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A new methodology for concrete resistivity assessment using the
instantaneous polarization response of its metal reinforcement

framework

Gabriel Samson®”, Fabrice Deby?, Jean-Luc Garciaz?, Jean-Louis Perrin?

L LMDC, INSAT/UPS Génie Civil, 135 Avenue de Rangueil, 31077 Toulouse cedex 04
France.

2|LERM SETEC, 23 Rue de la Madeleine, 13631 Arles cedex France

Abstract

A new methodology is developed to assess concrete cover resistivity using the instantaneous
response of the polarization of a metal rebar (galvanostatic pulse method). The instantaneous
ohmic drop is linked only with the concrete resistance, which depends on the concrete cover
and resistivity, and rebar diameter. A numerical model was developed in Comsol
Multiphysics® in order to create a graph linking concrete resistivity to concrete resistance for
concrete cover ranging between 1 to 160 mm. This graph and the measured ohmic drop can
be used to determine concrete resistivity for any rebar diameter/concrete cover configuration.
The theory developed numerically was then confirmed using an experimental setup with
controlled water resistivity. The theory is then generalized for counter electrode (CE)
diameter ranging from 20 to 70 mm. Finally, the study reveals that the graph developed for a

single rebar can be used for any rebar framework density.
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Highlights

e A new concrete resistivity assessment methodology is proposed.

e Resistivity is calculated with a reverse calculation based on 3D numerical model.

e The geometrical factor depends on CE diameter, concrete cover and rebar diameter.
e The numerically developed method was experimentally validated in water.

e The geometrical factor does not depend on rebar framework density.

Graphical abstract

Concrete cover c and rebar diameter D 0 Iégeometncal factor [m]
measurements R Dee=22mm | 07000
v 0.070 g
k geometrical factor determination
. — —x=20
(see abacus on the right) 0.065
Instantaneous ohmic drop AE 0.060
measurement
07 0.055
Concrete resistance calculation
Eq 0,050
Rg=—" |
IF 0.045
___________________ - e
I
Concrete cover resistivity calculation 0.040 4 . 414 :
=k.R 10 100
P a Concrete cover ¢ [mm]

Corresponding author *

Gabriel Samson: samson@insa-toulouse.fr

Acknowledgements

DIAMOND is a collaborative R&D project supported by the French government FUI
program, Direction Générale des Entreprises, BPI France and PACA regional council, and
accredited by four competitiveness clusters : SAFE, Mer Méditerranée, Nuclear Valley, Alpha
RLH.


mailto:samson@insa-toulouse.fr

1 Introduction

The corrosion of steel bars is a major issue in the durability of reinforced concrete structures
[1]. Corrosion initiation and propagation depend on the concrete durability parameters
(porosity, diffusivity, absorption, permeability). However, assessing these parameters on-site
is time consuming, expensive and/or requires destructive tests. Resistivity is being
increasingly considered as a reliable durability index for assessing the long-term performance
of concrete structures [2-4].

Electrical resistivity is defined as the resistance against the flow of an electrical current. It is a
specific, geometry-independent property of a material. For concrete, it may vary from 10 to
10° Q.m [5]. The electrical current is carried by the dissolved ions in the pore solution [6] so
resistivity depends on the pore structure, the degree of saturation and the distribution of the
ion concentrations in the pore fluid. Concrete resistivity depends on both the concrete
production process (water/cement ratio, cement type, mineral admixtures, degree of
hydration, curing) and the properties of the concrete in situ (temperature, degree of saturation,
ion concentrations in the pore solution) [7]. The latter parameters depend on the production
process and the history of external environmental conditions (temperature, relative humidity,
air chloride content).

The work presented here is part of the DIAMOND project [8], which aims to create an
electrochemical device to assess the corrosion state of reinforced concrete structures by
measuring the half-cell corrosion potential Ecorr, the concrete resistivity p, and the corrosion
rate icorr, With the same device. This article focusses on measuring concrete resistivity. The
measurement will be performed with a galvanostatic pulse measurement. This technique is
employed since around 30 years to determine the corrosion rate of the rebar/concrete interface
and the measurement procedure can be found in many papers [9-15]. However, in all these

papers, the galvanostatic pulse technique is used to determine the corrosion rate. In these



studies, the instantaneous ohmic drop measured, linked with the global concrete electric
resistance, is subtracted to the potential response in steady-state regime (in a one dimension
way - Randles model) to determine the polarization resistance of the concrete rebar interface
(and thus calculate the corrosion rate). We propose here to use this instantaneous ohmic drop
to determine the concrete cover resistivity more than the only global resistance. The principle
of this resistivity measurement technique is based on the approach initiated by Newman [16]
and Feliu et al. [17].

The aim here is to overcome the limitations described in Feliu’s article and to propose a
method that could be used for any rebar diameter/concrete cover configuration that may be
found on-site and for a wide range of counter-electrode diameter (from 20 to 70 mm).

Our approach is based on a 3D numerical model. The numerically obtained results are used to
do a reverse calculation of the resistivity with the instantaneous concrete ohmic resistance
measured with the galvanostatic pulse method.

The various existing resistivity measurement techniques are presented first, followed by the
newly developed method. The experimental device (DIAMOND probe and experimental
validation setup) are introduced. The measurement is modelled numerically using COMSOL
software in order to obtain the geometrical factor k, linking the concrete resistance Re to the
concrete resistivity p for all steel bar diameter/concrete cover configurations. The geometrical
factor is also calculated for different counter-electrode (CE) diameter and presented in
appendix. The theory developed is then confirmed using the experimental setup. Finally, we
demonstrated that the model developed on a single rebar can be applied without modifications
for a more or less dense rebar framework which is more representative of what is found on-

site.



2 Theoretical background: resistivity measurement

There are several resistivity measurement techniques that can be employed. For all of them,
the relationship between the resistivity p [Q.m] and the measured resistance Rq is given in Eq.
1.

p = kRq Eq. 1
where Rq [Q] is the concrete resistance (e.g. ratio between applied current and measured
potential drop) and k [m] is a geometrical factor that depends on the technique employed and
the sample geometry [18]. The two-electrode (or direct) method uses a regular geometry with
two electrodes placed face to face (Figure 1 (a)). An alternating current is applied and the
potential drop between the electrodes is measured. Usually, a low frequency is employed

(from 100 to 1000 Hz). The resistivity p [Q.m], is then calculated with:

p =-Rg Eq. 2
where S [m?] is the cross-sectional area perpendicular to the current and I [m] is the height of
the prismatic or cylindrical concrete sample. However, on-site, this technique cannot be
implemented without destructive coring.

