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1 An alternative method to measure corrosion rate of reinforced concrete

[\

structures

3 Gabriel Samson'!, Fabrice Deby!, Jean-Luc Garciaz?, Mansour Lassoued?

4 T'ILMDC, INSAT/UPS Génie Civil, 135 Avenue de Rangueil, 31077 Toulouse cedex 04

5  France.

6 2 LERM SETEC, 23 Rue de la Madeleine, 13631 Arles cedex France

7

8 Abstract

9 A new probe, which does not use a confinement ring, has been developed to assess the
10 corrosion state of reinforced concrete structures. Galvanostatic polarization is
11 performed and the rebar corrosion potential, concrete resistivity and rebar corrosion rate
12 are evaluated using an iterative calculation algorithm. The surface linear polarization
13 resistance (Rps = AEp/jpr) of the rebar / concrete interface is calculated by converting the
14 potential measured at the surface into the rebar polarization AEp and the current density
15 at the point of interest (PI) jer using 3D numerical simulations. The calculation involves
16 three geometrical parameters that modify the current and potential distribution in the
17 concrete: the rebar spacing, s; the concrete cover, c¢; and the rebar diameter, D. Concrete
18 cover resistivity is calculated using the instantaneous ohmic drop measured at the
19 beginning of the galvanostatic polarization and the rebar corrosion rate is calculated
20 using the steady-state potential. As the rebar corrosion rate also modifies the potential
21 distribution in concrete, an iterative methodology was developed, using different
22 supposed corrosion rates. Finally, the probe and associated methodology were used to
23 evaluate the corrosion state of eight concrete slabs. Half of them were prepared with
24 chloride in order to initiate corrosion. Four slabs were stored outdoors, two indoors in
25 an ordinary laboratory environment and two indoors in a 50% CO» gas chamber. The
26 three corrosion parameters evaluated (corrosion potential, concrete cover resistivity and
27 rebar corrosion rate) were in good agreement with the composition of the slabs and their
28 curing conditions.

29  Highlights

30 * A new probe to assess corrosion rate of reinforced concrete structure was

31 developed

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0958946520301645
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0958946520301645

32
33

34

35

36

37

38
39
40
41

42

43

44

45

46

47

* The linear polarization resistance Rpsis calculated using 3D numerical

simulations

* Rebar spacing, concrete cover and resistivity modify the potential distribution
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1 Introduction

Steel corrosion is the main cause of deterioration in reinforced concrete structures and the
high cost of repairs is responsible for considerable financial losses [1,2]. Corrosion detection
and the evaluation of its kinetics could optimize the maintenance of such structures and
increase users’ safety.

A passive layer formed in the high pH of the surrounding concrete initially protects steel
rebars from corroding. However, under certain conditions, this protective layer can be locally
(macro-cell corrosion) or totally (uniform corrosion) destroyed. Macro-cell corrosion is
usually caused by local chloride ingress from the external environment (de-icing salts or
marine environment) while uniform corrosion results from the penetration of CO; from the
atmosphere (concrete carbonation) [3], although coupling with passive armatures can lead to
macro-cell currents. The theory developed in this article assumes uniform corrosion.

Different physical parameters are relevant to assess the corrosion state of a reinforced
concrete structure: half-cell corrosion potential, Ecorr; concrete resistivity, p; or rebar corrosion
rate, icorr. Corrosion potential measurement evaluates the risk of corrosion [4]. Concrete cover
resistivity is increasingly being considered as a durability index for assessing the long-term
performance of concrete structures [2-4]. Such resistivity can be measured by the device
presented in this article and details of the measurement principle are to be found in [8]. It is
usually considered that concrete resistivity and corrosion rate are inversely proportional
[9,10]. However, in an extensive review article, Horbostel et al. [11] demonstrated that the
relation established cannot be unique as it depends on several parameters. This explains the
growing interest of assessing corrosion by more quantified techniques than the corrosion
potential or resistivity measurements and has led to several publications dealing with
corrosion rate [1,2,12-16]. The corrosion rate of steel plays an important role in safety

evaluations, maintenance decisions and residual life predictions for the existing RC structures
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[13]. The rebar corrosion rate, icorr, depends on the binder composition, moisture content,
concrete resistivity, pore solution pH, temperature, and dissolved oxygen concentration
[14,17-21], all of which can evolve with time, depending on the concrete exposure

conditions.

Most of the time, corrosion rate, which can also be called corrosion current density, is
estimated by determining the linear polarization resistance Rp (LPR). Polarization is a
transient phenomenon. In the steady state, the relation between the rebar polarization, AEp
(AEp=E - Ecor [V]), and the current density, i [A.m?], flowing through the interface is
governed by the non-linear Butler-Volmer equation:

E-E E-E
. In(10)—<err In(10)=—<orr Eq. 1
L= leorr (e ba  —e be

where icor [A.m™] is the corrosion rate, and b, and b, [V] are the Tafel slopes [22]. The LPR
is the ratio of a small rebar polarization, AEp, to the current flowing through the concrete /
steel interface in the steady state. It is generally considered that a maximum rebar polarization
AEp of 20 mV enables the curve to stay on the linear part of the Butler-Volmer equation and
guarantees the reversibility of the measurement. Stern and Geary [23] proposed an empirical

relation between corrosion rate and the LPR Rp [Q] :

) B

leorr = RP7 Eq. 2
where surface area A is taken to be the uniformly polarized area of the steel. This equation
can only be used for uniform corrosion. B is a proportionality constant. It depends on the

anodic and cathodic Tafel slopes, b, and b. respectively:

bab,

B = na0®, + by

Eq. 3

Usually, B is assumed to be 26 mV for passive rebars and 52 mV for active ones [16].

