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Abstract

This paper deals with the numerical determination of potential and current distribution along the reinforcement
when using patch repair applied to reinforced concrete elements. Numerical finite element models of the electrochem-
ical phenomena demonstrate the useful contribution of Sacrificial Anode in improving the Cathodic Protection of the
reinforcement by testing several configurations. The main result is that the Sacrificial Anode should be embedded
in the substrate concrete area rather than in the patch area. Moreover, the influence of the resistivity of the repairing
concrete is evaluated.

Keywords: Reinforded Concrete, Modelling studies, Patch repair, Sacrificial Anode for Cathodic Protection, Micro
and Macro-cell corrosion

1. Introduction

Corrosion of the reinforcement is recognised as the main degradation of reinforced concrete structures [1]. From
the point of view of service life, Tuutti, proposed a schematic sketch of steel corrosion sequence in concrete subdivided
into an initiation stage and a propagation stage [2]]. In the initiation stage, the aggressive species penetrate the concrete
cover (carbonation reaction or chloride ion ingress) and once the rebar level is affected corrosion occurs and the
propagation stage begins. Due to the diffusion/precipitation of the corrosion products and because the volume of iron
corrosion products are higher than the volume of iron metal (2-6), disorders such as rust stains, cracks or spallings
can be encountered.

According to the analysis of the questionnaires of the European CONREPNET Project [3], from the 230 case
histories (main types of structures were buildings, bridges, dams, power stations and car parks), corrosion was the
most common process of deterioration, being responsible for 55% of the problems. Patching was the most applied
repair type (60% of the case histories) and after removing the defective concrete, the material used for the patching
was “cementitious” type for 60%. Concerning the performance of repair, cementitious patches were 45% successful
due to insufficient defective concrete having been removed and incipient anodes becoming dominant.

Therefore, recurring corrosion after patch repair could initiate in one of the three following areas: the patch
area, the substrate (adjacent unrepaired area) or the interface between them [4} 15, |6, [7]. On the one hand, total or
partial removal of contaminated concrete around the steel reinforcement will lead to two different situations: if the
contaminated concrete is totally removed, corrosion damage will appear most likely within the substrate in the vicinity
of the patch [8, 9] whereas if the contaminated concrete is only partially removed , the patch repair will more likely
be deteriorated because of the creation of a macrocell between the top and the bottom of the steel and the subsequent
development of rust below the rebar as schematized in Fig. [I] (3D view visible in the foreground of Fig. 22). On the
other hand, incipient anode will consist in macrocell corrosion [[10, [11} 12} [13} [14} [15 116, 17, [18} [19]] resulting from
treated and not treated areas.
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At the scale of the structure, it is worth recalling that the main difference between microcell and macrocell corro-
sion lies in the fact that the anodic and cathodic reactions take place at the same location for the former and at different
locations for the latter, creating thus a ionic current within concrete.

Even if the removal of the contaminated concrete is complete and the alkalinity of the new concrete is supposed
to protect the reinforcement from corrosion, experience shows that patch repair rarely exceeds the 10-year guarantee
[20].

In order to reduce this recurring corrosion, the use of Sacrificial Anode for Cathodic Protection (SACP) embedded
into the concrete seems an attractive solution. Indeed this technique takes advantage of the electrochemical properties
of zinc which, as a less noble metal than iron, corrodes preferably and consequently protects the neighbouring rebars.
This protection technique has been used for decades in civil engineering as well as in the maritime field and some
feedbacks on protected structures can be found [21, 23| 24, 23]]. In literature, few articles tackle the issue of
the efficiency of SACP in patch repair and the feedbacks on structures do generally not give much details about the
precise locations of the anodes. Christodoulou’s study focused on the arrangement of galvanic anodes for the repair of
reinforced concrete structures and highlighted that anodes had a dominant effect on potentials to a distance between
250 and 600 mm [26]. Soleimani modelled the kinetics of corrosion and found that resistivities of the patch repair
and that of substrate concretes were the most significant factors affecting the corrosion that occurred mainly in the
2-5 c¢m portion of interface between them [9]. Cheung modelled the electrochemical corrosion process with SACP by
means of 2D numerical simulations and found that the location of the anode in the substrate rather than in the patch
area lead to significant reduction of the macrocell corrosion [27]]. For patch repair of RC structures, Qian studied both
components (microcell and macrocell) of corrosion from theoretical and experimental work [I0]. Ribeiro proposed
a criterion, based on experimentals results, to prevent the macrocell corrosion inside patch repairs based on the least
electrochemical incompatibility between patch repair and substrate concretes in the case of corrosion induced by
carbonation [2§]].