On-site, the method most commonly used for resistivity measurement is the Wenner method
(four-point method) [19]. Four electrodes are equally spaced (electrode spacing a [m]) on the
concrete surface (Figure 1 (b)). The two outer electrodes apply a alternating current and the
difference in potential is measured by the inner electrodes. The measured resistance Ro must
be converted into resistivity using the following equation:

p = 2maRq Eqg. 3

The resistivity obtained is usually called the apparent resistivity. Eq. 3 is applied for
homogeneous semi-infinite volumes. However, experiments have indicated that sample size
and the presence of steel bar(s) can lead to erroneous results [4,20-22] and these aspects have
to be considered carefully to obtain the correct resistivity value [7]. Both two-electrode and
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Wenner methods use alternating current in order to prevent the polarization of the metal
electrodes.

The one-electrode (or disc-bar) method proposed by Feliu et al. [17] can be employed to
measure concrete cover resistivity between a concrete surface and the rebar/concrete interface
(Figure 1 (c)). This method is based on the work of Newman [16], who estimated the ohmic
drop due to the resistance Rq between a small disc (the CE) of diameter Dce placed on the
surface of an electrolyte and a large working electrode (WE), placed at infinity (a metal bar).
Contrary to the two previous methods, continuous current is employed, in order to polarize
the rebar, in steady-state. Theoretically, the electrical resistivity measured between the bar
and the CE is:

p = 2DcgRq Eq. 4
This relation is theoretically verified only if the metal surface bar area is much greater than
the disc area [16]. According to Feliu, in practice, this method can be applied to measure
concrete resistivity if the cover thickness is greater than about twice the diameter of the disc
being use as the CE [17]. Thus, this method cannot be employed for concrete cover smaller
than two CE diameter. The fact that an electrical connection to the steel bar is required
explains why this method is hardly ever used for resistivity measurements on-site. However,
corrosion rate assessment also requires a connection between the CE and the steel bar [9-
15,23,24]. Using the same device to simultaneously measure concrete resistivity and
corrosion rate could help in the evaluation of the corrosion state of a reinforced concrete

structure.
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Figure 1. Principles of resistivity measurements. Two-electrode method (a); Wenner

probe (b); one-electrode method (c).

3  General measurement principle

For the one-electrode method, an electrical connection is made to the rebar. The rebar
diameter D [m] and concrete cover thickness ¢ [m] can be accurately evaluated by using a
non-destructive system such as a pachometer or ground penetrating radar [25].

An equivalent electrical circuit is presented in Figure 2 (a). The rebar/concrete interface can
be modelled by a Randles equivalent circuit [9], which associates the polarization resistance
Rp and the capacitance C. Concrete resistance is Ro. The polarization of the rebar is a
transient phenomenon. This one-dimensional representation is only qualitative because, in
reality, the three-dimensional nature of the problem should be taken into account.

A reference electrode (RE) is used to measure the potential on the surface. The reference
potential Erer of the RE is the difference between the absolute potential gm ret OF the metal used
in the probe and its surrounding solution gsolret. The reference potential Erer remains constant;
this is why this type of potential measurement electrode is called “reference”. In practice, an
electrically conductive material (conductive gel) is placed between the concrete surface and
the probe to ensure a good electrical contact (constant potential) between the concrete surface

and the surrounding solution inside the probe. The absolute potential in the solution



surrounding the RE gsol ref is then equal to the absolute potential of the concrete at the surface
@csurt. The corrosion potential Ecorr (half-cell rebar/concrete) is the difference between the
metal rebar absolute potential pm and the surrounding concrete absolute potential ¢c.

The evolution of absolute potential in the system without polarization (Jr = 0) is presented on
the schematic layout of Figure 2 (b). Without polarization, there is no current flowing through
the concrete. The absolute potential in the concrete remains constant (gcsurf = @c). The
measured potential Emes is then equal to Ecorr - Erer. The corrosion risk can thus be established

according to the corrosion potential value obtained [1].
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Figure 2. Equivalent electrical circuit (a), absolute potential evolution without

polarization (b), with polarization, t = 0 (c).

With current injection, in the steady-state, the relation between half-cell potential E and the
current density at the rebar/concrete interface is governed by the Butler-Volmer equation [26].
However, the resistivity measurement technique proposed in this article is based on the
instantaneous response of the system. The absolute potential evolution at the beginning of the
polarization is presented in Figure 2 (c). At this moment, the capacitance acts as a short-cut.
The half-cell potential E remains equal to the corrosion potential Ecorr. Thus, the measured
instantaneous ohmic drop 4E. depends only on the injected current Jr and concrete resistance

Re, which mostly depends on the concrete resistivity p and the concrete thickness, ¢ [m]:



AE, = RqoJp Eq. 5

The fact that the rebar is active or passive (or locally active) does not change the
instantaneous ohmic drop. It means that this method is particularly interesting when the rebar
is locally active and the measurement of the polarization resistance cannot be performed

[27,28].

4 Materials and experimental setup

4.1 DIAMOND probe
The schematic layout of the DIAMOND probe is presented in Figure 3. The potential at the

concrete surface is measured on the centre of the probe, on a small circular surface
(5 mm diameter) with a Cu/CuSO4 RE. The CE has a ring shape with 8 mm internal diameter
and 22 mm external diameter (Figure 3). This device is simpler (no guard ring) compared to
the commercials devices (i.e. GECOR and GalvaPulse) usually employed to determine rebar
corrosion rate. Guard rings are usually associated with confinement problems [12,29,30]. The
continuous injected current Jp is controlled by a galvanostat developed in our laboratory. It

was calibrated with an Iso-tech multimeter. A photo of the probe is also presented in Figure 3.

Connection to the
working electrode
(metal framework)

Reference electrode (RE)
Cu/CuSO,

ww oGt

Counter electrode (CE)
@ 22 mm inox

Nano-porous material
@5 mm

Figure 3. DIAMOND probe: schematic layout and side view photo.