However, as far as we know, these parameters cannot be measured on site with non-
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destructive tests and large variations of these parameters have been demonstrated with Tafel
analysis on cylinders [24-26].

Various methods exist to determine the LPR on site: galvanostatic [27], potentiodynamic
[27,28], coulostatic [29] or CEPRA methods [15]. Most of the time, on site, the LPR is
measured according to the RILEM TC 154-EMC [16] recommendations in which a
confinement ring is employed. However, this method is based on two strong hypotheses that
do not hold true on site. First, the rebar is assumed to be uniformly polarized. Several studies,
usually based on numerical simulation, have proved that this is not the case. The point of the
rebar right under the polarizing probe is the most polarized [30-33]. In the present study, this
point will be referred to as the point of interest (PI).

Commercial devices are usually used to determine the polarization resistance. They are based
on a confinement technique (a guard ring) in order to control the polarized area and confine
the current to a well-defined area A (see Eq. 2) of the steel rebar [12]. In a recent study,
Fahim et al. [15] compared two devices and showed that they were not able to calculate the
corrosion rate for the passive state, while satisfactory results were obtained for the active
state. Other investigations have revealed that different corrosion rates are obtained when these
commercial devices are used [34-37]. The main reason for the discrepancies is attributed to
confinement problems [38,39]. Nygaard et al. [34] developed a quantitative method to assess
confinement techniques, which indicated that, for a passive rebar, the actual corrosion rate
calculated by a commercial device was approximately 10 times too high, while it was 100
times too high for another device because these instruments were not able to confine current.
Thus, a new solution is needed.

This work was carried out as part of the DIAMOND project [40], which aims to create a new
electrochemical device to assess the corrosion state of reinforced concrete structures by

measuring half-cell corrosion potential, concrete resistivity and corrosion rate simultaneously
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with the same device. The probe geometry is simpler as no guard ring is employed. The
corrosion rate calculation is based on three-dimensional numerical simulations that take
several geometrical parameters into account (concrete cover and resistivity, rebar diameter
and spacing). In addition, an iterative method is developed to evaluate the corrosion rate as
this parameter also modifies the distribution of current lines in the system.

The present study focusses on corrosion rate assessment. The concrete cover resistivity
measurement method was described in detail in [8]. Here the DIAMOND probe for on-site
measurements will be presented first and will be used to identify the corrosion state of rebars
embedded in concrete slabs that are presented later. The measurement methodology will then
be introduced, with numerical modelling of the measurement using COMSOL software and
presentation of the numerical results. Finally, the experimental results will be presented and

discussed.

2  Materials

2.1 DIAMOND probe characteristics

Figure 1 (a) shows a picture of the DIAMOND probe and a schematic layout is given in
Figure 1 (b). The DIAMOND probe consists of a cylindrical probe in which a galvanostat is
inserted (unlike the previous prototype probe presented in [8], where an external galvanostat
was used for measurements). The cylinder is 50 mm in diameter and 130 mm high and weighs
182 grams. The measuring device was designed with reduced size and load in order to
facilitate on site measurements. The Counter Electrode (CE) is a 22 mm diameter disk of 1
mm diameter silver wire wrapped in a spiral around a central space where the 5 mm diameter.
Reference Electrode (RE) is placed in order to register the potential on the concrete surface.
The electrical continuity between the RE and the concrete surface is provided by a non-shrink

mortar stuck on the CE and a 1 mm thick sponge in contact with the concrete surface. To
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perform the measurement, the probe is then electrically connected to the reinforcement
network that constitutes the working electrode (WE).

The probe is linked to a portable tablet with a software developed by the authors on Excel.
The software controls the test, provides the signal required for polarization and registers the
potential on the RE. After the end of the test, the potential values measured on the RE are
automatically used to calculate the concrete cover resistivity and the rebar corrosion rate. The
concrete cover resistivity calculation was detailed in [8] and the corrosion rate evaluation

method is detailed in this article (part 5).

Connection to Connection to

the WE (rebar) the tablet
+— —

Ip3souvainh

(b)

Figure 1. DIAMOND probe: side view (a), schematic layout (b).

A typical polarization curve recorded during on-site measurement is presented in Figure 2.
Before the polarization, a galvanostatic pulse current of 10 pA is applied. Depending on the
response, the galvanostatic current (from 1 to 25 pA) is automatically calculated for the
transient polarization. The galvanostatic polarization is then applied. If the potential measured
is not stabilized (less than 0.1 mV of variation during 20 seconds) after 60 seconds (which is
always the case for passive rebar) curve fitting is performed using is a typical exponential
charging RC circuit (Randles model) and the potential is estimated at 300 seconds [41]. The

data recorded are then converted into the output data of interest to quantify the corrosion state

7
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of the reinforced concrete structure under inspection: corrosion potential, concrete cover
resistivity and corrosion rate of the rebar. The instantaneous ohmic drop is converted into
concrete cover resistivity as presented in [8] and the steady-state response is used to
determine the rebar corrosion rate. This conversion process is based on graphs obtained with
numerical simulation and will be presented later (in part 5). The conversion requires the rebar
diameter, concrete cover and rebar spacing to be manually entered in the software as they are

used in the numerical simulation.

