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The steel used for concrete reinforcement exhibits either active or passive electrochemical behavior. As long as
the concrete environment remains highly alkaline, the steel remains passive. However, carbonation and/or
chloride contamination of concrete will cause steel to become active and corrode. In the latter case, a common
strategy is the use of cathodic protection (CP) systems to lower the potential of the steel at a protective level. The
numerical modelling of cathodically protected concrete buildings and infrastructures usually requires large-scale
models due to their size and complex geometry. An efficient modelling approach is to consider any possible
periodicity in these problems by applying periodic boundary conditions to a representative volume element of
the structure. The boundary element method (BEM) is extensively used for solving CP problems. A BEM
formulation is proposed for solving 3D periodic CP problems in this work. The computation cost is reduced by
applying acceleration techniques based on adaptive cross approximation (ACA). As an engineering application, a
sacrificial anode CP system of a reinforced concrete column is designed, illustrating the importance of detailed
modelling in the design of such systems. To this end, the macrocell corrosion problem is initially solved, and a

parametric study with respect to concrete conductivity is carried out.

1. Introduction

Steel bars are placed in concrete to achieve the required tensile
strength. Steel, used for concrete reinforcement, exhibits either active or
passive electrochemical behavior. As long as the concrete environment
remains highly alkaline, steel remains passive [1-3]. A thin passive
oxide film forms on the reinforcing steel, which is only maintained at
high pH values (~14) [3]. However, the ordinarily passive steel may
corrode due to carbonation and/or chloride-induced corrosion [1-3].
Due to its porous nature, concrete is contaminated with atmospheric
carbon dioxide and chloride ions. During carbonation, the pH decreases
from ~14 to ~8 due to the formation of carbonic acid. At this pH,
corrosion of the reinforcement is activated, leading to the formation of
porous rust [1,2]. In a concrete column, due to carbonation and/or
chloride contamination, a part of the steel reinforcement becomes active
while the rest remains passive [1,2]. Due to the potential difference
between active and passive steel parts, macrocell corrosion occurs, and
the active steel becomes anodic while the passive becomes cathodic [4].
Cases of carbonated concrete containing high chloride levels simulta-
neously can be found, for instance, inside road tunnels [5].
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Another reinforcement corrosion type is chloride-induced damage.
Chloride movement through concrete is due to diffusion [6,7]. Chloride
ions act as an iron dissolution catalyst and may destroy the passive ferric
oxide film even at high alkalinities and very low concentrations [1,8],
resulting in pitting corrosion. Another corrosion type of steel concrete
reinforcement is alternating current corrosion, where the presence of a
high alternating electric field causes the breakdown of the passive film
[9,10], resulting in localized corrosion of passive steel [11,12].

Several methods can be used for corrosion control of reinforcement
steel, such as using inhibitors in the concrete [1,13,14,15], applying
coatings on the concrete (zinc or organic) and/or on the steel [1,13,15],
removing the chloride ions [1] and installing cathodic protection (CP)
systems [1,13,15]. Regulations and standards [16,17] recommend that
in the case of active reinforcement corrosion, steel potential should be
lowered through CP. Generally, the performance of a CP system is
affected by several parameters, such as the concrete conductivity, the
chloride and oxygen content in the concrete, the chemical composition
of steel, and the carbonation depth [16,17,18].

The boundary element method (BEM) is a well-established numerical
tool for solving CP problems. BEM offers the advantages of high solution
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accuracy, especially in the computation of potential gradients (current
density), as well as reducing the problem dimensionality by one. The
latter advantage is very pronounced, especially for infinite and semi-
infinite electrolytes, since only the boundary surfaces must be dis-
cretized. The use of BEM for cathodic protection problems dates to 1982
when Fu & Chow [19] modelled an axisymmetric electrochemical tank.
Since then, BEM has been extensively used for solving CP problems
dealing with marine applications (e.g. [20-27]), underground structures
(e.g. [28,29],), and concrete reinforcement (e.g. [30-36]). Furthermore,
using BEM, Brichau et.al [37], Treveleyan and Hack [38], Adey and
Baynham [39], and Kalovelonis et. al [40], solved stray current corro-
sion problems, Deconinck et.al. [41] modelled the electrode shape
change, and DeGiorgi [42], Brichau and Deconinck [43] and Riemer and
Orazem [44] modelled the coating breakdown and flaws using BEM.
Also, BEM has been used to solve CP design optimization problems (e.g.
[45-49]). The above-mentioned models are either two or three dimen-
sional. Also, axisymmetric BEM formulations [50] and line elements
[51] have been introduced to reduce the calculations. In the last de-
cades, the BEM has become much more attractive to use by overcoming
the disadvantages of time-consuming computations and the high de-
mand for computer memory, utilizing acceleration techniques such as
fast multipole [52,53] and adaptive cross approximation (ACA)
[25-27,40]. With these techniques, it is possible to efficiently solve
large-scale CP engineering problems with million degrees of freedom in
a standard workstation [25-27,40].