4.2  Geometry of experimental validation setup

We developed a simple setup to validate our model on water (Figure 4). A container (350 mm
long, 250 mm wide) was filled with tap and distilled water in various proportions in order to
obtain of wide range of water resistivity (from 14 to 1000 Q.m). Tap water resistivity was 14
Q.m. The resistivity of the water mixture (true resistivity) was controlled with an Inolab
Comb Level 2 conductivity meter. The height of the solution in the container was constant
(150 mm). A 300 mm long metal bar (diameter 8, 16, 32 or 50 mm) supported by two small
strings was placed horizontally at the centre of the container at various distances (from 5 to
50 mm) from the water surface in order to model different cover thicknesses (Figure 4). The
DIAMOND probe was placed at the centre of the water surface, above the centre of the rebar
and electrically connected to the bar. Constant current was injected (Jr =10 pA) and the
instantaneous ohmic drop was measured for each rebar diameter/rebar distance from the

surface configuration.

150 mm

Working electrode (metalic rebar)

350 mm

Figure 4. Experimental device schematic layout.
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5 Numerical model

5.1 Constitutive law

The numerical model was set up with a finite element method on COMSOL software with an
AC/DC module. Concrete (or water for experimental validation) was assumed to be
homogeneous and isotropic (uniform resistivity p). In the concrete volume, the electric field is
governed by the local Ohm’s law, which links the electrical current density vector j [A/m?] to
the electrical field vector E [V/m]:

1 Eq.
p
In the system, the amount of charge was conserved, which meant that the amount of current
flux entering an enclosed surface of a material was equal to the amount of current leaving it:

V.j=0 Eq. 7

5.2 Geometry and mesh

Preliminary numerical work was performed to determine a minimum representative volume
for the instantaneous response and steady-state response. It aimed to find the minimum
domain size that would not induce size effects in any of the modelled configurations, in order
to optimize computation efficiency. The volume found to be most appropriate was 500 x 500
x 300 mm?. The steady-state response depended significantly on the slab geometry but the
instantaneous response was hardly influenced by the slab dimensions. Only a quarter of the
system was modelled because of the double symmetry of the problem. The DIAMOND probe
was placed just over the rebar. The current was injected through the CE. Different CE
diameters were modelled (20, 22, 30, 40, 50, 60 and 70 mm). The RE was a cylinder in
contact with the surface and the CE was a disc with a hole in it to enable RE contact with

surface (Figure 5). The injected current Jr was kept at 10 pA for all numerical experiments.
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RE and CE resistivity was 10° Q.m. Different rebar diameters were modelled (4, 8, 16, 32

and 50 mm). Concrete cover ranged between 1 and 160 mm.

Reference electrode (RE)

Figure 5. Modelled DIAMOND probe.

For a single bar, two different zones were defined on the rebar. The first one (zone 1 in Figure
6 (a)) was a 40 mm long zone directly under the probe. The second one (zone 2 in Figure

6 (a)) corresponded to the remaining part of the rebar.

Figure 6. Modelled geometry. D =32 mm and ¢ = 50 mm. Single bar (a), multiple bar

with spacing s = 80 mm (b).
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On-site, reinforcements are made with a metal framework composed of single perpendicular
bars that were regularly spaced and generally electrically connected. To better represent what
can be encountered on-site and to investigate the influence of rebar spacing on the concrete
resistivity measurement protocol developed, several perpendicular rebars were modelled
(Figure 6 (b)). The rebar spacing s was the distance between the central axis of two
consecutive parallel bars and it ranged from 40 mm to 280 mm. The probe is placed over the
centre of a rebar, at equal distance of the two next perpendicular rebars of the framework
(Figure 6 (b)). For this configuration, a third zone was introduced (zone 3 in Figure 6 (b)),
corresponding to all the rebar(s)/concrete interface that did not belong to the primary bar
(zones 1 and 2).

Tetrahedral elements were used for discretization. The maximum element size was fixed at
0.5 mm. The mesh was refined around the probe, the rebar surface and the Z axis. The Z axis
was the axis passing through the centre of the RE and the top part of the rebar. It is
represented by a red line in Figure 6.

In the simulation, a constant current density was applied to the CE (Jp / surface area of the
CE). The corrosion potential of the rebar was imposed Ecorr = - 0.42 V and was intended to
model an active rebar [23,31]. However, changing this potential did not change any of the
numerical results given below. A very small electric resistance (0.00001 Q) was implemented
on the rebar/concrete interface to model the polarization resistance short-cut at the beginning

of the polarization. All other boundaries were electrically isolated.

6 Results and discussion

6.1 Influence of cover thickness and rebar diameter

Most of the results in the discussion section are presented for a 22 mm CE diameter

(DIAMOND probe). The electrical potential on the surface of the domain studied is
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introduced in Figure 7 for an example where ¢ = 60 mm, D = 32 mm, and p = 1000 Q.m. The
potential is maximum on the CE where the current is injected, while it remains equal the
corrosion potential at the rebar due the small electrical resistance. Elsewhere in the modelled

domain, the potential remains quite constant and small.

Potential [V]

-0.28
-0.3
-0.32

-0.34

¥ -042

Figure 7. Electrical potential on the surface of the studied domain for a concrete cover ¢
of 60 mm, a rebar having a diameter D of 32 mm, and a concrete resistivity p of

1000 .m.

To quantitatively visualize the ohmic drop between the surface and the rebar, the electrical
potential evolution along the Z axis is presented in Figure 8. The potential evolution is
represented for two concrete covers (10 and 60 mm) and two rebar diameters, 8 mm (straight
lines) and 32 mm (dotted lines).