This paper presents the results of numerical simulations used to evaluate the efficiency of the SACP in patch
repair. Eight cases are studied considering two repair situations (anodic area with total removal of contaminated
concrete around the reinforcement on a limited longitudinal extension or cathodic area and partial removal of the
contaminated concrete around the rebar) and four conditions: one before repair and three after repair without SACP,
with SACP in the patch repair and with SACP in the substrate. Moreover the resistivity of the repairing concrete is
also evaluated. These numerical results (mainly potential and current distributions) are very helpful as experimental
work on this issue is scarce because rather difficult or impossible to be conducted. In addition, the use of 3D finite
elements models and related softwares help illustrating and quantifying the reduction in corrosion that causes the
sacrificial anode.

Patch repair

Figure 1: Illustration of macrocell corrosion around the steel



2. Presentation of the work

2.1. Case studies and associated corrosions
2.1.1. Case studies

When dealing with patch repair, several scenarii may occur. In this study, eight case studies are considered based
on two situations that are subdivided into four conditions. The first situation refers to a repair where the contaminated
concrete around the reinforcement is totally removed but the vicinity of the repaired area is still an anodic area
(the concrete is still adhesive but is contaminated). For the second situation, the contaminated concrete around the
reinforcement is only partially removed but the vicinity of the repaired area is not contaminated. The four conditions
considered are:

o before repair;
e after repair, without SACP;
e after repair, with SACP embedded in the patch repair;

e after repair, with SACP embedded in the susbstrate (adjacent unrepaired area).

2.1.2. Corrosion associated to the first situation

For the first situation and before repair (Fig. 2), the entire length of the steel rebar is corroding (as the concrete is
contaminated) and the resulting corrosion is of microcell type. This means that cathodic and anodic areas are merged:
there is no macroscopic movement (at the scale of the studied reinforced concrete area) of electrons (along the steel)
or ions (through the concrete pore solution). Corrosion of steel results from two simultaneous half-cell reactions:

Figure 2: Situation 1 - Microcell before patch repair

e the anodic reaction corresponding to the oxidation of iron creates a current density j, .-, considered positively
outward from the steel rebar;

Fe — Fe** +2¢” (1)

o the cathodic reaction corresponding to the reduction of oxygen in the presence of water creates a current density
Je.micro considered positively inward to the steel rebar;

2H,0 + Oy + 4~ — 40H™ (2)

In microcell corrosion, for any point distributed along the steel/concrete interface, j, micro = jemicro-

After patch repair, macrocell corrosion occurs as illustrated in Fig. [3] Electrical and ionic currents appear respec-
tively in steel and concrete and j, becomes different from j,.:
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Figure 4: Microcell and macrocell current densities

e in active areas, the resulting anodic current corresponding to the iron oxydation, j,, is the sum of the micro and
macro cell currents as illustrated in Fig. {}

e in passive areas, only one current density corresponding to the reduction of oxygen dissolved in water, j., is
considered (the anodic current is so low that it can be neglected).

2.1.3. Corrosion associated to the second situation

The second case that is considered consists in a well-sized patch but with contaminated concrete not fully re-
moved around the rebar as illustrated in Fig. [5] (cross section is given in Fig. [I). It is assumed that only half of the
circumference of the steel is active after repair.

Before repair (at the top of Fig. [5)), macrocell corrosion is already present between the contaminated concrete
(concrete whose upper part will be replaced by the patch repair) and the sound concrete (substrate concrete).

jc o, : e g Y- Je
( ) Passive - - Passive )
OH M Er i | Sl R e OH

Figure 5: Situation 2 - Before patch repair

After repair (at the bottom of Fig. [6), the upper part of the steel becomes a passive region: the anodic/cathodic
surfaces ratio decreases, which increases the macrocell corrosion under the rebar.
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Figure 6: Situation 2 - After patch repair

2.2. Geometry of the reinforced concrete element to be repaired

(06,1.0)

R
<

Figure 7: Patch repair geometry (distances in meters)

For reasons of symmetry, half of the patch is considered in the model.