-370

1 Potential [mV/ref.]
-380 A
] 7'y
-390 - AEP,surf
] RA
4 'y
-400 1
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-420 AEq
-430 1
-440
450 | o Slab 2.1 R
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] e=30mm Curve fitting
-460 i
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Figure 2. Typical polarization curve measured on-site by the probe.

2.2  Concrete slabs for experimental measurements

The probe and the developed method were used to evaluate the corrosion state of rebars
embedded in various slabs. The slabs, 100 x 240 x 480 mm?®, were prepared using CEM 1
cement and a very high water/cement ratio of 1.05 in order to promote fast moisture balancing
in the material. Half of the slabs were prepared with 5% NaCl (of the cement mass) in order
to avoid the initiation phase of corrosion and to start immediately the propagation phase. Each
slab contained three similar rebars placed at concrete cover depths of 10, 20 and 30 mm. Slabs

can also be returned which enable to investigate three other concrete covers (i.e. 64, 74 and 84
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mm as seen in Figure 3 for a rebar diameter of 10 mm).Two rebar diameters, 6 and 20 mm,

were employed. Six polymer heat shrink tubes were placed on each slab where the rebars

came out, so as to prevent water ingress and corrosion along the rebar from outside. A picture

of a slab is presented in Figure 4.

120 mm 120 mm 120 mm g 120 mm
"""" 10 mm .$ 20 mm I 30 mm
% e
100 mm 84 mm
74 mm 64 mm

Figure 3. Side view of the slabs prepared with 6 mm diameter rebar.

Figure 4. Picture of a slab (D = 6 mm - slab placed outdoors).

All the samples were cured for 28 days under wet conditions (20°C, 95% RH). Then, four

different curing conditions were applied for six months before the measurements started:

- Cure 1: Slabs outdoors, no chloride

- Cure 2: Slabs outdoors, with chloride

- Cure 3: Indoors, no chloride, placed in a 50% CO; carbonation chamber with around

65% RH

- Cure 4: Indoors, with chloride. Temperature 20°C, relative humidity not controlled
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For each type of curing conditions, one slab was prepared with three 6 mm diameter rebars
and a second slab was prepared with three 20 mm diameter rebars. The slabs placed outdoors
were stored at LMDC Toulouse (France). The aim of this article is not to investigate the
influence of these different curing conditions on the concrete properties but to create various

extreme cases leading to different corrosion states.

3 Methodology

The schematic layout of the probe and the three steps of the polarization process are detailed
in Figure 5. An electrical connection to the rebar must be made. The rebar diameter D [m] and
cover thickness ¢ [m] can be measured when the electrical connection is set up or evaluated
by non-destructive techniques [42].

An equivalent electrical circuit is presented in Figure 5 (a). The concrete can be electrically
modelled by a resistance Rq. The rebar / concrete interface is modelled by a Randles model
associating a capacitance C and the LPR Rp in parallel. Note that this electrical circuit is a
simplified representation of the 3D problem. In order to visualize the three steps of the
measurement, several absolute potentials, ¢, are introduced in the four parts of Figure 5.
These absolute potentials cannot be measured; only measurement of the difference between
two absolute potentials is possible. The reference potential Err of the RE is the difference
between the absolute potential @mrf of the metal used in the probe (Cu) and its surrounding

solution @solref (CuSOs).

10
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Figure 5. Equivalent electrical circuit (a). Absolute potential evolution without

polarization (b), with polarization, t = 0 (c), and with polarization, t = o (d).

The electrical continuity between the concrete surface and the surrounding solution of the
probe is obtained with a mortar without shrinkage stuck on the CE and a 1 mm thick sponge.
The absolute potential in the surrounding solution of the RE @solrer is then equal to the
absolute potential of the concrete in the surface ¢csut as there is no significant resistance
between these two media.

The corrosion potential Ecorr (half-cell rebar / concrete) is the difference between the
surrounding concrete absolute potential without polarization, @, and the metal rebar absolute

potential, Q.

11
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The electrical potential evolution along the vertical, Z axis is presented in the last three parts
of Figure 5. The Z axis is defined as the axis passing through the centre of the probe on the
surface and the PI. It is represented in red in Figure 6. Without any polarization, the potential
measured by the RE is the difference between the corrosion potential, Ecorr, and the reference
potential, Eret, (Figure 5 (b)).

When the galvanostatic current is applied (Figure 5 (c)), the potential of the rebar / concrete
interface remains equal to the corrosion potential as the capacitance of the Randles model is
short-circuited. The instantaneous ohmic drop, AEq, measured by the RE is due only to the
concrete resistance, Ra. A previous study exploited this ohmic drop to determine the concrete
cover resistivity. It was shown that the ohmic drop measured depended on the concrete
resistivity and cover and also on the rebar diameter. It was also demonstrated that the rebar
spacing had no significant influence.

The schematic layout of the potential of the system, in the steady state, is presented in Figure
5 (d). At steady state, the capacitance acts as an infinite resistance. The potential in the rebar /
concrete interface is no longer equal to the corrosion potential. The polarization of the rebar,
AEp = E — Ecor, 1s different from zero. The relation between the current flowing through the
interface and its polarization is governed by the Butler-Volmer equation (Eq. 1). In the steady
state, the rebar polarization reaches its maximum value, AEp. The difference between the
potential measured on the surface, AE.y, and the instantaneous ohmic drop, AEq, is the
polarization measured on the surface, AEpsuif, and it is not equal to the rebar polarization AEp
because of the 3D nature of the problem (Figure 5 (d)).