In Figure 8 (a), CE diameter is 22 mm (DIAMOND probe). Without injected current, the
potential measured on the surface is equal to the corrosion potential (Ecorr = - 0.42 V). Current
injection leads to a potential ohmic drop between the rebar and the surface. At the beginning
of the polarization, on the rebar interface, the potential remains equal to the corrosion

potential (see Figure 2 (c)). Thus, the potential measured at the surface minus the corrosion
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potential represents the instantaneous ohmic drop 4Eq between the surface and the rebar.
Figure 8 (a) shows that this ohmic drop depends on concrete cover. The ohmic drop increases
with concrete cover. Moreover, the rebar diameter also impacts the ohmic drop, especially if
the concrete cover is thin (c = 10 mm, for example, in Figure 8). If the rebar diameter is large,
the area through which current can flow is larger and the measured ohmic drop decreases. In
Figure 8 (b), the CE diameter is 60 mm. A different potential evolution is observed along the
Z axis. When the CE diameter is increased, the instantaneous ohmic drop decreased for the

same reason explaining why the ohmic drop decreased when the rebar diameter is increased.

0,00 UIACE oo e, i ] 0,00 -

0,02 - 0,02 -

single bar

single bar

Dee =22 mm D =60 mm
p =1000 Q.m p=1000Q.m
£ -0,04 A £-0,04
N N
< =
= =
o )
a -0,06 a -0,06
D=8mm-c=10 mm D=8mm-c=10 mm
e D = 8 mm - c=60 mm e D = 8 mm - c =60 mm
_______ D=32mm-c=10 mm ======-D=32mm-c=10 mm
-0,08 @» @» @» D =32 mm-c=60mm -0,08 @» @» @» D =32 mm-c=60mm
Potential [V i
0,10 T T T .[ ] -0,10 T POt.entlaI [V]
-0,42 -0,37 -0,32 -0,27 -0,22 -0,42 -0,4 -0,38 -0,36 -0,34

Figure 8. Electrical potential along Z axis for two concrete covers (10 and 60 mm) and

two rebar diameters (8 and 32 mm); p = 1000 Q.m; Dce = 22 mm (@), Dce = 60 mm (b).

To visualize concrete cover resistivity influence on potential evolution along the Z axis,
Figure 9 is introduced. Compared to Figure 8, the concrete cover resistivity was divided by

ten (i.e. 100 Q.m).
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Figure 9. Electrical potential along Z axis for two concrete covers (10 and 60 mm) and

two rebar diameters (8 and 32 mm); p = 100 Q.m; Dce = 22 mm.

Reducing concrete cover resistivity significantly reduced the ohmic drop. Similar potential

evolutions were observed if the resistivity was changed.

6.2 Geometrical factor k abacus construction

Concrete resistance Re does not depend on the injected current. However, concrete resistance
depends on concrete resistivity as shown in Figure 10 for a 10 mm concrete cover. A
proportional relationship appears between resistance and resistivity. It can be seen that this
relation depends on CE diameter but also on rebar diameter. This relation is also modified

with the concrete cover: concrete resistance increases with concrete cover.
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Figure 10. Concrete resistance Ro [Q] versus resistivity for two rebar diameters, 8 mm
(dotted lines) and 32 mm (continuous lines) and two CE diameters, 22 mm (full

markers) and 60 mm (empty markers).

The slope k, (ratio between concrete resistance and concrete resistivity) was calculated for
several configurations that can be encountered on-site and is presented in Figure 11 for two
CE diameters (22 mm (a), 60 mm (b)) for concrete cover ranging from 10 to 160 mm. On-site,
most concrete covers exceed 10 mm. However, reinforced concrete structure can suffer from
construction defects which lead to very thin concrete cover and associated corrosion
problems. It explains why we decided to determine the slope k for concrete cover ranging
from 1 to 160 mm so that the reader can use the presented abacus (appendix) for any cover
find on-site. The slope k is then referred to as the geometrical factor. For the sake of clarity,
only five rebar diameters are presented.

For 22 mm CE diameter (Figure 11 (a)), if the concrete cover is thicker than 10 mm, the
geometrical factor k no longer depends almost solely on rebar diameter. The relation between
concrete resistance and concrete resistivity mostly depends on the concrete cover. When the

concrete cover is very small (<10 mm, appendix), k increases significantly with rebar
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diameter. Moreover, we added the analytical result by Feliu [17] that obtain a geometrical
factor equal to 2Dce (44 mm for our device). Feliu specified that this formula can only be
applied when the concrete cover is greater than about twice diameter of the CE. This area
corresponds to the grey section in Figure 11. This validity area is also represented in the
appendix by values in italics for each CE diameter. The results obtained by our model and
obtained by Feliu perfectly match for the higher concrete cover simulated (160 mm).
However, differences appeared even when the cover is equal to twice CE diameter. The 3D
numerical simulation we developed can now be employed to obtain the geometrical factor
when the concrete cover is smaller than this limit (c <44 mm). Our CE is quite small
(Dce = 22 mm) which means that the Feliu’s model can only be applied when the concrete
cover is bigger than 44 mm which is a value that can be found on-site. However, bigger CE
can be found on literature (i.e. 70 mm for GECOR and 60 mm for Galvapulse [12]) which
mean that the Feliu model could only be applied for very thick concrete covers that are rarely
found on-site. The Feliu validity area decreases when the CE diameter is increased as shown
on both Figure 11 and appendix by values in italics. For example, with a 60 mm diameter CE
(Figure 11 (b)), the k slope value given by Feliu model is 0.12 mm (for all concrete covers
and rebar diameters). The numerical simulation shows that for a concrete cover of 30 mm, for
a 16 mm rebar diameter the k slope is 0.169 (Figure 11 (b) or appendix) which corresponds to
an error of around 30%. With a 10 mm concrete cover the error reach 55 % (k = 0.263). Feliu
model leads to concrete resistivity underestimation when the concrete cover is less than two

CE diameters, as announced by the authors.
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Figure 11. Geometrical factor k of a single rebar depending on concrete cover for five

rebar diameters and Feliu’s geometrical factor. Values can be find in appendix.

6.3 Resistivity measurement procedure

The experimental procedure for determining concrete resistivity on-site is:

- CE diameter Dcg, concrete cover ¢ and rebar diameter D measurements
-k geometrical factor determination (Figure 11 or appendix)
- DIAMOND probe positioning above the centre of the rebar
- Instantaneous ohmic drop 4Eo measurement
- Concrete resistance Re calculation
- Concrete cover resistivity calculation (p = k.Re)
This method can be employed for micro or macro-cell corrosion systems since the

polarization resistance is short-cut.

