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We present here an original application linking an electrochemical phenomenon and the computational aspect of electromagnetic fields
to provide a corrosion diagnosis of a protected underwater steel structure. This is done with the pairing of a boundary element method
and the resolution of an inverse problem. After a defined operating time, it is mandatory to check an underwater steel structure. Sadly,
current examinations techniques require immobilizing the structure for a long time and are less efficient. The purpose of this paper is
to replace this checking by a series of close electrical measurements in the conducting water which provides a corrosion diagnosis of the
structure. The new method introduced ensures great time-savings but also an accuracy never reached before. This paper presents this
numerical method and its checking through real electrical measurements on a frigate mock-up.

Index Terms—Boundary element method (BEM), cathodic protection, inverse problems, regularization techniques.

I. INTRODUCTION

D URING its operating life, an underwater structure suffers
from corrosion. This phenomenon starts when iron paint

defects appear on its surface, electrically linked to noble metals
(propellers in bronze and nickel for example). This reaction,
called galvanic coupling, makes the iron an anode and bronze a
cathode. To fight against this reaction, two main methods have
been developed [1] as follows.

1) The sacrificial anode cathodic protection (SACP): some
less noble elements than iron (zinc, aluminium, etc. )
are placed on the structure to protect it. They are going
to be corroded instead of the iron of the structure itself,
becoming the new anode of the reaction.

2) The impressed current cathodic protection (ICCP): Plat-
inum anodes are distributed on the structure, injecting cur-
rents in the seawater. This places the iron in its passivation
zone and protects it.

These two protections lead to a circulation of currents in the
seawater, inducing the presence of a varying electromagnetic
field. The first step of the study is to predict this electromagnetic
field from the electric boundary conditions (taken from the elec-
trochemical context). Then, the problem will be inversed and
corrosion diagnosis will be deducted, starting from near elec-
tric-field measurements and leading to the corroded areas local-
ization. This paper, based on electric fields and applied to real
measurements on a mock-up, extensively improves a method
based on electric potential measurements, previously introduced
[2].

II. FORWARD MODELING

As stated before, the forward modeling aims to predict the
electric potential and the electromagnetic field from physic
boundary conditions. Since the main goal is to achieve a
diagnosis tool, the numeric method used must directly link
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the boundary conditions to the measurement locations, an
advantage provided by the boundary element method (BEM).
Moreover, this method permits a simple modeling of the infinity
region [3], [4].

Starting from the Laplace equation, the principle is to use
the third Green’s identity to write an integral equation on the

boundaries of the problem

(1)

where is the electric potential and is the opposite of the
normal current density, within the conductivity of the domain.
P is the integration point mobile on the boundary and M is the
point where the computation is made. h(M) is the solid angle
seen by M and G is the Green function in 3-D (1/r, where r is
the distance ).

After the surfaces have been meshed in elements, all un-
knowns are considered constant on each element by a zero-order
approximation. Then, a point matching approach of (1) is pro-
vided, setting the unknowns at the barycenter of each element.
This numerical stage leads to write (1) as the following matrix
system:

(2)

Making this approximation is known to not be very precise,
but since the main goal is the development of an inverse method,
it is acceptable for us. Of course, this system has more un-
knowns than equations. Solving it requires the introduction of
the boundary conditions (a part of the ).

For the last step of this forward modeling, we obtain a non-
linear system due to the form of the polarization law

introduced by the presence of polarizable steel on the
boundaries. This system is then usually solved by an iterative
Newton–Raphson process. Some results are presented in [2] on
a simple ship mock-up: with parts of the boundary conditions
on the structure (potential of SACP anodes, current densities of
ICCP anodes, isolated parts, and polarization laws of cathodes),
and this algorithm finds the missing ones.
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Once all of the boundary conditions are obtained, it is possible
to compute the electric field anywhere in the domain thanks to
the gradient of (1)

(3)
The last analytical expression shows two integral terms to

compute, which is again too difficult for complex geometries.
The new numerical expression becomes in 3-D

(4)

The and on the boundaries have been obtained by
the previous Newton algorithm. In this case, there are only 2
analytical integrals to compute. This is accomplished by a nu-
merical approximation with Gauss points (there is no singularity
if the calculation point is not on the boundaries).

