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ABSTRACT

This study is to simulate the cathodic protection (CP) system on a reinforced
concrete (RC) structure using the boundary element method (BEM). For
simulation purposes, the RC domain was modeled by a Laplace equation.
The boundary condition for the sacrificial anode and cathode (reinforcing
steel) were obtained from its polarization curve. By solving the Laplace
equation using BEM, all electrical potential values on the RC domain could
be determined. Thus, the CP system could be evaluated based on the
electrical potential on the reinforcing steel. Two studies were conducted by
performing BEM simulation, where the CP system model and geometry for
the studies were obtained from a previous researcher. The first study was to
compare the simulation with experimental results. The second was to study
the influence of several parameters on the electrical potential on the
reinforcing steel. The BEM simulation results show that displacement
between the anode and reinforcing steel would affect the electrical potential
on the reinforcing steel. This was consistent with the experimental result. The
simulation results also show that the anode size and conductivity of the
concrete would affect the electrical potential on the surface of the reinforcing
steel. Therefore, it is important to take account of those parameters in
designing and/or evaluating the CP system for RC structures.
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Introduction

Corrosion has become a worldwide problem. Losses due to corrosion have
become a burden for every country. Every year, corrosion losses have
reached 3-4% of the GDP of industrial countries [1]. Therefore, prevention
of corrasion is necessary.

One of the sectors impacted by corrosion losses is infrastructure,
which includes reinforced concrete (RC) structures. The losses caused by
corrosion in this sector, including transportation and the utilities sector, have
reached more than 70% of the total corrosion losses [2]. In addition, media
reports have shown that the impact of corrosion on RC infrastructure has
resulted in casualties, such as with the collapse of the Silver Bridge in the
United States in 1967 [3], and the collapse of a toll road bridge in Canada in
2006 [4]. Thus, it is important to perform corrosion control and monitoring of
RC structures [5].

A cathodic protection system is one of the most popular corrosion
control techniques. The use of cathodic protection systems in RC structures
has been widely reported [6]-[8]. However, the design and evaluation of the
protection system is still a challenge for researchers and engineers. The
linkage of parameters such as the resistance of electrolyte to the cathodic
protection system of a RC structure still needs to be further understood as it
can affect the performance of the system [8].

The development of numerical methods has progressed. One of these
is the use of the boundary element method (BEM) for the simulation of
galvanic corrosion [9]. More recently, BEM has also been used for
simulating cathodic protection systems in marine [10]-[11] and underground
environments [12]. The simulation results show that BEM is capable of
showing the overall distribution of electrical potentials in the protected part.
This will be helpful in both the design process and the evaluation of the
cathodic protection system.

Therefore, this study aims to simulate a cathodic protection system on
an RC structure using BEM. This is to study the effect of parameters such as
anode size and concrete conductivity on the distribution of electrical
potentials on the reinforcing steel surface.

BEM Formulation for Cathodic Protection

The cathodic protection system of a reinforced concrete (RC) structure is
modeled as in Figure 1 (in concurrence with case study). This model consists
of reinforcing steel and a sacrificial anode which was cast in a concrete
environment. The sacrificial anode and the reinforcing steel are electrically
connected in the model.
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Then, it is assumed that there is no ion in-and-out of the cathodic
protection model. Therefore, this system can be mathematically modeled by
using the Laplace equation shown in Equation (1) [13]-[14]. This equation
represents the electrical potential (¢) in the concrete domain.

\
Sacrificial anode Reinforcing steel

Figure 1: CP system on RC concrete model

The relationship between the electrical potential and the current
density in the cathodic protection model is given in Equation (2). In this
equation, i is the current density, « is the conductivity of the concrete, and n
is the normal vector.

V2 =0 in Q @)

. _ 09 2
L= —K— (A/m9) (2)
In order to solve Equation (1), the boundary conditions for the
cathodic protection model must be known. The boundary condition for the
concrete surface (I'y) is as shown in Equation (3), which is a result of the low
value of the conductivity of the concrete.

i=ipg=0 (A/m?) onT, (3)
¢ =—f() V) on I, 4)
¢ =—fa(®) V) on I3 ®)

The boundary conditions for the reinforcing steel surface (I';) and the
anode surface (I's) are obtained from each polarization curve and shown in
Equation (4) and Equation (5), respectively. The polarization curve is the
result of an experiment that shows the behavior of a metal when it is
undergoing anodic and/or cathodic reaction. For simulation purposes, the
cathodic polarization curve is used for the reinforcing steel and the anodic
polarization curve for the sacrificial anode.