As illustrated in Fig. [7} the geometry of the reinforced concrete to be repaired is considered as a rectangular
parallelepiped with total dimensions of 100 cm width, 120 cm length and 24,3 cm thickness. Inside this box, the
geometry of the patch area is rectangular (50 cm wide and 20 cm long): 4.3 cm thick in case 1 while in case 2 only
2.9 thick. The diameter of the steel reinforcement is equal to 8 mm. The concrete cover is chosen equal to 25 mm (for
civil engineering bridges the concrete cover is generally around 30 mm but for buildings a concrete cover of 10 mm
is often encountered).

The cylindrical SACP has a radius of 20 mm and a length of 15 mm. It is covered by 10 mm of concrete and
its center is positioned at a distance of 50 mm from the rebar axis and 50 mm from the patch/substrate interface.
Depending on the conditions, none or only one of the anodes (either in the patch or in the substrate) is active.

In reinforced concrete structures, steel rebars are arranged as a mat or cage with several layers connected [29]. The
proposed finite element model does not take into account the rebar mesh distribution even if technically it would not
be a problem. Only one bar is considered in this 3D problem in order to simplify the interpretation of the results and
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Figure 8: Geometry zoom in patch repair (XZ plan w.r.t Fig.

to highlight the practice drawbacks observed on site (small patch repair area or contaminated concrete not completely
removed around the steel). Finally taking into account a complete mesh would reduce the anodic/cathodic ratio and
thus increase the corrosion current but the influence of the remote rebars on the macrocell current is expected to be
lower than that of the cathodic zone in the immediate vicinity of the corroding area.

Detailed features of geometry depending on the repair situation are presented in Fig. 8]

For the first situation, the patch depth is extended by 10 mm (the patch depth is 43 mm and substrate concrete
exceeds by 20 cm). For the second situation, the bottom of the patch is located at a depth of 29 mm (concrete cover
in addition with a half diameter of the rebar) and substrate concrete exceeds by 21,4 cm.



3. Description of the numerical model

3.1. Numerical model of corrosion

This section aims at presenting the numerical procedure allowing to build the solution of a corrosion problem
from the electrochemical point of view. A major hypothesis is that the active and passive steel zones, resulting from
the incubation process, are known in the model although they can be very difficult to identify from measurements
[30 1311 32
The studied domain here is the space occupied by the concrete. The electrochemical reactions responsible for corro-
sion are written at the concrete/steel interface where the so-called electrode potential E, which controls the corrosion,
is defined as [33]]:

E =0y -0 3)

Where @y, is the potential of the metal and @y that of the neighbouring electrolyte.

Hence E actually appears as a potential jump across the concrete/steel interface. Since the potential field is defined
up to an arbitrary constant and can be considered as constant within steel due to the high conductivity of the latter
with respect to concrete, it is proposed to choose @, = 0 in the following.

With the constant previously chosen, Eq. simplifies:

E = -0 “

Thus the field E defined at the steel/concrete interface depends on the location along and around the rebar through
Dy

3.1.1. Equation in concrete

From the electrical point of view, concrete is considered here as an ohmic conductor owing its conductivity to its
microstructure and the degree of saturation of the interstital solution as well as the conductive property of the latter.
The macroscopic ohm’s law and the local charge conservation leads to the following elliptic equation:

1
div(——grad®,) = 0 (5
o

with:
@, scalar field of potential in the solution (V/ES H);
p: scalar field of electrical resistivity (Q.m).