The potential measured on the surface is influenced by both the concrete resistance Ro and
the rebar / concrete interface LPR Rp. As demonstrated for the instantaneous ohmic drop, the
steady-state response will also depend on the geometrical parameters of the study, the

concrete cover, the rebar diameter and the concrete resistivity. Moreover, rebar spacing will

12
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also influence the rebar polarization at the PI. The 3D numerical model developed on Comsol
will be used below to convert the data measured on the surface, after the instantaneous ohmic

drop and at steady-state, to determine the rebar corrosion rate, icorr-

4 Finite element model

The two steps of the polarization (instantaneous ohmic drop - Figure 5 (c); steady state -
Figure 5 (d)) were modelled with Comsol Multiphysics finite element model software. The
AC/DC toolbox was used to evaluate current and potential distribution in the modelled

geometry. The transient phase of the polarization was not modelled.

4.1 Geometry

The geometry of the model is presented in Figure 6 for an example where the concrete cover,
¢, is 60 mm, the rebar diameter is 10 mm and the rebar spacing is 100 mm. In all the
simulations, the concrete slab is 300 mm high and 800 mm wide. As the problem exhibits
double symmetry, only a quarter of the slab is modelled. The probe is placed at the centre of
the slab above the central rebar. The probe model is shown in greater detail in the corner of
Figure 6. The point directly under the probe, at the interface of the top face of the rebar, is the

PL

DIAMOND probe

Annular CE
\\ /

RE at the center Concrete

COVerc y_

Reference
electrode RE

13
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Figure 6. Modelling geometry. In this example D = 10 mm, ¢ = 60 mm and s = 100 m.

Zoom on the modelled probe in the corner.

The annular CE and the cylindrical RE are both modelled with a material having a high

electrical conductivity of 10° S/m. The current (Jp = 10 pA) is injected on the top face of the

CE. It is constant for all the numerical simulations presented in this article. The rebar

framework is modelled with regularly spaced, perpendicular hollow cylinders. The cylinders

are electrically connected. The central cylinder with the PI on its top face, right under the

probe, is always present while other cylinders can be added to model more or less dense rebar

frameworks by modifying the rebar spacing, s. Three geometrical parameters were modified

in the present study: rebar spacing, s; concrete cover, c; and rebar diameter, D. The different

values of the modelled geometry parameters are presented in Table 1. A wide range of these

geometrical parameters was modelled in order to consider all the configurations that can be

found on site. Setting the rebar diameter to infinity is equivalent to modelling a metal plate.

The infinity rebar spacing corresponds to a single rebar.

Table 1. Variable parameters considered in the numerical simulations.

Number of
Parameter Symbol | Unit Values
values
Corrosion rate fcorr uA/cm? | 3 0.1,0.5,1
20, 40, 60, 80, 100, 200, 300, 400,
Concrete
p Q.m 17 500, 600, 800, 1000, 1500, 2000,
resistivity
4000, 6000, 10000
Rebar spacing S mm 5 o0, 250, 200, 150, 100
10, 15, 20, 25, 30, 35, 40, 50, 60, 80,
Concrete cover C mm 11
100
Rebar diameter D mm 10 6, 8, 10, 12, 14, 16, 20, 25, 32, ©

14
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4.2 Constitutive law, boundary conditions, electrochemical parameters and mesh
size
In the model, concrete is assumed to be a homogeneous and isotropic material having a
uniform electrical resistivity p [€2.m]. The seventeen resistivity values modelled are presented
in the second line of Table 1. The relation between the electrical current density vector j
[A/m?] and the potential E [V] is governed by Ohm’s law:
1 Eq. 1
j=—--VE q
p
In the system, the amount of current flux entering an enclosed surface of a material is equal to

the amount of current leaving it (charge conservation):

7.j=0 Eq. 2

Two different boundary conditions are imposed on the concrete / rebar(s) interface(s) to
model the two steps of the polarization. The polarization was divided in two distinct steps
because the transcient evolution of the potential was not required to calculate the concrete
cover resistivity and the rebar corrosion rate. The 3D geometry is complex and the model
involves a large number of variables meaning that it would have been impossible to model the
transcient polarization due to huge computer calculation duration. To model the instantaneous
ohmic drop, a very small electric resistance (0.00001 ) is imposed because the capacitance
of the Randles model (Figure 5 (a)) is short-circuited at that moment (Figure 5 (c)).

The Butler-Volmer equation (Eq. 1) is used to model the steady state response. Three of the
four parameters of the Butler-Volmer equation are constant throughout this study and are
presented in Table 2. The Tafel slopes cannot be measured on-site. Based on the chosen Tafel
slopes, the coefficient B of the Stern-Geary equation is equal to 38 mV here which is between
the usually assumed value of 26 mV for active state and 52 mV for passive state. The
corrosion potential Ecorr value has no impact on any of the results presented below; it only

modifies the reference.

15
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Table 2. Butler-Volmer parameters used in this study.