By following the procedure for the development of BEM as given in
[9, 15] and using the given boundary conditions, Equation (1) can be solved.
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The procedure will obtain a matrix equation as given in Equation (6), for
which the full details of the [H] and [G] matrices are given in [15].

¢l"1 iO
k[H]{=fc (@ —[G]yict =0 (6)
—fa(®) ta

Thus, all the electrical potential values in the domain can be
determined. The value of the electrical potential on the reinforcing steel
surface will be used in the evaluation of the cathodic protection system.

Case Study

As an implementation of the BEM formulation for cathodic protection on the
RC structure, a case study had been selected. This case study was derived
from one of the works of Mahasiripan et al. [16]. Figure 2 shows a model of
the cathodic protection system that is studied in this paper. The RC model
was sized (10 x 10 x 100) cm. Nine reinforcing steel bars were cast in the
concrete, each having a size of (9 x ®1.2) cm. The displacement between the
anode and the reinforcing steel is shown in the model.
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Figure 2: Geometry of RC bar for simulation based on the work of [16]
The anode used in the simulation of cathodic protection was Mg

anode. The Mg anode is in a more negative position in the galvanic series
compared to the Al anode [17] that was studied by Mahasiripan et al. [16].
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By using the Mg anode, it was expected that it might show more clearly the
effect of various parameters on the distribution of electrical potential.

The boundary conditions for the Mg anode and reinforcing steel were
derived from [18] as shown in Figure 3. The boundary condition for the Mg
anode was the anodic polarization curve, whereas for the reinforcing steel it
was the cathodic polarization curve as given in the figure. The electrical
potential value given in the figure was converted into a value referring to the
Cu/CuSQ, reference electrode. The combination of electrical potential and
the current density values of the polarization curve could be used as the
boundary conditions for the Mg anode and cathode (reinforcing steel).
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Figure 3: Polarization curves of Fe an Mg for CP boundary condition [18]

The first study was to compare the simulation result with the
experimental result conducted by Mahasiripan et al. [16]. For simulation
purposes, the Mg anode size and concrete conductivity values were
(5 x ®3) cm and 0.007 Q'm™.

Then, the second study was to study the effect of the anode size and
concrete conductivity on the electrical potential distribution of the reinforcing
steel, i.e. at the nearest and furthest point from the sacrificial anode. In the
study, the anode sizes were (5 x ®2.4) cm and (5 x ®3) cm, while the value
of conductivity of the concrete did not change for each anode size, and was
0.007 Q'm™.

The concrete conductivity values that were used to study the effect of
conductivity were 0.007 Q™'m™, 0.0229 Q'm™, and 0.1 Q*m™. The anode
size parameter for each related conductivity was constant, with the size
(5 x ®2.4) cm.

The geometry and meshing (using triangle element) of concrete,
reinforcing steel and anode were developed using Salome software. Total
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element for the whole component was 3057 element, i.e. 224, 2737, and
96 elements for concrete, reinforcing steel, and anode, respectively.

Results and Discussion

The simulation result using BEM for the first study is given in Figure 4. The
distribution of electrical potentials on the reinforcing steel surface is shown
in the figure. It is seen that the reinforcing steel adjacent to the anode
obtained a more negative electrical potential value compared to further away
from the anode.
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Figure 4: Electrical potential distribution on reinforcing steel using ®3cm
anode size and « = 0.007 Q'm™
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Figure 5: Comparison of BEM simulation (using Mg anode) and experiment
(using Al anode) results
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This distribution was consistent with the results obtained through
experiments conducted by Mabhasiripan et al. [16] as shown in Figure 5. The
similarity of the trends between the simulation result and the experimental
results was still obtained, even though the anode used in the simulation was
Mg anode while Al anode was used in the experiment.