3.1.2. Boundary conditions
The anodic and cathodic current densities are related to the electrode potential by the classical polarization equa-
tions [14]:

e For active steel:

In(10)(-®s — ESL In(10)(Ey). + @s)

. .0 .0
jn=—-j . ex + Je 0, /Fe €X 6)
a,Fe p ﬁu,Fe c,0;/Fe P ﬁc,Oz/Fe
o For passive steel:
. o ln(IO)(Ef')"2 + @;)
Jn=jio p,eXp——F—— @)

Be.os/Fe

with:
J: vector current density (A.m™2);
n: outward unit normal to the concrete domain;
Jo o anodic exchange current density (A.m™2);



J2 o, r.: cathodic exchange current density (A.m™2);
E}!: iron equilibrium potential (Vvs.S CE);

Eeoqzz oxygen equilibrium potential (Vvs.S CE);
Ba.re: anodic iron Tafel slope (V/dec);

Be.0,/F.: cathodic oxygen (/iron) Tafel slope (V/dec).

For all other boundaries of the model, there is no electrical transfer so Neumann conditions with zero flux apply:

100, -0 ®)

jn=——
J p on

3.1.3. Taking into account SACP

The principle of sacrificial anodes lies in the fact that zinc is less noble than iron: so if they are electrically con-
nected in the presence of an electrolyte, zinc will tend to corrode instead of steel. This galvanic protection is a method
based on the Mixed-Potential Theory [34]].

At the interface of SACP two conditions are added:
A mixed condition in the same way as for steel;

In(10)(-®, — E<

Zn ]

. In(10)(Ey. + ®y)

jn=-j0,exp 12 0/2n €XD ©)
@z :Ba,Zn €.02/Zn ﬁc,Oz /Zn
with:
72, anodic exchange current density (A.m™2);
jg 0s)Zn" cathodic exchange current density (A.m™2);

E3!: zinc equilibrium potential (Vvs.S CE);

E{;.: oxygen equilibrium potential (Vvs.S CE);
Ba.zn: anodic zinc Tafel slope (V/dec);

Be.0,/zn: cathodic oxygen (/zinc) Tafel slope (V/dec);

3.2. Model parameters

Electrochemical input data for this study (gathered in Tab. [I] ,polarization curves are plotted in Fig. [9] ) are
chosen from literature [35, [18]] although dispersions have already been highlighted [36]. The equilibrium potential
and the Tafel slopes are not so dispersed but the values of exchange current densities may be very different according
to the authors. These dispersions can be explained by the state of the steel/concrete interface, the ionic content of
the interstitial solution and finally the relative humidity and temperature conditions. Quantitative results of numerical
simulations may of course depend on the chosen input data but preliminary results of parametric studies show that the
qualitative conclusions drawn in this parer remain valid.

3.3. Influence of concrete resistivity

To determine the efficiency of patch repair, the resistivity of concretes (substrate as well as patch) is still an
important issue. In this study, the electrical resistivity for substrate concrete is kept equal to 100 Q.m. The electrical
resistivity of the patch concrete is studied as a parameter and varied from 50 to 1400 Q.m according to values from
literature [14} 37, 138} 32]. The 200 Q.m value complies with the ISO EN 12696 standard [39] and is presented in
detail. On-site, patch concrete (or repair mortar) can be reinforced and in this case, high values such as 1400 Q.m can
be found.



Parameter H Symbol ‘ Selected Value ‘ Unit H
Anodic equilibrium potential EL -0.680 Vvs.SCE
Fe Anodic exchange current density Jo Fe 100.107° Am™?
Anodic Tafel slope BaFe 90.1073 V/dec
Cathodic equilibrium potential Eeoq2 0.160 Vvs.SCE
OxygenonFe | Cathodic exchange current density || /0, ., 6.1076 A.m™2
Cathodic Tafel slope Be.0/Fe 180.1073 V/dec
Anodic equilibrium potential 24 -1.050 Vvs.SCE
Zn Anodic exchange current density jg,Zn 16.107° Am™
Anodic Tafel slope Bazn 60.1073 V/dec
: : 0 6 =2
Oxygen on Zn Cathodic exch?nge current density Je.0y)zn 2.10 L A.m
Cathodic Tafel slope Be.0,/zn 180.10 V/dec
Table 1: Electrochemical parameters
10t g
Anodic Tafel slope of iron i
Cathodic Tafel slope of oxygen(/iron) :
10°F Cathodic Tafel slope of oxygen(/zinc)
E Anodic Tafel slope of zinc [
101} R T
S 107} I
:c_; S NN
§1 .....
10
L S e I s S -
10°¢ i i i ‘V i i i
-12 -1.0 -0.8 -0.6 —0.4 -0.2 0.0 0.2
E (V vs. SCE)