The numerical modelling of cathodically protected concrete build-
ings and infrastructures usually requires large-scale models due to their
size and complex geometry. In the literature, real-world reinforced
concrete CP problems are usually solved using 2D [54,55] or simplified
3D models [30-32,50], where a small part of the concrete column is
analyzed by applying insulation boundary conditions on the outer col-
umn surfaces. An efficient modelling approach is to consider the peri-
odicity appearing in these problems. To this end, a representative
volume of the structure is considered, and periodic boundary conditions
are applied [56]. To the best of our knowledge, a BEM formulation for
solving CP problems, considering the existing periodicity, has not yet
been proposed in the literature.

The goal of the present work is twofold. First, a BEM formulation for
solving periodic 3D CP problems is proposed, implementing periodic
boundary conditions for the first time. To accelerate the computations of
the proposed BEM, the ACA/BEM presented in [27] is extended appro-
priately so that large-scale CP problems can be solved efficiently in a
standard workstation. Second, a large-scale problem of a sacrificial
anode CP system to protect the steel reinforcement of an infinitely
extended periodic concrete column is solved. Due to carbonation and
chloride contamination, a part of the steel reinforcement is considered
active, while the rest remains passive. Because of the potential differ-
ence between active and passive steel, the macrocell corrosion problem
is initially solved to assess the CP system design. Finally, a parametric
study with respect to concrete conductivity is carried out to evaluate the
performance of the CP system. The problems are solved utilizing a highly
detailed model for the geometry of the real-world structure.

The paper is organized as follows. Sections 2 and 3 describe the
mathematical modelling of periodic CP problems and the proposed BEM
formulation. In Section 4, the numerical verification of the proposed
method and its application to the above-mentioned CP problem are
presented. Finally, the main conclusions drawn from the present work
are provided in Section 5.

2. Mathematical modelling of CP systems with periodic
structure

In dilute solutions, the transport of species is governed by the Nernst-
Planck equation. In stationary and electroneutral solutions, assuming
that the homogenous reactions are electrically balanced, the Nernst-
Planck equation reduces to charge conservation [57].
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Vi=0 (€9

where i is the current density vector. Without concentration variations
in the electrolyte, the current density is proportional to the potential
gradient [57].

i=—-0Vep (2)

where ¢ is the electrical conductivity and ¢ is the electric potential.
Assuming that the electrical conductivity is constant everywhere in the
electrolyte, Eq. (1) yields to Laplace Equation

Vip=0 3)

The projection of current density vector i, at a surface point with a
unit normal vector n is defined as follows:

i=ni=—-onVeo=—00,p @

where n is the unit normal vector, and 0, = n-Ve, is the normal de-
rivative of the electric potential at the surface of the electrolyte (po-
tential flux).

Consider a periodic 3D structure infinitely extended in one of the
three dimensions, exhibiting linear periodicity, as shown in Fig. 1. The
structure is protected by a CP system, with its anodes also arranged
periodically. The modelling of the above-described CP problem can be
significantly simplified considering a representative volume element
(RVE), as shown in Fig. 1. The RVE is enclosed by the fictitious periodic
interface boundaries Sy, and S;,, and the physical boundary S, =
SqUS: US,, with S; being the outer boundary and S¢ and S,, the interior
boundaries corresponding to the steel and the anode surfaces. The ex-
pected symmetric pattern behavior of the unknown potential and cur-
rent density is imposed by applying the appropriate periodic conditions
to the fictitious boundaries Sy, and S, .