If the electric field is expressed in several points, the last equa-
tion can be represented by the following system, which is the
basis of the inverse method:

(5)

III. INVERSE METHOD AND IMPROVEMENTS

The main goal is, from real electromagnetic measurements,
contained in the E vector and the construction of the system (5)
to find the source vector ( and ). When trying to di-
rectly inverse this system with a least squares method, the solu-
tion obtained is very bad, with quantities reaching huge values
( while expecting potentials close to the decade of Volts for
example). This problem is very ill posed (very bad condition
number) due to two main reasons:

1) A mathematical one: most systems have fewer lines than
rows (more unknowns than equations) and it has infinity of
solutions. Another reason damaging the condition number
is the error introduced by the computational approximation
of the matrix coefficients (done during build
of the numerical system (5)). Finally, the measurement er-
rors in the vector deteriorate it.

2) A physical one: the build of the system (5) is made with
the expressions of electric-field creation by charges and
dipoles. When directly inversing (5), the solution obtained
is charges and dipoles decorrelated, which do not guarantee
the third Green’s identity.

A good way to solve the physical difficulty is to add Green’s
equations from (2), linking all unknowns on the boundaries.
This ensures the solution to fit to the 3rd Green’s identity.
Dipoles now fit potentials and charges fit their normal deriva-
tive. We have considerably reduced the solution space of

Fig. 1. Representation of simple meshing.

research. The new system that has been obtained can be written
by the following expression:

(6)

Since we have a series of zeros on the right member, this
system can be simplified by eliminating one kind of unknown.
This choice is then deducted from the information we have on
the anodes: for an ICCP case, their current density is known,
so we have to suppress the potentials from the system defined
in (5). For SACP cases, the anodes potential is known and we
have to simplify the current densities. The new system can be
finally written

(7)

In both cases, the final system has as many equations as mea-
surement points and as many unknowns as meshing elements.
Finally, as we logically want to have more equations than un-
knowns (more lines than rows) to ensure the solution unicity,
we can choose the number of measurements to obtain from the
meshing knowledge of the structure. This does not significantly
improve the condition number but gives a physical behavior
to the solution: indeed, quantities obtained guarantee the third
Green’s identity and they empirically have amplitudes close to
the expected ones but with a bad repartition.

Then, we have to deal with the mathematical difficulty. The
new system now has more lines than rows and only one kind of
source to find, so there is no solution. We have to choose the best
approximated solution. This can be performed thanks to regu-
larization techniques, such as truncation of the singular value
decomposition (TSVD). This technique avoids taking the more
noisy values into account. Tikhonov’s method is preferred since
it allows imposing a chosen physical behavior to the solution. Its
principle is to find a solution minimizing the following equation
[5]:

(8)

The matrix is called the regularization matrix and imposes
the physical behavior: zero-order regularization ( is the iden-
tity matrix and has an dimension) privileges solutions with
minimum norm; a first order one favors continuous solutions
(minimizing the gradient) and a second-order one accentuates
this continuous behavior (minimizing the Laplacian). In our
study, a first-order method is chosen. To take a visible example,
let us consider a meshing part:
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Fig. 2. Classical kind of L-curve.

Fig. 3. The 1/40th mock-up with 36 defects and ICCP.

The goal is to minimize the value difference between the el-
ement and its neighbors. This is done by searching the neigh-
bors of and affecting them with the 1/ coefficient on the
line of the matrix

(9)

The choice is then the heart of the inverse method. It sym-
bolizes the importance given to the regularization compared to
the mathematical precision. One well-known tool to observe
this compromise is the L-Curve: for several values [5], the
residual Euclidian norm is traced on the abscissas
axe and the solution semi-norm on the ordinate one.
This curve has often an shape and the best area corresponds
to its corner, which minimizes residual and solution norms. Let
us take a classical example of the L-Curve obtained with simple
geometry and measurements without noise

The corner can be easily found graphically and then we have
to choose the best parameter, privileging the residual or the so-
lution norm. An important remark to take into account is that we
find the corrosion areas with a graphical analysis of the solution.
That is why we prefer having a solution with more approximate
amplitudes but a better repartition of them than the contrary. Fi-
nally, in most cases, the priority is given to the minimization of
the solution seminorm.

IV. METHOD CHECKING WITH REAL MEASUREMENTS

To check the diagnosis method explained before, real mea-
surements are employed: a composite 1/40th mock-up of a
frigate has been equipped with an adapted ICCP (with six
platinum anodes), electrically linked to iron plates (simulating
the paint defects) disposed on the hull.

The mock-up is then placed in salt water with a controlled
conductivity (5,16 S/m) and bubbling to simulate real navigating
conditions.

Fig. 4. The 1/40th mock-up set in measurement conditions.