The simulation results using anode size ®3 cm and ®2.4 cm are
shown in Figure 4 and Figure 6. The distributions of electrical potential on
the reinforcing steel surface are shown in the figures. Based on one of the
cathodic protection criteria, it is stated that the steel will be protected from
corrosion if the electrical potential on its surface reaches < -1130 mV
(vs Cu/CuSO0, reference electrode) [19]. By using this criterion, the cathodic
protection for each anode size can be evaluated.
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Figure 6: Electrical potential distribution on reinforcing steel using ®2.4cm
anode size and « = 0.007 Q'm™*
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Figure 7: Comparison of simulation results of different anode sizes
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The electrical potential value on the reinforcing steel when using an
anode size of ®2.4 cm was in the range -742.1 mV (point A) to -741.8 mV
(point B) as shown in Figure 7. These values did not meet the required
protection criterion. Meanwhile, the electrical potential value on the
reinforcing steel for the anode size of ®3 cm was in the range -855.4 mV
(point A) to -691.7 mV (point B) as shown in Figure 7. This still indicates
that the reinforcing steels adjacent to and far away from the anode are not
sufficiently protected. However, the electrical potential of the reinforcing
steels adjacent to the anode are significantly more negative when using the
larger anode.
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Figure 8: Electrical potential distribution on reinforcing steel using ®2.4cm
anode size and « = 0.0229 Q'm™
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Figure 9: Electrical potential distribution on reinforcing steel using ®2.4cm
anode size and k= 0.1 Q'm™*
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The simulation results show that the anode size might affect the
electrical potential distribution on the reinforcing steel. Thus, the anode size
should be considered in designing a cathodic protection system on RC
structures.

The simulation results using the concrete conductivity of 0.007 Qm?,
0.0229 Q*m™, and 0.1 Q'm™ are respectively shown in Figure 6, Figure 8
and Figure 9. The figures show the distribution of electrical potential values
on the reinforcing steel surface. It can be seen that the overall simulation
results give an electrical potential value of > -1130 mV. Therefore, the RC
structure has not been adequately protected from corrosion.
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Figure 10: Comparison of simulation results of different concrete
conductivity

However, the three simulation results show the effect of concrete
conductivity on the electrical potential value of the reinforcing steel surface,
as shown in Figure 10. The figure shows that increasing the concrete
conductivity value might cause the electrical potential value on the
reinforcing steel nearest the anode to become more negative. On the other
hand, by increasing the conductivity, the electrical potential value on the
furthest reinforcing steel becomes more positive. This might be due to the
high conductivity of concrete being able to assist the current density become
more easily concentrated into the nearest reinforcing steel to the anode.

The simulation results show that the size of anode and the
conductivity of concrete might affect the electrical potential distribution on
the reinforcing steel. By increasing the size of the anode, the electrical
potential value on the reinforcing steel near the anode becomes more
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negative, so that the protection criterion can be achieved. However, the
electrical potential on the reinforcing steel that is far away from the anode
could be more positive with the increasing anode size. Therefore, an
optimization might be required to obtain the best anode size.

Meanwhile, it is also necessary to pay attention to the concrete
conductivity value. High concrete conductivity values, such as in submerged
RC structures, could result in a larger difference of the electrical potential
between the nearest and the farthest reinforcing steels from the anode. This
would certainly affect the effectiveness of the cathodic protection system.
Hence, in designing a cathodic protection system for RC structures, the effect
of the conductivity needs to be considered.

Conclusions

The simulation of the cathodic protection (CP) system on a reinforced
concrete (RC) structure using the boundary element method (BEM) was
conducted in this study. Two studies were performed by BEM. The first
study was to compare the simulation with experimental results. The second
was to study the influence of the anode size and concrete conductivity on the
electrical potential on the reinforcing steel. The results show that the
simulation was consistent with the experimental result. The displacement
between the anode and reinforcing steel affects the electrical potential on the
reinforcement. Furthermore, the simulation results show that the electrical
potential on the surface of the reinforcing steel will be affected by the anode
size and the conductivity of the concrete. Hence, it is important to consider
these parameters in designing and/or evaluating the CP system for RC
structures.

Acknowledgments

The research was supported by Penelitian Dasar Unggulan Perguruan
Tinggi No. 07/UN11.2/PP/SP3/2017, Ministry of Research, Technology and
Higher Education, Indonesia. The development geometry and meshing used
Salome software, while the visualization of the electrical potential data used
Paraview software. Both are open source software.

120



Simulation of Cathodic Protection on Reinforced Concrete Using BEM
References

[1] G. Schmitt, M. Schitze, G.F. Hays, W. Burns, E.H. Han, A. Pourbaix
and G. Jacobson, “Global needs for knowledge dissemination, research,
and development in materials deterioration and corrosion control.” The
World Corrosion Organization (WCQO). http://www.corrosion.org/
images_index/whitepaper.pdf (2009).

