, the estimated thicknesses 
are plugged into COMSOL Multiphysics to compare the 
frequency shift of the above-mentioned modes obtained 
through FEA vs. experiment. Figure 4 shows excellent 
agreement in the trend for all three eigenfrequencies 
obtained from COMSOL with those measured 
experimentally. 

Table 1: Thickness of Zn (h2) and ZnO (hi) layers estimated 
from resonance frequencies of Sample A. 
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Table 2: Thickness ofZn (h2) and ZnO (hi) layers estimated 
from resonance frequencies of Sample B. 
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CONCLUSION AND FUTURE WORK 
This article presents an extension of the graphical 

technique for crack and delamination quantification in 
beams to quantify the extension of corrosion in sacrificial 
zinc anodes with EMI measurements. The model shows 
good agreement in trend with that of the experiment for 
three modes of vibration. The accuracy of estimated 
thicknesses can be improved further by modelling the PZT 
transducer as an anisotropic material. The current study is 
conducted for sacrificial anodes in marine applications and 
hence only free edge boundary conditions are considered. 
The same can be extended to other applications in 
corrosion monitoring of RCC structures where simply 
supported and fixed edge boundary conditions come into 
play. This work enables low-cost implementations of 
cathodic protection systems using EMI with embedded 
platforms for in-situ health assessment in the field. 
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Figure 4: Frequency shift for fundamental radial mode and 
transverse vibration modes (0, 1) & (0,4) for (a) sample A, 
and (b) sample B. The experimental results show excellent 
agreement with FEA validation of solutions obtained from 
the contour plot technique. 
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