6.4 Experimental validation

This resistivity calculation procedure was employed on the water tank filled with water of

known resistivity (true resistivity). Water resistance Re was experimentally evaluated for 84
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configurations (7 water covers, 6 water resistivities and 4 rebar diameters) with the 22 mm
probe. Water resistance increases with water resistivity and cover.
The measured resistances were then multiplied by the numerically determined geometrical

factor k (Figure 11 (a)) to calculate the water resistivities (Figure 12):

Water resisitivity p [Q.m] Water resisitivity p [Q.m]

100 -—%——‘—n

10 -

et =100 Q.m =f=—p = 1000 Q.m
—— 0 =40 O.m ——b——p =500 Q.m
0 = 14 Q.M —6—p=250Q.m
; ; ; : : 100 . ; ; : :

0 10 20 30 40 50 0 10 20 30 40 50
Water cover ¢ [mm] Water cover c [mm)]

Figure 12. Resistivity p [Q.m], calculated with k factor (Figure 11 (a)) according to the
concrete cover for two rebar diameters, 8 mm (dotted lines) and 32 mm (continuous
lines). Straight lines are true resistivities. Hollow lines are Feliu resistivity (D =8 mm). p

=14, 40 and 100 Q.m (a), p = 250, 500 and 1000 Q.m (b) .

A good correlation was obtained between the calculated and the true resistivities (straight
horizontal lines in Figure 12) for all rebar diameter/water cover configurations tested, which
validated the numerical approach developed in this article. However, calculated resistivities
remained slightly higher than the true resistivities. Calculated values were 5 % higher than
real ones on average. An internal resistance in our experimental system that was not taken
into account in our numerical model may explain the small differences observed. The

resistivity calculated with the Feliu’s analytical formulae is also represented for D =8 mm
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(with hollow lines - Figure 12). As expected, the calculated resistivity are in good correlation

with the true resistivity when the concrete cover exceed twice the diameter (i.e. 44 mm).

6.5 Influence of rebar spacing

The influence of the rebar spacing factor s on the concrete resistivity estimation was
investigated numerically. With a mesh of rebars (Figure 6 (b)), the relation between concrete
resistance and concrete resistivity might be different from what was modelled for a single bar
as the proximity of the other rebars could modify the ohmic drop. The spacing factor s,
(distance between the central axes of two consecutive parallel bars) may influence the k
geometrical factor created (Figure 11 and appendix). A single rebar corresponds to an infinite
s. Four rebar spacings (40, 80, 120 and 240 mm) were investigated. The next results are
obtained for a 22 mm CE diameter.

The investigation began by following current lines through the modelled concrete block on a
single rebar diameter/concrete cover configuration (c=50mm, D =32 mm) for three
different rebar spacings (o (single bar), 240 and 80 mm). The total current received by the
three zones defined in Figure 6 (b) is detailed In Table 1. For a single bar, around a quarter of
the injected current flowed through zone 1 (25.5 %), the other part flowing through zone 2.
Reducing the spacing factor resulted in other bars being taken into account, which enabled the
current to disperse and to flow through these new rebar/concrete interfaces (zone 3). Thus, the
percentages of current flowing through zones 1 and 2 decreased when the spacing factor

decreased.
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Table 1. Current distribution in the three zones for 50 mm concrete cover and three

spacing factors (oo, 240 and 80 mm) for a total of 2000 current lines. D = 32 mm. Dce =

Current %

1 2 3

22 mm.
zone n°
o0
s [mm] 240
80

255 74.5 0.0
234 48.5 28.1
19.9 34.6 45.6
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Figure 13. Current line distribution for concrete cover of 50 mm and rebar diameter of
32 mm. s = (a), s =240 mm (b), s = 80 mm (c). Dce = 22 mm. Red (zone 1 - 4 cm area),

black (zone 2 - the rest of the primary bar), blue (zone 3 - other bar(s)).

Figure 13 gives a visual representation of the current distribution. For each configuration,
2000 current lines are represented. Three colours have been introduced to distinguished
current lines flowing through the three zones (zone 1 = red, zone 2 = black, zone 3 = blue).
Current line distribution for a single bar (s = o) is presented in Figure 13 (a). Current lines are
distributed through the concrete block.

When the spacing factor is reduced (s =240 mm - Figure 13 (b)), part of the current goes
from the CE to the new bars (blue streamlines). In this particular example, it corresponds to
28.1 % of the injected current. However, the proportion of current received by zone 1 changes
only slightly (from 25.5 to 23.4 %). Adding other bars (s = 80 mm - Figure 13 (c)) reduces the
current received by the initial bar, especially by zone 2.

Figure 14 quantifies how the current distribution evolves with concrete cover and rebar
spacing. In Figure 14 (a), only a single rebar is considered. With very thin concrete cover, the
majority of the current goes through zone 1, especially if the rebar diameter is large. In this
configuration (22 mm diameter probe), the current percentage flowing through zone 1 is
always higher if the rebar diameter is large. Increasing the concrete cover tends to distribute
the current along the bar and the current percentage going through zone 2 increases (dotted
lines in Figure 14 (a)).

Adding other bars (Figure 14 (b) and (c)) modifies the current distribution. However, the
proportion of current flowing through zone 1 (continuous lines in Figure 14) is hardly

modified by the spacing factor. Adding bars mostly modifies the current received by zone 2.
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Figure 14. Current distribution in the three zones of the rebars according to concrete
cover for two rebar diameters, 8 mm (green lines) and 32 mm (black lines). Dce

=22 mm. s = (a), s =240 mm (b), s =80 mm (c).

Figure 15 precisely quantifies the current distribution for the different spacing factors
modelled considering a constant rebar diameter (8 mm). The current flowing through zone 1
is presented in Figure 15 (a). As could be sensed in Figure 14, the proportion of current
flowing through zone 1 does not evolve greatly with rebar spacing and is maximum for a
single rebar.