Parameter Corrosion Anodic  Tafel | Cathodic Tafel
potential slope slope

Symbol Ecorr ba bc

Value -042V 0.3 V/dec 0.125 V/dec

The aim of this article is to determine the rebar corrosion rate, icorr, Wwith non-destructive tests
by using 3D numerical simulations to convert the data measured on the surface into the
corrosion rate. However, running the numerical model requires the corrosion rate, icorr, to be
specified in the Butler-Volmer equation. This explains why an iterative approach is
developed. Three corrosion rates, 0.1, 0.5 and 1 pA/cmz, are implemented in the Butler-
Volmer equation at the rebar / concrete interface. These three corrosion rate values
correspond to the upper transition value of negligible, low and moderate corrosion levels,
respectively [16]. A current density higher than 1 uA/cm? is considered as a high level of
corrosion. The iterative automatic treatment of the measured data will be presented in part 5.5
(Iterative measurement procedure).

All the other boundaries of the model are electrically isolated (no-flux boundary). The
simulations were performed for all the combinations of the parameters presented in Table 1,
corresponding to 25806 different cases. The different cases were modelled for the two steps
of the polarization.

Tetrahedral linear elements were used. Mesh refinement was performed on the probe and the
top parts of rebars. Several mesh refinement steps were applied until the potential was stable,

for all the modelled configurations.

16



322

323

324

325

326

327

328

329

330

331

332
333

334

335

336

337

5 Numerical results
The simulation is used to determine the surface linear polarization SLPR [Q.m?] which is the

ratio between the rebar polarization and the current density at the PI:

_AE,

Rp, =—
s JpI

Eq. 4

The corrosion rate calculation is different from that of the majority of other studies, where a
polarization process is used. Most of the time, the LPR [€] is calculated as the ratio between
the rebar polarization and the current. The assumed polarized area, A, is then used to
determine the rebar corrosion rate (see Eq. 2). In this study, the corrosion rate is deduced from

the SLPR without using an assumed polarization area:

B

lcorr = R.. Eq.5
P,s

5.1 Example of a potential evolution

Figure 7 presents an example (D = 10 mm, ¢ =30 mm and p =200 Q.m) of the evolution of
the potential along the vertical Z axis (see Figure 6) obtained with Comsol Multiphysics. The
dotted line represents the potential evolution at t=0 (rebar is short-circuited) while the
continuous line represents the steady state (Butler-Volmer equation for icor = 0.5 pA/cm?).
Once the galvanostatic current is applied, an instantaneous ohmic drop AEq is observed on the

338  surface. At this moment, the rebar is short-

< AE;q > circuited, which explains why the potential
0.00 4—_Suface . ) _
AE, o on the rebar interface remains equal to the
- P,surf
-0.01 1 ; corrosion potential (Ecor=-0.42V in this
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Figure 7. Potential evolution along the Z axis at t =0 (dotted line) and at steady state

(continuous line) for icorr = 0.5 pA/cm?, D = 10 mm, ¢ = 30 mm and p = 200 Q.m.

At steady state, the rebar is polarized (AEp#0). The difference between the potential
measured on the surface AE: and the ohmic drop AEq is called the polarization measured on
the surface AEpsur. Due to the three-dimensional nature of the problem, the polarization
AEp surif 1s not equal to the rebar polarization (AEp # AE - AEq). This explains the necessity
for a 3D numerical simulation: the rebar polarization cannot be directly determined from the
polarization measured on the surface as the relation between these two potentials depends on

several parameters.

5.2 Influence of the supposed corrosion rate icorr

The previous example was presented for a current density of 0.5 uA/cm?. However, a
different current and potential distribution is expected if the rebar corrosion rate, icor 1S
modified. To illustrate this, Figure 8 is plotted for two additional corrosion rates, 0.1 and 1

uA/cm?, while all the other parameters remain unchanged.
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Figure 8. Potential evolution along the Z axis at t =0 (dotted line) and in steady state

(continuous line) for icorr = 0.5 pA/cm?, (D = 10 mm, ¢ = 30 mm and p = 200 Q.m).

Figure 8 clearly shows that the potential measured on the surface, AEpsuf, and the rebar
potential, AEp, are significantly influenced by the rebar corrosion rate, icor. When the rebar
corrosion rate decreases, the SLPR (and the LPR) increases, which explains the higher
potential measured on the surface in the steady state. To determine the SLPR, both rebar
polarization AEp and jp are required.

In order to visualize the influence of the corrosion rate icorr on both rebar polarization and
current density at the PI, Figure 9 is plotted for a wide range of corrosion rates, icor, from 0.01
to 10 uA/cm? and for the same parameters as in Figure 7 and Figure 8 (D = 10 mm, ¢ = 30

mm and p =200 Q.m).

AE, [mV] and j,, [LA/cm?]
100 -
p=200Q.m

10 -

—e— AEP
—t— jPI

0.1 -

LT—A——M

Corrosion rate i

[MA/cm?]

0.01 corr

0.01 0.1 1 10
Figure 9. Rebar polarization AEp (circles) and current density at the PI jer (triangles)

depending on the corrosion rate, icorr. (D = 10 mm, ¢ = 30 mm and p = 200 Q.m).

The three corrosion rates icorr used for the numerical simulations (i.e. 0.1, 0.5 and 1 uA/cm?)
are represented with dotted black vertical lines. As highlighted in Figure 8, the rebar

polarization, AEp, increases when the corrosion rate is numerically decreased. In contrast, the

19



377

378

379

380

381

382

383

384
385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

current density at the PI increases with corrosion rate because SLPR reduction enables more
current to flow through the interface right under the probe.