On the physical boundary S, = S, US, U S, of the RVE, the following
boundary conditions are applied:

i(x) =f(g(x)), x€ S )
»(x) = ¢, @)

or , x €8, for sacrificial anodes 6)
i(x) = gle(x)) (i)
i(X) = igyp, X €S, for impressed anodes ()
i(x) =0, xe§, (8)

At the cathode and anode surfaces, non-linear polarization curves
can be assigned (Eq. (5) and Eq. (6.ii)), which describes the activation
and/or concentration polarization of the metal-electrolyte interface
[25-27,40,57]. At the anode, when the polarization can be neglected,
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Fig. 1. Schematic representation of a CP system with periodic structure.
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constant potential (equal to the metal’s equilibrium potential) can be
assigned (Eq. (6.1))) [57]. On the impressed anode surfaces, constant
values of current density are imposed (Eq. (7)) [25-27,40]. At last, on
the bounding box surfaces, zero current density condition is assigned
(Eq. (8)) [25-27,40].

At the fictitious periodic boundaries Sy, and Sy,, the following con-
ditions are applied:

o(x1) = ¢(x2) ©)
i(x)) = —i(x2) (10)

where x; € S andx; € Sy, (Fig. 1), withx; = x; 4+t where tis a constant
translation vector at the direction of the periodicity, that translates S, to
Sp,-

3. BEM formulation for periodic CP systems

The well-posed boundary value problem, which consists of Eq. (3),
the boundary conditions (5)-(8) and the periodic conditions (9)-(10), is
solved numerically by the BEM. The integral form of Eq. (3) reads [58]:

c(x)p(x) + / 0,G(x,y)g(y)dS, = / G(x,y)0,p(¥)dS, an

where § = S, USj, USy,, c(x) is a coefficient that depends on the local
smoothness of the surface, x and y are points that lie on the surface S,
G(x,y) is the full space fundamental solution of the Laplace equation,
and 0d,G(x,y) is its normal derivative given in three dimensions by the
following expressions [58]:

G(x,y) = ]
1 ~
anG(x7y) = 7Wr'n
12)
r=y-—x

The boundaries S are discretized into quadrilateral or/and triangular
surface elements. In each element, the fields ¢(x) and d,p(x) are
assumed to be constant. Then, the boundary integral equation (11),
written for the collocation point located at the center of the element i,
obtains the following discrete form

E E
W Her =Y G’ a3)
e=1 e=1

where E denote the total number of elements, the symbol q indicates
potential flux (¢ = d,¢), while the integrals H and G have the form

1 1
H. = / / 0,00y (61.6)) ey a4

1 1
G, = / | / Gy (&), (1s)

where J¢ stands for the Jacobian matrix of the transformation from the
global Cartesian to the local coordinate system. The integrals of Egs.
(14) and (15) are evaluated numerically via highly accurate, direct
integration techniques illustrated in [59].

Collocating Eq. (13) at all collocation points, the following linear
system of equations is obtained:
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ﬁ(sps,,) ) gs:) (0(5,,)
|:H(s,1 ) H(Sn ) a5 %) :I { ¢(Sf1) } =
HE%) H(:%) H(S/Z ) ¢(5f:) (16)
G(Snsn) G(S/'SM ) G(Sns/z) q(s”)
|:G(Sf| Sﬂ) G(Sﬂ Sh ) G(Sfl sz) :| . q(sfl )
G ($55) G(Sfi ) G(sz ) q(sf_ )

with [H] = [J1+ H]. In the characterization (S;S;) of each matrix block
appearing in Eq. (16), the first symbol indicates the surface where the
collocation points are located, while the second symbol indicates the
surface of the boundary elements, for which the integrals of Eqs. (14)
and (15) are computed. To apply the periodic conditions (9) and (10),

the linear system of Eq. (16) can be partitioned as:

ﬁ(sl)sll) H(S”sﬁ ) + H(SI’S/Z)
MCTSI: CRANEICTS) { ‘”((;,")) } =
¢ 1
HO:S)  gsesn) 4 g%) a7
G(S"SI’) G(Sl’sfl ) — G(Sl’sz)
|: G(sfl Sl’) G(S/l S/I) — G(sﬁ sz) :| q((S;)) }
G(S/zsl’) G(S/zsu) — G(S/zs/z) 4