Fig. 5. Real electromagnetic measurements on a 1/40th mock-up.

When the ICCP is running, some longitudinal electric-field
measurements are made on lines at two different depths:

These measurements have been made in physical scale mod-
eling (PSM) in the facility of the U.S. Naval Research Labo-
ratory (NRL) in Key West, FL. In fact, 640 measurements are
made: 320 and 320 , and not one is made on the (trans-
verse) axis. Indeed, as the geometry is quasisymmetric in the
longitudinal axis, there is very less transverse field under the
keel. The complex meshing of the structure gives 3103 ele-
ments, making the system underdetermined. Fewer elements is
due to the numerical limitation of BEM use.

Since we are in an ICCP case, the potential has to be simpli-
fied to only keep the current densities as unknown. The 3103
Green equations are injected and the knowledge of the anodes
current density (in the range of a hundred ) gives a new
system with 640 equations and 3087 current density unknowns.
We have too few equations to ensure the solution unicity so
the decision is made to interpolate some more values from the
measurements to obtain 3300 final values. This operation could
be problematic because useful values not appearing in the first
graph will be ignored with this method. Moreover, it can in-
troduce redundancy, deteriorating the condition number of the
system.

The final system now has 3300 equations and 3087 unknowns
which make it overdetermined, and the unicity of the solution is
ensured. The regularization technique is the Tikhonov one with
a zero order. We do not use a first-order regularization in this
example, because of the presence of the propellers. Indeed, this
method gives very good results when the measurement points
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Fig. 6. Measurements interpolation.

Fig. 7. L-curve obtained with the 0-order regularization.

Fig. 8. Current density obtained on the boundaries in ��� .

are well situated. This is not the case here at the rear of the
hull because some defects appear between the hull and the pro-
pellers. Reducing the gradient of current densities in this area
from measurements points situated below propellers completely
erases locating defects. This shows the importance of thinking
about the measurements number and position.

Using zero-order regularization leads to the following
L-Curve:

The curve does not have an L shape and the choice is not
obvious. As stated before, we prefer to choose a more regular-
ized solution (to minimize the solution) toward the mathemat-
ical precision. Moreover, we can graphically constrain the area
of the search with the knowledge of the current density in-
jected in the water. This imposes an upper bound to the solution
seminorm (remember, we use zero-order regularization), that is
to say, a maximum current density admissible on the hull.

The parameter is chosen to be equal to 27, and the current
density results obtained on the hull are in the following section
(only negative ones are represented, which corresponds to the
ones going back to the hull; positive ones are the injected):

Those results should be compared to the defects repartition
in Fig. 1. The corroded areas correspond to the areas where the
current density goes back to the hull with the maximum ampli-
tude and most of them fit the expected repartition. The only area
where the result is not explicit is the rear part of the hull, under

Fig. 9. Potential obtained on the boundaries in volts.

the propellers, which considerably perturb the diagnosis. Math-
ematically, the result matches the real location of the iron plates,
giving a good diagnosis, with less than 5% error. This global
error is evaluated by computing the sum of the local root mean
square (rms) difference between the expected value (obtained
by forward modeling) and the diagnosis value. Once those cur-
rent densities are obtained, it is possible to get the potentials on
the hull with (2).

The other visible proof of a corroded area is the lowest po-
tential zone, but it is not very relevant in most cases. Indeed,
the definition of the lowest potential has to be taken from a per-
centage of the total difference between potential extremes, diffi-
cult to clearly express in general. The corrosion diagnosis based
on a current density study is more relevant. That is why in SACP
cases (where the diagnosis is made on potentials), the current
density reconstruction with (2) is necessary.

V. CONCLUSION

This diagnosis method globally succeeds in locating the cor-
roded areas of an immerged part of a hull with real electric-field
measurements. Previous work was based on an electric poten-
tial study, giving also good theoretical and empirical results [2].
These two approaches of the work do not have the same advan-
tages, because of their own decreasing behavior in a conducting
region. Indeed, a field approach is less influenced by perturba-
tions but is more difficult to measure far away from the struc-
ture (its decrease follows a law) while the contrary is true
for the potentials (following a law). Finally, the diagnosis
of a structure begins with the study of the meshing used, im-
posing the number of measurements to perform. The type and
localization of those measurements then have to be optimized to
obtain the best results (best inverse matrix condition number).
Some work can be done to increase the precision and numerical
aspects. We can assume that the presented method used here
will be able to be applied to other types of structures, such as
pipelines, offshore wind turbines, or oilrigs.
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