Thus, Figure 8 and Figure 9 enable us to understand that the current distribution is not only
influenced by the concrete resistivity and geometrical parameters but also by the corrosion
rate and this explains why this parameter was considered in an iterative measurement
procedure that will be presented in detail in part 5.5. The influence of resistivity and the three

geometrical parameters is first presented in parts 5.3 and 5.4.

5.3 Current density jpr

To obtain the SLPR Rp; at the PI, both current density jpr and rebar polarization AEp are
required. The current density at the PI should be influenced by the concrete resistivity, rebar
spacing, cover and rebar diameter as it will modify the current line distribution. All these
possible configurations were modelled numerically. This approach aimed first to determine jpi
on site, knowing the concrete cover resistivity p, rebar spacing s, concrete cover ¢ and rebar
diameter D. The ratio between jpr and the current density injected by the CE jp is shown in
Figure 10 for a rebar diameter D of 10 mm. The current density injected by the CE jp is
constant (jp =~ 30 uA/cm?) and is equal to the ratio between the injected current (Jp = 10 pA)
and the CE surface area.

A strong influence of the concrete resistivity on the current at the PI is revealed in Figure 10
(a) for a single bar. With high resistivity, a large part of the current flows directly from the CE
to the PI. Lower resistivity enables wider current distribution over the concrete volume,
explaining the lower proportion of current flowing through the PI which was also highlighted
in [15,37].

Regardless of the concrete resistivity considered, the current density flowing through the PI

decreases when the concrete cover is increased. As the concrete cover increases, the current is
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spread farther along the rebar, explaining the lower current density right under the RE, at the
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Figure 10. Ratio of the current density at the PI jp1 to the current density je injected by
the CE for a 10 mm rebar diameter, depending on concrete cover for different concrete

cover resistivities and for two rebar spacings, s = « (a) and s = 100 mm (b).

Moreover, the current at the PI jpr is also strongly influenced by the introduction of other
rebars, as demonstrated in Figure 10 (b) for a rebar spacing, s, of 100 mm. For all the concrete
covers and concrete resistivities, the introduction of other rebars is associated with a decrease
of the current at the PI, jpi. This is especially the case for the lower concrete resistivity
because the current has other exit points that it can reach easily because of the low resistivity.

The influence of both rebar diameter and rebar spacing on the ratio between jpr and the current
density injected by the CE, jp, is quantified in Figure 11. In Figure 11 (a), only one rebar is
considered (s =). As previously observed, the current density at the PI decreases with
concrete cover. The rebar diameter also influences the current distribution. With smaller

diameter, the surface available for the current to pass is smaller, which explains why the
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current density jpr is higher. For a metal plate (D = »), the ratio jpi/jp is minimal because the

current can flow out of the concrete through the larger available area.
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Figure 11. Ratio of the current density at the PI to injected current density jp, for p =

200 Q.m and for 2 rebar spacings: « (a) and 100 mm (b).

Figure 11 (b) represents the same current density ratio when other rebars, spaced 100 mm
apart, are introduced. Regardless of the rebar diameter or concrete cover considered, the
current density at the PI is slightly decreased because of the presence of other rebars. These
new rebars receive part of the injected current, which explains the current density reduction at
the PI. However, because the resistivity is not very low, the introduction of other rebars does
not modify the ratio jp/jp very much for this particular example. It has already been
demonstrated in Figure 10 (a) and (b) (p =200 Q.m - red dotted curve with diamond shaped
markers) that the transition from a single bar to a 100 mm rebar spacing does not markedly
modify jei/jp for p =200 Q.m. Moreover, the differences observed in the ratio jei/jp for the
higher concrete covers (Figure 11 (a)) are now negligible. These two figures give an
understanding of the influence of rebar diameter and rebar spacing on the current density at

the PI jp1. This demonstration concerns a concrete resistivity of 200 .m and a corrosion rate
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of 0.5 uA/cm? but similar conclusions can be obtained for other concrete resistivities and

corrosion rates.

5.4 Rebar polarization AEp

To determine the SLPR, the rebar polarization AEp is also required. The concrete cover and
resistivity, and the rebar diameter and spacing influence the current distribution and, again,
have to be taken into account to determine the rebar polarization.

The example in Figure 7 demonstrates that the rebar polarization and the polarization
measured on the surface are not equal (see also schematic layout in Figure 5 (d)). In order to
determine the rebar polarization, AEp, based on the potential measured on the surface AEp sut,
Figure 12 shows an example of 10 mm rebar(s). For a single bar (Figure 12 (a)) and resistivity
lower than or equal to 100 Q.m, the ratio AEp/AEp st decreases when the concrete cover
increases. Different behaviour is observed for resistivity higher than 100 Q.m: the ratio is

maximal for concrete covers of around 20 mm, which is usually the case on site.

4.0 4.0
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Figure 12. Ratio of the rebar polarization to the polarization measured on the surface
for a 10 mm diameter rebar, according to concrete cover depth for different concrete

cover resistivities and for two rebar spacings, s = « (a) and s = 100 mm (b).
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It can be observed on Figure 12 that the rebar polarization, AEp, is always higher than the
polarization measured on the surface, AEpsut. Thus, if the rebar polarization is wrongly
determined as the difference between the polarization measured on the surface in the steady
state minus the instantaneous ohmic drop, the rebar polarization and the SLPR are
overestimated. Thus, the corrosion rate can be dangerously underestimated.