Boundary conditions (5) and (6.ii) (polarization curves) correlate the
potential with the current density in a non-linear way. For the solution
of the system of algebraic eq. (17), an iterative Newton-Raphson pro-
cedure is applied. According to the Newton-Raphson scheme, Eq. (5)
becomes

1ol (%)

k
o %0 Agt(x) 18)

20 ) = — ()

o*(x) = ¢ (x) + Ag*(x) 19)

where the index k represents the Newton-Raphson iteration step. Similar
equations are obtained for the polarization curve of Eq. (6.ii)). Rear-
ranging Eq. (17) with the aid of Egs. (18) and (19), the linear boundary
conditions of Egs. (6.1), (7) and (8), the following linear algebraic system
of equations, is produced, for each iteration k

[Ak—l].{xk} — {Bk—l} (20)

Finally, the linear algebraic system of Eq. (20) is solved, for each
iteration k, by means of the iterative GMRES solver with a chosen ac-
curacy egmr- The iterative solution is accelerated by a hierarchical LU
preconditioner with a chosen accuracy ey [25,27].

4. Numerical results

The goal of the present section is twofold. In a first step, to verify that
the proposed ACA/BEM formulation for periodic CP problems works
properly, a benchmark problem is solved. Then, a problem concerning a
three-dimensional periodic concrete rebar, which exhibits both active
and passive electrochemical behavior, protected by a CP system, is
studied.

4.1. Benchmark problem

Consider an infinitely extended at z-direction concrete prismatic
block, with a square cross-section of side 400 mm, reinforced by a rebar
of diameter 100 mm, as shown in Fig. 2. The rebar is cathodically pro-
tected by sacrificial zinc anodes. The anodes are rectangular blocks of
length 100 mm and cross-section of 50 x 15 mm, and they are placed
with their length parallel to the main axis of the rebar, in a periodic
distribution. The distance between two consecutive anodes is 800 mm,
and the minimum distance between the rebar and the anodes is 69.5
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Fig. 2. (a) The infinitely extended concrete block; (b) Cross-section geometry and (c) Sacrificial anode.

mm.

The problem is solved via the proposed ACA/BEM formulation
considering an RVE as shown in Fig. 3. The chosen RVE is the smallest
possible one to generate the periodic geometry of the structure, having
length 800 mm, and containing a single anode.

For concrete, an electrical conductivity ¢ 0.012 S/m [60] is
adopted. It is assumed that the steel polarization is governed by the

Periodic BCs

N

Insulator
00mm

Insulator

Periodic BCs

Fig. 3. Description of the RVE.

following equation [56]:

2.303(¢—Ecorr) —2.303(¢—Ecorr)
o a e
L= lcorr{e —e

where icorr = 1.0 x 10~*A/m?, Egopr = —0.1 V vs SCE, by = 1.0 V/dec and
b. = 0.2 V/dec [18,61,62,63]. At the surface of the anode, a constant
potential of ¢ = —1.01 V vs SCE [64] has been applied. The left and
right-side boundaries of the RVE are modelled as periodic interfaces,
while at rest concrete surfaces, insulating boundary conditions are
applied, as shown in Fig. 3.

For validation purposes the problem is solved utilizing Siemens
Simcenter STAR-CCM+ [56]. The potential distribution on the surface of
the rebar, obtained by the proposed ACA/BEM and Siemens Simcenter

(2D
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Electric Potential vs Ag/AgCl
-0.487 .0.459
. -0.500 -0.472
-0.485
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™
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Fig. 4. Potential distribution on the steel surface with (a) the proposed

formulation (b) Simcenter STAR CCM+.
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STAR-CCMH, is illustrated in Fig. 4(a) and 4(b), respectively. Similarly,
the current density distribution is plotted in Fig. 5(a) and 5(b). As it is
evident, the obtained results are in excellent agreement verifying that
the proposed ACA/BEM solves accurately periodic CP problems.