In contrast, the proportion of current flowing through zone 2 depends heavily on the rebar
spacing (Figure 15 (b)) but, whatever the rebar spacing considered, the current received in
zone 2 remains small if the concrete cover is small as the majority of the current goes through
zone 1. The proportion of current flowing through zone 2 decreases if rebar spacing decreases
because a significant part of the current flows through zone 3. Similar conclusions can be

drawn for other rebar diameters.
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Figure 15. Current distributions according to concrete cover and rebar spacing. Rebar

diameter = 32 mm. Dce = 22 mm. Zone 1 (a), zone 2 (b), zone 3 (c).
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The evolution of the ohmic drop for two rebar diameters (8 and 32 mm) and three rebar
spacings (oo, 240 and 80 mm) is presented in Figure 16. This figure makes it clear that the
ohmic drop does not depend on rebar spacing and depends only on concrete cover and rebar
diameter. The differences observed when the spacing factor is modified are always lower than
2%.This means that the geometrical factor k, presented on Figure 11 can be used for any rebar
spacing factor. The only parameters required to determine the concrete resistivity are the
concrete cover, the rebar diameter and the measured ohmic drop. Similar conclusions were

made for all the tested CE diameters.

Ohmic drop AEg [V]

i single bar
- & = 5=240 mm
e s = 80 MM

0.20

0.15

0.10

0.05

Concrete cover c [mm
0.00 : [mm]

1 10 100

Figure 16. Ohmic drop 4Eeq in concrete according to concrete cover for two rebar

diameters (8 and 32 mm) and three rebar spacings («, 240 and 80 mm); p = 1000 Q.m.

7 Conclusions

A new device to assess concrete resistivity has been proposed. Its geometry is simple (no
guard ring): the current is injected through an annular CE and the potential is measured on the
surface. The resistivity measurement developed is based on the instantaneous ohmic drop
measured at the beginning of the polarization. A numerical model was set up in COMSOL
Multiphysics® in order to link the measured ohmic drop to the concrete resistivity, knowing
rebar diameter and concrete cover. The built abacuses can be used to determine concrete

resistivity for a wide range of concrete cover, from 1 to 160 mm (unlike the previous model
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by Feliu). The model is generalized for a wide range a CE diameter (from 20 to 70 mm) and
presented on a summary table in appendix. The theory developed was confirmed by
experiments performed on water of known resistivity. This methodology (measurement and
3D reverse calculation) can be used by the researchers or engineers that use galvanostatic
measurements to measure the corrosion rate of the metal rebar to also determine the concrete
cover resistivity. This method can be used for both micro- and macro-cell corrosion systems.
Finally, the influence of the rebar framework on the developed procedure was investigated
numerically. The investigations proved that the graphs established are independent of the
rebar spacing (unlike in the Wenner method). The methodology was built with homogeneous
material and with a perfect electrical contact between the probe and the concrete. Furthers
works are required to investigate the ability of the probe to measure the concrete cover on real

concrete structure.
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8 Appendix: geometrical factor k depending on rebar diameter and concrete cover for different CE diameter. Values in italics

represent the Feliu validity model area (concrete cover > 2Dce) as depicted in grey in Figure 11.

CE te cover ¢ [mm]
diameter 1 2 3 4 5 7.5 10 12.5 15 20 30 40 50 60 70 80 100 120 140 160
[mm] Rebar diameter

4 0.145 0.108 0.090 0.080 0.073 0.063 0.057 0.054 0.051 0.048 0.045 0.044 0.043 0.042 0.042 0.042 0.041 0.041 0.041 0.040
6 0.161 0.116 0.096 0.084 0.076 0.064 0.058 0.054 0.052 0.049 0.046 0.044 0.043 0.043 0.042 0.042 0.042 0.041 0.041 0.041
8 0.174 0.122 0.100 0.087 0.078 0.066 0.059 0.055 0.052 0.049 0.046 0.045 0.044 0.043 0.042 0.042 0.042 0.041 0.041 0.041
10 0.184 0.127 0.103 0.089 0.080 0.067 0.060 0.056 0.053 0.049 0.046 0.044 0.044 0.043 0.043 0.042 0.042 0.041 0.041 0.041
12 0.193 0.132 0.106 0.091 0.082 0.068 0.060 0.056 0.053 0.050 0.046 0.045 0.044 0.043 0.043 0.042 0.042 0.042 0.041 0.041

20 14 0.201 0.136 0.109 0.093 0.083 0.069 0.061 0.056 0.053 0.050 0.046 0.045 0.044 0.043 0.043 0.042 0.042 0.042 0.041 0.041
16 0.207 0.140 0.111 0.094 0.084 0.069 0.061 0.056 0.053 0.050 0.046 0.045 0.044 0.043 0.043 0.043 0.042 0.042 0.041 0.041
20 0.219 0.145 0.114 0.097 0.085 0.070 0.062 0.057 0.054 0.050 0.047 0.045 0.044 0.043 0.043 0.043 0.042 0.042 0.041 0.041
25 0.231 0.151 0.118 0.099 0.087 0.070 0.062 0.058 0.054 0.050 0.047 0.045 0.044 0.044 0.043 0.043 0.042 0.042 0.042 0.041
32 0.245 0.157 0.121 0.101 0.089 0.072 0.063 0.058 0.055 0.051 0.047 0.045 0.044 0.044 0.043 0.043 0.042 0.042 0.042 0.042
50 0.267 0.166 0.126 0.105 0.091 0.074 0.064 0.059 0.056 0.051 0.047 0.046 0.045 0.044 0.043 0.043 0.042 0.042 0.042 0.042
4 0.162 0.121 0.102 0.091 0.083 0.071 0.065 0.061 0.057 0.054 0.050 0.049 0.048 0.047 0.047 0.046 0.046 0.045 0.045 0.045
6 0.181 0.131 0.109 0.095 0.087 0.073 0.066 0.062 0.059 0.055 0.051 0.049 0.048 0.047 0.047 0.047 0.046 0.045 0.045 0.045
8 0.194 0.139 0.114 0.099 0.089 0.075 0.067 0.063 0.059 0.055 0.051 0.050 0.048 0.048 0.047 0.047 0.046 0.046 0.045 0.045
10 0.207 0.145 0.118 0.102 0.091 0.076 0.068 0.063 0.059 0.056 0.052 0.050 0.049 0.048 0.047 0.047 0.046 0.046 0.046 0.045
12 0.217 0.151 0.122 0.105 0.094 0.078 0.069 0.064 0.060 0.056 0.052 0.050 0.049 0.048 0.048 0.047 0.046 0.046 0.046 0.045