The fact that the AEp/AEpsuf ratio increases with resistivity can be explained by the fact that
higher resistivity leads to more concentrated current lines right under the CE. As observed for
the ratio jpi/jp, the ratio AEp/AEpsuit is also influenced by the introduction of other rebars as
demonstrated in Figure 12 (b). The ratio AEp/AEpsuf increases significantly with the
introduction of other rebars because their presence tends to decrease the resistance of the
system, leading to a decrease of the polarization measured at the surface.

The influence of rebar diameter is presented in Figure 13 for a 200 Q.m resistivity and two
rebar spacings (s = o (a) and s = 100 mm (b)). As demonstrated for the ratio jpi/jp (Figure 11),

the ratio AEp/AEpsurt is also influenced by the rebar diameter, whatever the spacing factor

considered.
3.0
AEP / AEP,surf k- B;gmm P,surf

2.8 4 — ¢ —D=10mm
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Figure 13. Ratio of the rebar polarization to the polarization measured on the surface
according to concrete cover for various rebar and for two rebar spacings, s = c (a) and

s = 100 mm (b).

For a metal plate (D = o), the ratio AEp/AEp surr €xhibits a different evolution according to the
concrete cover, which is associated with a different current distribution in the concrete. The
previous graphs (Figure 10, Figure 11, Figure 12, Figure 13) were obtained for a numerical
corrosion rate of 0.5 pA/cm?. As significantly different values of these ratios were obtained
with the two other corrosion rates modelled (i.e. icorr of 0.1 and 1 pA/cm?), an iterative

approach was developed and is presented in the next part.

5.5 [Iterative measurement procedure

In order to visualize the influence of the supposed corrosion rate in the calculation of
corrosion rate, Figure 14 is introduced. It presents the error of the calculated corrosion current
density icorrcalculaed depending on the corrosion current density icorr for an example with a
single 10 mm diameter rebar, a concrete cover of 30 mm and a concrete cover resistivity of
200 Q.m. This error was represented for three supposed corrosion current density (i.e. 0.1, 0.5
and 1 uA/cm?). The calculated corrosion rates icorr.calculated Were calculated using the potential
measured on the surface, AEput and the ratios je/jp and AEp/AEp s determined for each
supposed corrosion rate. It is clear in Figure 14 that the calculated corrosion rate icorr,calculated 1S
equal to the corrosion current density icorr When the supposed corrosion rate is correct (error =
0 % in Figure 14). Figure 14 also revealed that it is very important to use a supposed
corrosion rate close to the real corrosion rate. For instance, if the rebar corrosion rate is 0.1

uA/cm? (purple dotted vertical curve) and the supposed corrosion rate is 1 pA/cm? (red curve
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with square markers), the error reach 76 %. The error measured can be important which

explain that an iterative approach must be performed.

100 1 Error [%] = (i i

g
80 7

corr,calculated ~ Icorr)/
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Figure 14. Error in corrosion rate calculation depending on the corrosion rate of the
rebar for three supposed corrosion rate (0.1, 0.5 and 1 pA/cm?). This example is

presented for a single bar, D = 10 mm, ¢ = 30 mm and p = 200 Q.m.

The on-site measurement process and the automatic iterative corrosion rate calculation is
detailed in Figure 15. The different potentials (Ecow, AEw: and AEq) useful for SLPR
measurement are recorded by the RE during the transient polarization measurement and are
employed for SLPR measurement here thanks the graphs plotted for jei/jp and AEp/AEp surt.
The left part of Figure 15 deals with the resistivity calculation and is similar to what was
presented in a previous article [8].

The right part presents the algorithm used for rebar corrosion rate estimation. The three
supposed values of corrosion rate employed for numerical simulations (0.1, 0.5 and

1 uA/cm?) are stored in the vector icorvec. The ratios jpi/jp and AEp/AEp gt are determined
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using the simulations based on the first value of icomvec.1 (i.€. 0.1 pA/cm? here) depending on
the resistivity calculated in the left part of Figure 15.

The ratios jpei/jp and AEp/AEpsuf are calculated for a limited number of modelled resistivities
(17 different resistivities, see Table 1). The resistivities measured on site are different from
the resistivities modelled. Some linear interpolations between the graphs obtained with the
adjacent modelled resistivity and the resistivity measured on site are automatically calculated
by the software developed by the authors to obtain a more accurate estimation of the jpi/jp and
AEp/AEp surf ratios.

Using these two ratios for the first supposed corrosion rate icomvec,i and the measured
potential AEpsuf, SLPR and then the first corrosion rate, icom1, can be calculated and
compared to the supposed corrosion rate icom,vec,1. If the calculated value is lower than icor,vec, 1,
which is the smallest corrosion rate for which the simulations were performed, the calculated
value is kept and corresponds to a negligible corrosion rate. If the calculated value is higher, a
second corrosion rate is calculated using the second supposed corrosion rate (i.e. icorr,vec,2 = 0.5
uA/cm? here). If the second calculated corrosion rate value icor2 is higher than the second
supposed corrosion rate value icomvec2, another iterative loop is performed. Otherwise, if
icorr2 < icomvec2 (.. 0.1 < icom2 < 0.5 pA/cm? here), the final output corrosion rate value icor is
determined using a weighted average between the first and the second calculated values
(icor,1 and icorr2). The highest weight is given to the calculated value that is closest to the
supposed value. Finally, after all the possible iterative looping (i.e. a maximum of three loops
here), if the last calculated value is higher than the supposed value, the final output corrosion
rate value icorr Will be the last one calculated.