Figure 9: Polarization curves of iron and zinc with electrochemical parameters in Tab. |I|

4. Results of numerical simulations

Numerical simulations of corrosion have been recently presented in the literature [36} [14} [15) |40]]. In this paper,
Finite Element Method (FEM) is used with the free software GetFEM++ [41]], GMSH for the mesh [42]] and Paraview
[43]]. By means of very efficient generic elementary tools, GetFEM++ allows to build the solution to non-linear
problems including those involving nonlinear boundary conditions (as Butler-Volmer equation). It also offers the
possibility to consider coupled (e.g. electrochemical problem coupled with oxygen diffusion) as well as non-stationary
problems (e.g. induced by the capacitive effect of the double layer at steel/concrete interface). Such features are also
available in commercial softwares such as Comsol Multiphysics [44] but GetFEM++ has the advantage to be free and

open source, which makes it very accessible to the scientific community.

9



4.1. Situation 1: total removal of contaminated concrete around the steel reinforcement in the patch area but adjacent
area is still contaminated

Potential and current distributions along the steel reinforcement in the patch area (patch) and in the adjacent area
(substrate) are presented in Fig. |10]and in Fig. [I3|respectively. Before repair, the potential is uniform over the whole
volume (i.e. microcell corrosion) and equal to -473.31 mV vs. SCE (Fig. and the anodic current density (Fig.
is equal to 1.934 uA.cm™2. Thus the calculated overall anodic current intensity along the steel reinforcement of one
meter length is 486.06 uA.

After patch repair, 50 cm of the reinforcement is considered passive (in the patch area because the contaminated
concrete has been totally removed) and 50 cm of the reinforcement is considered active (because the concrete adjacent
to the repaired area remained contaminated). In this case macrocell corrosion occurs which results evolve depending
on the conditions of SACP (without SACP, SACP in the patch or SACP in the substrate). In this study, the efficiency
of the SACP is investigated.

4.1.1. Potential distributions

Potential distributions along the steel reinforcement in the adjacent area of the patch (substrate) presented in Fig.
shows different results:

o the potential after repair without SACP is less electronegative than before patch repair meaning that an increase
of corrosion is achieved;

o the potential after repair with SACP is more electronegative than before patch repair as expected in a Cathodic
Protection process. Results also highlight that a SACP embedded in the substrate concrete rather than in the
patch concrete induces a better efficiency of the Cathodic Protection.

_0.40 Patch Substrate

—0.45

v5.SCE)

———

—0.50

— [E without SACP
— E with SACP in patch
— E with SACP in substrate
— E before patch repair
- Border Patch/Substrate
- center axis of SACP in substrate
- center axis of SACP in patch

Potential (V

—0.55

0.0 0.2 04 06 0.8 1.0
X-axis linear (m)

Figure 10: Situation 1 - Potential distributions along the steel reinforcement in the patch area (patch) and in the adjacent area (substrate) (Vvs.S CE)

In order to evaluate the efficiency of the CP obtained with SACP, the depolarisation values (difference of potentials
without SACP and with SACP) are presented in Figure[TI|together with the 100 mV protection criterion for Impressed
Current Cathodic Protection (ICCP) as described in the ISO 12696 standard [39]. Results show that whatever the
position of the sacrificial anode (in the patch or in the substrate), the criterion of 100 mV is achieved but over a rather
small distance ( =~ 15 cm) which does not even reach the active part of steel in the case of SACP in patch. This
information is useful for field trials, first, to correctly design the protection and, second to determine the position of
the embedded reference electrode on which is based the monitoring.
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To go further in this optimization approach, numerical simulations of the potential distribution around the rebar
depending on the angle with the anode are illustrated in Fig. [I2] Depending on whether it is in front or opposite of
SACEP, this mask or screen effect can vary the potential from more than 30 mV. Moreover, it appeares that the potential
distribution is strongly influenced by the angle, within a 20 cm area. This behaviour will also play an important role
in the determination of the depolarisation value. As expected, when the distance increases this effect fades.