[2] E.S. Cavaco, A. Bastos and F. Santos, “Effects of corrosion on the
behaviour of precast concrete floor systems,” Construction and Building
Materials 145, 411-418 (2017).

[3] C. LeRose, “The collapse of the Silver Bridge,” West Virginia Historical
Society  Quarterly 15  (4), http://www.wvculture.org/history/
wvhs1504.html (2001).

[4] CBC.ca, “Former Quebec premier to head probe into overpass collapse,”
http://www.cbc.ca/news/canada/story/2006/10/02/laval-montreal.html
(2006).

[5] S. Fonna, M. Ridha, S. Huzni, W.A. Walid, T.D. Mulya T, and A.K.
Ariffin, “Corrosion risk of RC buildings after ten years the 2004 tsunami
in Banda Aceh — Indonesia,” Procedia Engineering 171, 965-976 (2017).

[6] M.M.S. Cheung and C. Cao, “Application of cathodic protection for
controlling macrocell corrosion in chloride contaminated RC structures,”
Construction and Building Materials 45, 199-207 (2013).

[71 G. Sergi, “Ten-year results of galvanic sacrificial anodes in steel
reinforced concrete,” Materials and Corrosion 62, 98-104 (2011).

[8] J.P. Broomfield, Corrosion of steel in concrete - understanding,
investigation and repair, 2nd ed. (Taylor & Francis, London, 2007), pp.
143-153.

[9] S. Aoki and K. Kishimoto, “Application of BEM to galvanic corrosion
and cathodic protection.” Topics in Boundary Element Research 7, 65-86
(1990).

[10] Safuadi, S. Fonna, M. Ridha, Zebua, A.K. Ariffin and A.R. Daud,
“Infinite boundary element formulation for the analysis of CP system for
submersible pump,” Applied Mechanics and Materials 471, 313-318
(2014).

[11]Z. Lan, X. Wang, B. Hou, Z. Wang, J. Song and S.S. Chen, “Simulation
of sacrificial anode protection for steel platform using boundary element
method,” Engineering Analysis with Boundary Elements 36, 903-906
(2012).

[12] M. Purcar, J. Deconinck, B. Van den Bossche, L. Bortels, “Numerical
3D BEM simulation of a CP system for a buried tank influenced by a
steel reinforced concrete foundation,” WIT Transactions on Engineering
Sciences 48, 47-56 (2005).

121



S. Fonna et al.

[13]S. Fonna, S. Huzni, M. Ridha, and A.K. Ariffin, “Inverse analysis using
particle swarm optimization for detecting corrosion profile of rebar in
concrete structure,” Engineering Analysis with Boundary Elements 37
(3), 585-593 (2013).

[14]S. Fonna, I.M. Ibrahim, M. Ridha, S. Huzni, and A.K. Ariffin,
“Simulation of the ill-posed problem of reinforced concrete corrosion
detection using boundary element method,” International Journal of
Corrosion 2016, 1-5 (2016).

[15] C.A. Brebbia and J. Dominguez, Boundary elements - an introductory
course, 2nd ed. (Computational Mechanic Publication/WIT Press,
Southampton, 1998), pp. 47-70.

[1L6] A. Mahasiripan, S. Tangtermsirikul, and P. Sancharoen, “A study of
different sacrificial anode materials to protect corrosion of reinforcing
steel in concrete,” Thammasat International Journal of Science and
Technology 19 (4), 16-26 (2014).

[17]R.W. Revie and H.H. Uhlig, Corrosion and corrosion control - an
introduction to corrosion science and engineering, 4th ed. (John Wiley
& Sons, Inc., New Jersey, 2008), pp. 30-33.

[18]J.X. Jia, G. Song and A. Atrens, “Boundary element method predictions
of the influence of the electrolyte on the galvanic corrosion of AZ91D
coupled to steel,” Materials and Corrosion 56 (4), 259-270 (2007).

[19]C. Naish and M. McKenzie, Monitoring cathodic protection of steel in
concrete. In: P. Chess, Grgnvold and Karnov, editors. Cathodic
Protection of Steel in Concrete, 119-122 (2005).

122