22 14 0.226 0.155 0.124 0.107 0.095 0.078 0.069 0.064 0.060 0.056 0.052 0.050 0.049 0.048 0.048 0.047 0.046 0.046 0.046 0.045
16 0.234 0.159 0.127 0.109 0.097 0.079 0.070 0.064 0.061 0.056 0.052 0.050 0.049 0.048 0.047 0.047 0.046 0.046 0.046 0.045
20 0.248 0.166 0.132 0.112 0.099 0.081 0.070 0.065 0.062 0.056 0.052 0.050 0.049 0.048 0.048 0.047 0.047 0.046 0.046 0.045
25 0.263 0.173 0.135 0.114 0.100 0.082 0.072 0.066 0.062 0.057 0.053 0.050 0.049 0.048 0.048 0.047 0.047 0.046 0.046 0.046
32 0.279 0.180 0.140 0.118 0.103 0.082 0.072 0.066 0.062 0.057 0.053 0.050 0.049 0.049 0.048 0.048 0.047 0.047 0.046 0.046
50 0.308 0.194 0.148 0.122 0.106 0.084 0.074 0.067 0.063 0.058 0.053 0.051 0.050 0.049 0.048 0.048 0.047 0.047 0.046 0.046
4 0.231 0.175 0.149 0.133 0.122 0.105 0.095 0.088 0.083 0.077 0.071 0.067 0.066 0.064 0.063 0.063 0.062 0.061 0.060 0.060
6 0.259 0.191 0.160 0.142 0.128 0.109 0.097 0.090 0.085 0.078 0.071 0.068 0.066 0.065 0.064 0.063 0.062 0.061 0.061 0.060
8 0.282 0.204 0.169 0.148 0.134 0.112 0.100 0.092 0.086 0.079 0.072 0.069 0.067 0.065 0.064 0.064 0.063 0.062 0.061 0.061
10 0.301 0.216 0.176 0.154 0.138 0.115 0.102 0.093 0.087 0.080 0.072 0.069 0.067 0.066 0.065 0.064 0.063 0.062 0.061 0.061
12 0.318 0.224 0.183 0.158 0.142 0.116 0.103 0.094 0.088 0.081 0.073 0.069 0.067 0.066 0.065 0.064 0.063 0.062 0.061 0.061

30 14 0.334 0.232 0.188 0.162 0.145 0.119 0.104 0.095 0.089 0.081 0.073 0.069 0.068 0.066 0.065 0.064 0.063 0.062 0.062 0.061
16 0.346 0.240 0.193 0.166 0.147 0.120 0.105 0.096 0.089 0.081 0.074 0.070 0.068 0.066 0.065 0.064 0.063 0.062 0.062 0.061
20 0.370 0.251 0.201 0.171 0.151 0.123 0.106 0.097 0.090 0.082 0.074 0.070 0.068 0.066 0.065 0.065 0.063 0.063 0.062 0.062
25 0.395 0.265 0.209 0.177 0.155 0.125 0.108 0.098 0.091 0.083 0.074 0.070 0.068 0.067 0.066 0.065 0.064 0.063 0.062 0.062
32 0.423 0.280 0.218 0.184 0.161 0.128 0.110 0.100 0.092 0.083 0.075 0.071 0.069 0.067 0.066 0.065 0.064 0.063 0.062 0.062
50 0.477 0306 0.235 0.195 0.169 0.133 0.113 0.102 0.094 0.084 0.076 0.072 0.069 0.068 0.067 0.066 0.064 0.064 0.063 0.063