Substrate

0751 Y R —

Polarization (V)
o o
> °
o o«

o
1)
=

- Polarization criterion
- Border Patch/Substrate
- Center axis of SACP in substrate

0.02] )
--- Center axis of SACP in patch
— AFE with SACP in substrate
— AFE with SACP in patch
0'08.0 0.2 0.4 0.6 0.8 1.0

X-axis linear (m)

Figure 11: Situation 1 - Depolarisation values obtained with SACP embedded in the patch or in the substrate and criterion of efficiency for ICCP
(in dotted line)

—0.44

—0.46¢

—0.56|| -+ Ey with SACP in substrate
Egp with SACP in substrate
— F before patch repair

__-0.48

=

=

J:.

£ -0.50

E. i Potential X-axis linear 45.  0.55 M (V  vs.SCE)

= —  E,;p with SACP in patch | R

2 =052)| ...k, with SACP in patch 1 e N e

9 Eyp with SACP in patch | vl o \\

o . . | \

o —0.54 E,g0 with SACP in patch | / \
— B,y with SACP in substrate o ;’f 055\
--- By with SACP in substrate | |‘ st ‘

T 1eo=‘ 0.58 ‘ 0

)
i)
t
"
I8
'
'
'
'
'
'
'
'
'
L

—0.58

0 0.2 0.4 0.6 A/
X-axis linear (m) zk -
— £ with SACP in substrate ”_/_/-/’

270¢

Figure 12: Situation 1 - Potential distributions along the steel reinforcement and around the steel reinforcement (bottom right) depending on the
angle
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Case Current intensity H Patch | Substrate | SACP
I, 243.03 | 243.03 -
Before repair I, -1, 0.0 0.0 -
1, 243.03 | 243.03 -
I 109.70 | 214.23 -
Without SACP I, - I, - 109.70 -
1, - 323.94 -

1. 246.12 | 299.52 | 1874.32

SACP in Patch I,— I, - -131.54 | 377.67

1, - 167.97 | 2251.99

1. 246.83 | 428.82 | 183593

SACP in Substrate 1, — 1. - -329.01 575.85

I, - 99.81 2411.78

Table 2: Situation 1 — Current calculations in uA (patch concrete resistivity is equal to 200 Q.m, substrate concrete resistivity is equal to 100 Q.m)

4.1.2. Current density distribution
Current density distributions along the steel reinforcement in the adjacent area of the patch (substrate) presented
in Fig. [13] contribute to different observations:

e before repair, the current density along the steel is equal to 2 uA.cm™2 and is constant;

e after repair without SACP, a macrocell anodic current density occurred in substrate because the rebar remaines
in a contaminated concrete;

e after repair with SACP, some of the corrosion of the rebar (still in a contaminated medium) is inhibited. The
efficiency of the protection is improved when the SACP is embedded in the substrate rather than in the patch.

As shown on the top right of Fig. [I3]current protection has a spatial effect: the current still present at 0.55m is
double in backside as compared to the side in front of SACP. For a single layer of reinforcement in typical conditions,
the surface of a steel bar facing the anode may receive 1.5 times the current received by the opposite surface.

Table [2| gathers the figures of the currents calculated as the integrals of current densities of the steel reinforcement
located in the 50 cm of patch concrete and in the 50 cm of substrate concrete. It can be observed that:

e after patch repair without SACP, the corrosion of the steel in the substrate (adjacent to the repaired area) is
increased by 33 %. This result is well known on-site where the degradations of the reinforced concrete appear
at the vicinity of the repaired one after some years;

e after patch repair with SACP, the Ia-Ic values are negative, which likely means that only microcell current
remaines (no macrocell). Moreover the contribution of the CP is quantified with a decrease of current by
48% and 69% respectively for SACP located in the patch or in the substrate. This latter case is more efficient
because, first, the steel is corroding only in the contaminated substrate (steel in the patch area became passive)
and, second, because the distance between the reinforcement and the substrate anode is smallest. Futhermore
the relatively high electrical resistivity of patch concrete (i.e. 200 vs. 100 Q.m ) prevents the sacrificial anode
from properly disseminating its protective current.