4.2. Analysis of reinforced concrete column protected by sacrificial
anodes

This section presents the analysis of a reinforced concrete column
exhibiting both active and passive behavior due to carbonation and
chloride contamination, using a detailed model and the proposed ACA/
BEM formulation. Due to the potential difference between active and
passive steel, macrocell corrosion occurs, where the active steel becomes
anodic and the passive cathodic. Initially, the macrocell corrosion is
studied to be used as a reference solution. Then, the performance of the
applied sacrificial anode cathodic protection (SACP) system is
examined.

4.2.1. Geometry and CP system configuration

Consider a long periodic reinforced concrete column with a square
cross-section of 400 mm x 400 mm, as shown in Fig. 6(a). The hori-
zontal and vertical bars in the rebar frame are of diameter 8 mm and 14
mm, respectively. The length of a cell of the rebar grid is 200 mm, and
the total area of the steel surface in each cell is 74930 mm2 A SACP
system protects the rebar with the zinc anodes placed periodically,
forming the repeating pattern shown in Fig. 6(b). The anodes are plates
of dimensions 50 mm x 50 mm x 20 mm, placed in the middle of the cell
of the rebar grid, as shown in Fig. 6(b) and 6(c). The minimum distance
between the anodes and the concrete block is 10 mm.

The repeating pattern in Fig. 6(b), containing three consecutive an-
odes, is chosen as the RVE of the problem. Note that, with the present
design of the CP system, a certain number of cells of the rebar grid do not
contain any anode. The length of the RVE is 800 mm, noting that the
total area of the steel surface in the RVE is 299720 mm?.

4.2.2. Electrochemical properties

In the present study, active corrosion of the rebar is considered due to
carbonation and chloride contamination. The carbonation depth is
modelled as a function of the square root of time [65]. Considering that
the structure was constructed 40 years ago and adopting a value K = 6
(mm.yr’l/ %) for the carbonation rate constant [65], a resulting
carbonation depth of 38 mm is computed. The rebar steel located in the

-6.36 Current (A/m”2)
907 -0.0062
l 7 -0.00889
14.50 -0.0116
722 -0.0143
-19.93 -0.0169
l -22.65 -0.0196
-25.36 -0.0223
28.08 -0.025
30.79 -0.0277
= -33.51 -0.0304
l -36.22 -0.033
~38.94 -0.0357
[mA/m?] -0.0384
(a) (b)

Fig. 5. Current density distribution on the steel surface with (a) the proposed
formulation (b) Simcenter STAR CCM+.
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carbonated region is active, while the rest remains passive, as shown in
Fig. 7(a), noting that the total area of the active and passive steel is
113038 mm? and 186682 mm?, respectively.

The cathodic part of active and passive steel polarization curves in
concrete, as given in [18], are depicted in Fig. 7(b). Due to the potential
difference between the active and passive steel surfaces, macrocell
corrosion occurs, where the active steel functions as an anode, while the
passive one becomes a cathode. Consequently, the anodic part of the
active steel polarization curve is needed to model macrocell corrosion.
Since only the cathodic part is available in Pedeferi [ 18], the anodic part
iq(¢p) is extracted from the cathodic one as follows:

Electrochemical corrosion of steel rebar occurs with the presence of
oxygen [1]:

Anodic partial reaction : Fe—Fe*™ + 2e” (22)

Cathodic partial reaction : Oy +2H,0 + 4e~ —-40H"~ (23)

The polarization curve i(¢) is the summation of the partial anodic
iq(¢) and cathodic i (¢) reaction rates of Eqs (22) and (23), respectively.
Furthermore, observing the curve of the active steel cathodic part in
Fig. 7b, only activation polarization has been considered [1,57], i.e.:

i(p) = iu() —ic(o) 24
9—Eeq Fe

iu(p) = ipe e (25)
9= Eeq.0,

io(p) = ip,e ™ (26

where i, and i are the iron dissolution and oxygen reduction exchange
current densities, respectively,Eeq r. and Eq 0, are the iron and oxygen
equilibrium potentials while Br, and Bo, are the iron dissolution and
oxygen reduction Tafel slopes.