20 4 0.317 0.242 0.208 0.188 0.173 0.149 0.135 0.125 0.118 0.108 0.097 0.092 0.089 0.087 0.085 0.084 0.082 0.081 0.080 0.079
6 0.359 0.267 0.227 0.201 0.185 0.157 0.141 0.129 0.121 0.110 0.099 0.093 0.090 0.088 0.086 0.085 0.083 0.082 0.081 0.080
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8 0.392 0.288 0.241 0.212 0.193 0.163 0.145 0.132 0.123 0.112 0.100 0.095 0.091 0.088 0.087 0.085 0.084 0.082 0.081 0.080
10 0.421 0.305 0.253 0.221 0.201 0.167 0.148 0.135 0.126 0.114 0.101 0.095 0.092 0.089 0.087 0.086 0.084 0.083 0.081 0.081
12 0.445 0.319 0.263 0.229 0.206 0.171 0.150 0.137 0.127 0.115 0.102 0.095 0.092 0.090 0.088 0.086 0.084 0.083 0.082 0.081
14 0.468 0.332 0.272 0.236 0.211 0.175 0.152 0.139 0.129 0.116 0.103 0.096 0.092 0.090 0.088 0.087 0.085 0.083 0.082 0.081
16 0.488 0.344 0.281 0.242 0.216 0.177 0.155 0.140 0.130 0.117 0.103 0.097 0.093 0.090 0.088 0.087 0.085 0.084 0.083 0.081
20 0.525 0.364 0.294 0.252 0.224 0.182 0.158 0.142 0.132 0.118 0.104 0.097 0.093 0.091 0.089 0.087 0.085 0.084 0.083 0.082
25 0.563 0.386 0.309 0.263 0.233 0.187 0.162 0.145 0.134 0.119 0.105 0.098 0.094 0.091 0.089 0.088 0.086 0.084 0.083 0.082
32 0.610 0.411 0.326 0.276 0.242 0.192 0.164 0.148 0.136 0.121 0.106 0.098 0.094 0.091 0.090 0.088 0.086 0.085 0.084 0.082
50 0.699 0.458 0.356 0.297 0.258 0.201 0.172 0.153 0.139 0.123 0.107 0.100 0.095 0.092 0.091 0.089 0.087 0.085 0.084 0.083
4 0.402 0.309 0.268 0.242 0.224 0.195 0.177 0.164 0.154 0.141 0.126 0.118 0.113 0.110 0.107 0.105 0.102 0.100 0.099 0.097
6 0.458 0.344 0.293 0.262 0.241 0.207 0.185 0.170 0.160 0.145 0.128 0.120 0.115 0.111 0.109 0.106 0.104 0.102 0.100 0.099
8 0.503 0.372 0.314 0.279 0.254 0.215 0.192 0.175 0.164 0.148 0.130 0.122 0.116 0.112 0.110 0.108 0.105 0.103 0.101 0.099
10 0.540 0.396 0.331 0.291 0.264 0.222 0.197 0.179 0.167 0.150 0.132 0.123 0.117 0.113 0.110 0.108 0.105 0.103 0.102 0.100
12 0.575 0.416 0.345 0.302 0.274 0.228 0.201 0.183 0.170 0.152 0.133 0.124 0.118 0.114 0.111 0.109 0.106 0.104 0.102 0.101
50 14 0.605 0.434 0.358 0.313 0.282 0.233 0.205 0.186 0.172 0.154 0.134 0.125 0.118 0.115 0.112 0.110 0.106 0.104 0.103 0.101
16 0.633 0.451 0.370 0.322 0.289 0.238 0.208 0.188 0.174 0.155 0.135 0.125 0.119 0.115 0.112 0.110 0.107 0.105 0.103 0.102
20 0.682 0.480 0.390 0.338 0.301 0.246 0.214 0.193 0.177 0.158 0.137 0.126 0.120 0.116 0.113 0.111 0.107 0.105 0.103 0.102
25 0.736 0.510 0.413 0.355 0.315 0.254 0.219 0.197 0.181 0.160 0.138 0.127 0.121 0.117 0.114 0.112 0.108 0.106 0.104 0.103
32 0.801 0.547 0.438 0.373 0.329 0.263 0.226 0.201 0.184 0.162 0.139 0.128 0.122 0.118 0.114 0.112 0.109 0.107 0.105 0.103
50 0.929 0.618 0.485 0.408 0.356 0.279 0.237 0.209 0.190 0.167 0.142 0.130 0.123 0.119 0.116 0.113 0.110 0.108 0.106 0.104
4 0.485 0.376 0.326 0.296 0.275 0.240 0.218 0.203 0.191 0.174 0.155 0.144 0.137 0.133 0.129 0.127 0.123 0.120 0.118 0.116
6 0.556 0.420 0.360 0.323 0.297 0.256 0.230 0.213 0.199 0.180 0.159 0.147 0.140 0.135 0.131 0.129 0.125 0.122 0.119 0.117
8 0.612 0.456 0.386 0.344 0.315 0.268 0.240 0.220 0.205 0.185 0.162 0.150 0.142 0.137 0.133 0.130 0.126 0.123 0.121 0.119
10 0.661 0.487 0.409 0.362 0.329 0.279 0.247 0.226 0.210 0.188 0.164 0.151 0.143 0.138 0.134 0.131 0.127 0.124 0.122 0.119
12 0.704 0.513 0.428 0.377 0.342 0.287 0.253 0.231 0.214 0.191 0.166 0.153 0.145 0.139 0.135 0.132 0.128 0.125 0.122 0.120
60 14 0.742 0.536 0.445 0.391 0.353 0.294 0.259 0.235 0.218 0.194 0.168 0.154 0.146 0.140 0.136 0.133 0.129 0.125 0.123 0.121
16 0.778 0.559 0.461 0.403 0.363 0.301 0.263 0.239 0.221 0.196 0.169 0.155 0.147 0.141 0.137 0.134 0.129 0.126 0.123 0.121
20 0.841 0.597 0.489 0.424 0.380 0.312 0.272 0.245 0.225 0.199 0.171 0.157 0.148 0.142 0.138 0.135 0.130 0.127 0.124 0.122
25 0.910 0.639 0.518 0.447 0.398 0.323 0.280 0.252 0.230 0.203 0.174 0.158 0.149 0.143 0.139 0.136 0.131 0.128 0.125 0.123
32 0.992 0.687 0.552 0.473 0.419 0.337 0.290 0.258 0.236 0.207 0.176 0.160 0.151 0.144 0.140 0.137 0.132 0.129 0.126 0.124
50 1.161 0.783 0.618 0.523 0.459 0.362 0.307 0.271 0.246 0.213 0.180 0.163 0.153 0.147 0.142 0.139 0.134 0.130 0.128 0.126
4 0.568 0.441 0.383 0.349 0.325 0.285 0.260 0.242 0.229 0.209 0.185 0.171 0.162 0.156 0.152 0.148 0.143 0.139 0.136 0.134
6 0.653 0.496 0.425 0.383 0.353 0.306 0.276 0.255 0.240 0.217 0.190 0.176 0.166 0.160 0.155 0.151 0.146 0.142 0.138 0.136
8 0.722 0.541 0.459 0.410 0.376 0.322 0.289 0.266 0.248 0.223 0.195 0.179 0.169 0.162 0.157 0.153 0.148 0.143 0.140 0.137
10 0.781 0.579 0.487 0.432 0.395 0.335 0.299 0.274 0.255 0.228 0.198 0.181 0.171 0.164 0.159 0.155 0.149 0.145 0.141 0.139
12 0.833 0.612 0.512 0.452 0.411 0.346 0.307 0.280 0.260 0.232 0.201 0.183 0.173 0.165 0.160 0.156 0.150 0.146 0.142 0.140
70 14 0.881 0.640 0.534 0.469 0.425 0.356 0.315 0.286 0.265 0.236 0.203 0.185 0.174 0.167 0.161 0.157 0.151 0.147 0.143 0.141
16 0.923 0.668 0.554 0.485 0.438 0.365 0.321 0.291 0.269 0.239 0.205 0.187 0.175 0.168 0.162 0.158 0.152 0.148 0.144 0.141
20 1.001 0.716 0.589 0.514 0.461 0.380 0.332 0.300 0.276 0.244 0.208 0.189 0.177 0.169 0.164 0.159 0.153 0.149 0.145 0.143
25 1.086 0.767 0.626 0.542 0.485 0.396 0.344 0.308 0.284 0.249 0.211 0.191 0.179 0.171 0.165 0.161 0.155 0.150 0.147 0.144
32 1.186 0.828 0.670 0.576 0.512 0.414 0.357 0.319 0.292 0.255 0.215 0.194 0.181 0.173 0.167 0.162 0.156 0.151 0.148 0.145
50 1.395 0.951 0.756 0.644 0.566 0.448 0.381 0.337 0.306 0.265 0.221 0.198 0.185 0.176 0.170 0.165 0.158 0.154 0.150 0.147
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