Table 2] represents the global intensity: for example, current as 167.97 A (resp. 99.81 pA) corresponds to an
average density current at 1.34 uA.cm™ (resp. 0.79 uA.cm™?) but macrocell corrosions create a non-uniformity of
the current density. The finite element solution allows building the field of current density and more particulary the
anodic one at the interface between active steel and concrete directly related to the oxidation of steel and material loss
(area where corrosion peaks are observed).

With the SACP in substrate, self-corrosion of the zinc (i.e. microcell) is about 1836uA to which is added 5S76uA of
macrocell totaling 24121A of zinc consumption: this current reduces 224uA of steel corrosion in substrate concrete.
The yield is close to 10%

12



Substrate

0.06 Patch Current density (Am ) gg. X-axis linear 0.55 m
- j. without SACP oo = N
0.05 | === ja—j. without SACP oo / ‘
S — j, without SACP
S ----- J. With SACP in patch
Z0.04) | — j, with SACP in patch
_4? + j. with SACP in substrate
g — j, With SACP in substrate
© 0.03f | — j before patch repair
=
o
=
3 0.02

0085 0.2 04 06 0.8 1.0

X-axis linear (m)
Figure 13: Situation 1 - Current distributions along the steel reinforcement in the patch area (patch) and in the adjacent area (substrate)

The previous findings can be visually observed on Fig. [T4] which illustrates the 3D Finite Element Model results
representing the potentials and the field lines (current) depending on the tested conditions:

e before repair, there is no current field line as the potential is uniform;

o after repair without SACP, current field lines appear between cathodic area (repaired area) and anodic area
(substrate concrete which remain contaminated and therefore exhibit lower potentials);

o after repair with SACP, either in the patch or in the substrate, current field lines (from CP) were all over the
steel reinforcement and no macrocell corrosion occurred between active and passive steel.

4.1.3. Effect of the electrical resistivity of the patch concrete

The resistivity of the patch concrete strongly impacts the current and therefore the efficiency of the treatment as
represented in Fig. [I3] which represents the global current on steel in the substrate. Before repair, the current is
constant and equal to 240 uA. After Patch Repair without SACP, current increases (320 to 300 nA) with increasing
resisitivity (50 to 1400 Q.m): Thus the repair increases the corrosion where contaminated concrete is still present (de-
crease of anodic /cathodic surfaces ratio). The position of the SACP strongly influences the current. When embedded
in the patch, the current increases from 100 to 250 uA and for resistivities exceeding 1000 Q.m the current became
equal to the one before repair meaning that the SACP brought no improvement. When the SACP is embedded in
the substrate, the current almost reaches a step (100 uA) 2.5 times lower than the one before repair meaning that the
efficiency is improved.

For SACP in substrate concrete, the efficiency slightly increases because the electrical field lines are less dispersed
in the patch where the protective current is not necessary (steel becomes passive in an alkaline environment).

4.2. Situation 2: partial removal of contaminated concrete around the steel reinforcement in the patch area and
adjacent area is not contaminated
As in section [4.1] the electrical resistivity of patch repair is set to 200 Q.m: It will only vary in subsection[#.2.3]
Before the repair, macrocell corrosion is still present along the steel: the anode/cathode ratio decreases after the
repair.
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Figure 14: Situation 1 - 3D Finite Element Model simulating the potential and current distributions depending on the conditions (before repair and
after repair considering no SACP, SACP in the patch and SACP in the substrate)
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Figure 15: Situation 1 - Effect of the patch concrete resistivity on current (uA)

4.2.1. Potential distributions

Fig. [I6 represents the potential along a line of the cylinder: this line is under the steel for this case. The corrosion
is present only on the lower half of the cylinder (under the patch repair).
As regards the steel below the patch, the potential without SACP is upper than before patch repair: the repair has
therefore deteriorated the existing situation for the active steel. At about an abscissa of 0.45 m, the potential with
SACP in the patch is lower than the one with SACP in substrate but this is not the case further away from the abscissa
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Figure 16: Situation 2 - Potential distribution along the steel reinforcement (V vs. S CE)
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Figure 17: Situation 2 - Depolarisation values (V)

Fig. [I7)shows that the depolarization criterion [39] is achieved only with SACP in patch and only on a very small
range. With SACP in substrate concrete this criterion is only achieved in passive steel part but it is useless.