The unknown parameters i, i , Bre, Bo,,Feq0, and Eqr are
calculated by fitting Eq. (24) to the active steel polarization curve of
Fig. 7(b). In Eq. (24), i.(¢) is dominant (i, >> i,) when ¢ < Ecorr - ¢,
ig(¢) is dominant (i; >> i) when ¢ > Eor + ¢4 and both contributions
of i(¢p) and i,(¢) are significant for ¢ € [Ecorr - ¢c, Ecorr + @as]-

Consequently, by adopting ¢. = 0.15 V vs SCE [66], the active steel
curve of Fig. 7(b) is divided into two parts; a purely cathodic for ¢ < E;o
- ¢ and a mixed one for ¢ € [Ecorr - ¢, Ecorrl. Fitting Eq. (26) to the
purely cathodic part, one obtainsio02 =8.6x10"7 A/m%B,, = -0.126 V
andE,q o, = 0.511 V vs SCE. Since the parameters igz, Bo,, and E 0, have
been determined, fitting Eq. (24) to the mixed part, one obtainsi?, =
5.0x10~8 A/m?, Bg, = 0.05 V and E,yr. = —0.85 V vs SCE [1]. The
computed anodic part of the active steel polarization curve is shown in
Fig. 7(b). The calculated values of the polarization properties are sum-
marized in Table 1, noting that they agree with the ones found in the
literature [61-63,67,68].

At the surface of the zinc anodes, a constant potential of ¢ = —1.01
V vs SCE [64] has been applied.

The concrete conductivity typically ranges from ¢ = 0.0005 to 0.02
S/m [60]. For the analyses of Sections 4.2.5 and 4.2.6, the value of 6 =
0.01 S/m has been adopted. In Section 4.2.7, a parametric study where
concrete conductivity takes values in the above range is presented.

4.2.3. Corrosion protection criteria

According to NACE [16], if the corrosion potential E . of the steel in
the concrete is less negative than — 200 mV vs SCE, then the steel is
passivated, and no polarization is required for its protection. However,
for E oy more negative than — 200 mV vs SCE, where the steel is active,
at least a value of 100 mV cathodic polarization should be achieved at
the most anodic location using CP.

On the other hand, ISO [17] recommends the usage of CP for the
corrosion protection of active steel, with the delivered current density



D.T. Kalovelonis et al.

Construction and Building Materials 394 (2023) 132211

(] = . &3 ] O B = O [ = = = (]
(a)
-
[ L] :: [
@l 2
g
8
J /‘ 14.5mm &
: |O'L r;{ s 1';{ ' R y
T _ 200mm | . 350mm "
800mm | 400mm .
(b) (c)

Fig. 6. (a) Long periodic reinforced concrete column protected by a SACP system; (b) Analyzed RVE; (c) Cross-section of the RVE.
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Fig. 7. (a) Active and passive steel regions of the model; (b) Polarization curves of active and passive steel.

Table 1
Active steel polarization curve properties.

Parameter Calculated/Adopted values Literature values ([61-63,67,68])
Bre 0.05V [0.03, 0.09] V

Bo, -0.126 V [-0.23, - 0.12] V

i9, 5.0x10"% A/m* [107%, 2.75x10 *] A/m*

9, 8.6 x10~7 A/m* [6x107°, 1.2x107°] A/m>

Eegre —0.85 V vs SCE [-0.906, —0,78] V vs SCE

Eeq0, 0.511 V vs SCE [0.16, 0.541] V vs SCE

being in the range of 2-20 mA/m?. Furthermore, for the prevention of
passive steel, the delivered current density is recommended to be in the
range of 0.2-2 mA/m>.

4.2.4. Boundary element model

The physical and fictitious boundaries of the RVE are discretized into
41033 eight-noded quadratic quadrilateral and six-noded quadratic
triangular elements, as shown in Fig. 8(a) and 8(b). Note that the dis-
cretizations on the fictitious surfaces Sy, and S;, must be identical to
apply the periodic boundary conditions (9) and (10) at the nodes of the
elements.

4.2.5. Numerical results of the macrocell corrosion

In this section, the numerical results for the macrocell corrosion
problem are presented. The computed potential and current density
distributions at the surface of the rebar frame are presented in
Figs. 9-11. More specifically, Fig. 9(a) and 9(b) depict the distributions
at the entire rebar frame, while Figs. 10 and 11 illustrate the
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Fig. 8. Boundary element discretization: a) Concrete column, b) Rebar and anodes.
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Fig. 9. Contour plot of (a) potential ¢ (V vs SCE) and (b) current density i (mA/m?) at the entire rebar frame surface.

distributions at the active and passive surfaces, respectively.

Fig. 9 demonstrate that macrocell corrosion occurs at the rebar since
the active and passive surfaces are anodic and cathodic, respectively. At
the active rebar (Fig. 10), the maximum potential and current density
are observed in the middle of the horizontal bars, while the minimum
values appear at the connections between each horizontal bar with the
vertical ones. In contrast, at the passive rebar (Fig. 11), the minimum
potential and current density are observed at the active-passive inter-
face, while the maximum values appear at the connection of the vertical
bar with the start/end edges of each horizontal bar, as indicated in
Fig. 11(a) with a circle.

4.2.6. Numerical results of the cathodically protected steel rebar

In this section, the numerical results for the cathodically protected
steel rebar of the concrete column are presented. The computed poten-
tial and current density distributions at the surface of the rebar frame are
shown in Figs. 12-14. More specifically, Fig. 12 depict the distributions
at the entire rebar frame, while Figs. 13 and 14 illustrate the distribu-
tions at the active and passive surfaces of the rebar, respectively.

From Fig. 12, one can observe that both active and passive steel
surfaces are cathodic due to the presence of the zinc anodes. At the
active steel (Fig. 13), the maximum and minimum potential values are
—0.453 and — 0.650 V vs SCE, while the corresponding current density
values are —10.42 and —51.99 mA/m?. Furthermore, at the passive steel
(Fig. 14), maximum and minimum potential values of —0.404 and
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Fig. 10. Contour plot of (a) potential ¢ (V vs SCE) and (b) current density i (mA/m?) at the active rebar frame surface.
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—0.529 V vs SCE and corresponding current density values of —4.58 and
—12.81 mA/m? are observed. In addition, from Fig. 12(b), 13(b) and 14
(b), one can observe a significant reduction of 39.18 mA/m? in the
current density, flowing from the active to the passive steel. This
reduction can be attributed to the lower overall reaction rate of passive
steel.

Furthermore, the above results reveal that the protection criterion
introduced by ISO [17] is fulfilled for the active rebar. Indeed, the

-1.915

-1.988

-2.061

(b)

Fig. 11. Contour plot of (a) potential ¢ (V vs SCE) and (b) current density i (mA/m?) at the passive rebar frame surface.

minimum in magnitude cathodic current density is 10.42 mA/m?, which
is within the indicated ISO range of 2-20 mA/m?2. On the contrary, at the
passive rebar, the cathodic current density minimum and maximum
values (4.58 and 12.81 mA/m? in magnitude) are higher than the
indicated ISO maximum value of 2 mA/m?2. Generally, higher current
density values than the maximum proposed by ISO may cause active
corrosion of the steel. However, examining this possibility is out of the
scope of the present work.
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Fig. 12. Contour plot of (a) potential ¢ (mV vs SCE) and (b) current density i (nA/m?) at the entire rebar frame surface.

—
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Fig. 13. Contour plot of (a) potential ¢ (mV vs SCE) and (b) current density i (mA/m?) at the active rebar frame surface.

Applying the CP system, the initial potential distribution due to the
macrocell corrosion of Fig. 9(a) has changed to the one of Fig. 12(a),
where the active steel surface has changed from anodic to cathodic. In
Fig. 15(a) and 15(b), the contour plots of the cathodic polarization due
to the application of the CP system at the active and passive rebar frame
surfaces are presented, respectively.

From Fig. 15(a), a cathodic polarization of 115 mV is observed at the
most anodic site. Thus, the introduced criterion by NACE [16] for at
least a 100 mV cathodic polarization is also satisfied. Fig. 15(b) reveals a
cathodic polarization of 124.2 mV at the less polarized site of the passive
steel surface.

Consequently, according to both ISO and NACE protection criteria,

the CP system provides sufficient protection.