Fig. [T8| evinces the evolution of the potential around the rebar against the angle: in front of SACP in patch (at
0.45m X-axis linear), the potential varies from more than 30 mV (as in case 1). Once again, the spatial distribution of
protection must be taken into account.

4.2.2. Current density distributions
Tab[3 shows that:

o for the steel still active, the overall intensity increases by 53 % after the repair without SACP;
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Figure 18: Situation 2 - Potential distributions along the steel reinforcement and around the steel reinforcement depending on the angle (Vvs.S CE)

o with SACP in patch, the overall intensity drops by 67 % and with SACP in substrate by 69 %.

In both cases with SACP, the macrocell current (/,-1..) values are negatives (only microcell current is still present).
With 200 Q.m of electrical resistivity for the concrete patch, the two situations look very similar.
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Figure 19: Situation 2 - Current densities along steel reinforcement (A.m~2)

1.0

Fig [[9]is established with a line representing the inferior part of the rebar: the solid curves corresponding to the
oxydation of steel show that the SACP reduces the peak of corrosion at the interface patch/substrate.
Fig [20] illustrates the screen effect of current protection: it is less apparent with SACP in substrate because the
anode is further away from the corroded zone at 0.45 m. In front of the SACP in patch the current is about 0.3
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Case Current intensity I;it;)h (belg\l:/btier:a;)(;tch) Substrate | SACP
I. 106.18 105.64 117.22 -
before repair I, — 1. 57.49 59.73 - -
1, 163.67 165.36 - -
I, 73.23 85.12 96.26 -
Without SACP I, -1, - 169.48 - -
I, - 254.60 - -
I, 144.39 158.71 227.54 | 1860.93
SACP in Patch I, -1, - -74.09 - 446.02
I, - 84.62 - 2306.95
I. 139.84 156.24 37244 | 1833.53
SACP in Substrate I, -1 - -76.62 - 588.90
1, - 79.62 - 2422.43

Table 3: Situation 2 — Current calculations in uA (patch concrete resistivity is equal to 200 Q.m, substrate concrete resistivity is equal to 100 Q.m)

Current density (4.m?) 90° X-axis linear 0.45 m

= j, With SACP in patch
— j, with SACP in substrate | "

270°

Figure 20: Situation 2 - Current distribution around the steel reinforcement depending on the angle (A.m™2)

uA.cm™2, while on the other side it is about 0.7 puA.cm™2.

4.2.3. Effect of the electrical resistivity of the patch concrete

Fig [21] shows that 200 Q.m approximately corresponds to the crossing of the two curves. The efficiency of the
SACP in patch repair strongly decreases with the resistivity while it remains relatively independant of the resitivity of
the patch when the SACP is located within the substrate.

Fig [22]is etablished with a resistivity at 1000 Q.m and with SACP in patch: only a small portion of the steel is
protected by the SACP and macrocell currents are visible with the field lines of circular shape between active (below)
and passive (up) steel rebar.

5. Conclusions

All along the studied cases, it has been established that:
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Figure 21: Situation 2 - Effect of the patch concrete resistivity on current (uA)

e patch repair always leads to corrosion increase of the active steel within the remaining substrate concrete: hence
it is necessary to optimize the length of the repair as well as the position of the anodes;

e it is preferable to place the SACP in the substrate concrete: placing SACP within the patch appears as a more
convenient solution but specific effort should be made to put it in the substrate in order to increase its efficiency
when the repair mortar is significantly more resistive than the substrate concrete;

o the interest to remove all the contaminated concrete around the steel is also decisive for a sustainable repair.

Of course, the results provided in this study depend on the selected parameters but the conclusions are expected
to remain qualitatively valid if the parameters vary within acceptable ranges.

Finally, and contrary to what is observed with the use of SACP in the maritime field, the relationship between
macrocell current (i.e. which protects steel) and microcell current (i.e. zinc self-corrosion) is very different and far
from the ratio 0.9: laboratory testing would be very relevant to approximate a coeflicient of efficiency for the concrete
sector. This coefficient will be useful to calculate the SACP lifetime because zinc consumption by microcell can only
be estimated by autopsy and weighing. It is evident that the electrical resistivity of concrete (which varies according
to the environmental conditions) will be the dominant factor.
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