Finally, in Fig. 16, the potential and current density distributions are
presented at the connection between the start/end edges of the hori-
zontal bars with the vertical bar, where the maximum values have been
computed. This observation outlines the importance of detailed geo-
metric modelling in such problems to ensure the efficiency of the CP
system.

4.2.7. Performance of the SACP system to concrete conductivity

The performance of the CP system is significantly affected by the
concrete conductivity o [69]. Although o typically ranges from 0.0005 to
0.02 S/m [60], the above analyses have been performed, adopting a
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Fig. 14. Contour plot of (a) potential ¢ (mV vs SCE) and (b) current density i (mA/m?) at the passive rebar frame surface.

54
i
=

o|o
- .
= w
D @ Dy Q

|

(a)

concrete conductivity of 6 = 0.01 S/m.

In this section, a parametric study is carried out where the concrete
conductivity takes values in the above range to evaluate the perfor-
mance of the applied SACP system. To this end, the anode current output
is calculated, and the fulfilment of ISO and NACE protection criteria is
examined.

In Fig. 17, the anode current output I as a function of the concrete
conductivity o is shown. As the conductivity increases, the anode current
output increases, and as expected, the CP system becomes more
efficient.
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Fig. 15. Contour plot of cathodic polarization due to the application of the CP system at the: (a) active and (b) passive rebar.

In Fig. 18, the maximum current density inqy calculated at the active
and passive steel surfaces is depicted as a function of the concrete con-
ductivity o. In agreement with the anode performance, the CP system is
more efficient as the conductivity increases since the maximum current
density monotonically increases. For 6 < 0.0015 S/m, the delivered
current density by the zinc anodes is insufficient to polarize the entire
active steel surface to become cathodic since anodic sites due to mac-
rocell corrosion are still observed. Furthermore, for the active rebar, the
protection criterion introduced by ISO [17] is fulfilled for ¢ > 0.003 S/
m, as the minimum in magnitude cathodic current density is greater
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Fig. 16. Contour plot detail of (a) potential ¢ (mV vs SCE) and (b) current density i (mA/m>?) at the passive rebar frame surface.

than the indicated by ISO minimum value of 2 mA/m? Regarding the
passive rebar, the ISO criterion is fulfilled for all examined conductivity
values since all the calculated minimum in magnitude cathodic current
de2115ities are greater than the indicated ISO minimum value of 0.2 mA/
m*.

Fig. 19(a) depicts the maximum and minimum potential ¢ at the
active and passive steel surfaces as a function of conductivity ¢. Simi-
larly, the higher values of ¢, the more cathodic polarization is observed.
Fig. 19(b) shows the minimum cathodic polarization Agn;, calculated in
the active steel achieved by installing the CP system. For ¢ > 0.0075 S/
m, the protection criterion introduced by NACE [16] is fulfilled since
A@min is greater than the indicated by NACE minimum value of 100 mV.

In conclusion, for low values of concrete conductivities, the SACP
system, as expected, is not efficient. In addition, for the fulfilment of the
ISO and NACE protection criteria, different lower limits of conductivity
are found for the used CP system. More specifically, according to ISO,
the minimum conductivity where the system is effective is 0.003 S/m,
while according to NACE the corresponding value is 2.5 times higher, i.
e. 0.0075 S/m.

5. Conclusion

An ACA/BEM formulation was proposed in the present work to treat
CP problems exhibiting periodicity for the first time. The accuracy of the
proposed formulation has been verified via the solution of a benchmark
problem. Using the proposed method, the CP system of a reinforced

irnax = -0.2 MA/M? (ISO)

fmax (mA/mz)

passive steel \-

T
0.005

T T T
0.010 0.015 0.020

0.000
Concrete conductivity o (S/m)
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Fig. 18. Maximum current density in,.y at a) active and b) passive steel as a function of the concrete conductivity o.
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Fig. 19. a) Maximum and minimum potential at active and passive steel b) minimum cathodic polarization at active steel versus concrete conductivity.

concrete column exhibiting both active and passive behavior due to
carbonation and chloride contamination has been analyzed. The per-
formance of the CP system has been examined according to ISO and
NACE corrosion protection criteria. To this end, the macrocell corrosion
problem was initially solved, and a parametric study with respect to
concrete conductivity was carried out.
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