This algorithm may appear unnecessarily complex as the simulations have only been

performed for three corrosion rates, icor, for the moment. However, additional supposed
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corrosion rates will be progressively added in order to increase the precision of the calculation

and this is why the algorithm is presented in its most general form.

Concrete cover ¢, rebar diameter D
and rebar spacing s measurements

; i=i+1

=l i(

v

Current density at the Pl using the graph
jPl/jP for icarr,vec,i

No polarization, E,,, measurement

v

Galvanostatic pulse (/p)
Polarization (t = 0):
Ohmic drop AE measurement
Polarization (t = o°):
AE;,; measurement
Surface polarization
AEp sury = AEroe — AEq

Rebar polarization at the Pl using the graph
AEl-‘/AEP,surf for icorr,vec,i

v

k geometrical factor determination
See reference [8] for details

Concrete cover resistivity calculation

AE,
p=kRq= k.]—“

p
I

¥ noandi <N
Linear Polarization Resistance LPR Rp
Rp = AEp/jp;
Corrosion rate iopr,i
icorr,i = B/RP
) ) no . i
leorri < leorrwec,i 2 lecorr = leorr,i
no and
i=N
yes and yesand i > 1
=1y v
: _ . _ Wi Xleopri—1 + Wi Xlcorr,i
teorr = leorn,i Leorr =
We
1 1
Wi—1 =~ ;) Wi =

teorr,i-1 — lcorrvec,i—1

teorrec,i — Leorr,i

We = Wi_q +w;

Figure 15. Procedure for the SLPR and corrosion rate measurement on site.

6 Experimental measurements

The probe and associated measurement procedure were used to determine the rebar corrosion

potential, concrete cover resistivity and rebar corrosion rate on the rebars of eight slabs during

18 weeks. In order to limit the number of figures in this article, we chose to calculate the

average value of these parameters for the six concrete covers (Figure 3) at each time point and

to present the results in three figures (Figure 16, Figure 17, Figure 18).
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Figure 16. Evolution of the average corrosion potential Ecorr measured on the eight slabs.

Thick curves are for 20 mm rebars, thin curves are for 6 mm rebars.

The evolution of the corrosion potentials is presented in Figure 16. The first notable feature is
that, whatever the curing condition considered, the two rebars in the same curing conditions
follow the same general trend. However, for both concrete slabs containing chloride (cures 2
and 4) the corrosion potential is lower (around 50 mV/ref) for 20 mm rebars.

The slabs without chloride, placed outdoors (cure 1) present the highest corrosion potential.
During the 18 weeks of measurements, the corrosion potential increased slightly, from around
- 100 mV/ref. to 0 mV/ref., which indicates an extremely low corrosion risk. In contrast, the
slabs containing chlorides and placed outdoors have the lowest corrosion potentials observed.
They are around — 430 mV/ref. after 18 weeks, which indicates high corrosion risk. The slabs
prepared without chloride and placed in an ordinary indoor environment (cure 4) or placed in
the carbonation chamber (cure 3) have intermediate corrosion potentials. The corrosion
potentials of slabs prepared with chlorides and placed indoors are around - 200 mV/ref.,
which indicates that the carbonation front probably reached the rebars. The extremely high

water/cement ratio led to very high porosity and the CO; content of the carbonation chamber
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(50 %) was very high. These two facts explain the fast carbonation and associated
intermediate corrosion potentials observed. Finally, the slabs stored indoors and prepared with
chloride exhibit low corrosion potentials (around - 370 mV/ref.). As observed for the other
slabs prepared with chloride and stored outside (cure 2), the high chloride content introduced

during slab fabrication probably avoided the formation of a passive layer.
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Figure 17. Evolution of the average concrete cover resistivity p measured on the eight

slabs. Thick curves are for 20 mm rebars, thin curves are for 6 mm rebars.

The concrete cover resistivity evolution is presented in Figure 17. On the one hand, the slabs
prepared without chloride and placed outdoors exhibit the highest concrete cover resistivity
variation, which can be attributed to the hydrothermal variations (rain, temperature, etc.).
Resistivities are between 200 and 400 Q.m, which is quite small for concrete but can be
explained by the extremely high water/binder ratio. The average coefficient of variation
(standard deviation / average) is 19% for these two slabs (cure 1).

On the other hand, the slabs kept in the same conditions but prepared with chloride (cure 2)
have very low resistivity (around 70 ©Q.m). The presence of chloride logically decreased the

concrete resistivity of the specimens and the average coefficient of variation is 14%.. Again,
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the slabs placed indoors, prepared with chloride (cure 4) and placed in the carbonation
chamber (cure 3) present intermediate behaviours. The resistivity of the slabs stored indoors
and prepared with chloride have low values that seem to be nearly stable (average of 120
Q.m, average coefficient of variation of 19%) at the end of the 18 weeks of experiments. The
slabs placed indoors under carbonation (50% CO> and 65% RH - cure 3) show slightly
decreasing resistivity values that seem to have stabilized around 180 Q.m.

The measured resistivities are in agreement with the two different exposure conditions and the
presence or absence of chloride. Note that the measured values are relatively low compared to
what can be measured on site for ordinary concrete because of the low performance concrete

employed.

1.2
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Figure 18. Evolution of the average corrosion rate icorr measured on the eight slabs.
Thick curves are for 20 mm rebars, thin curves are for 6 mm rebars. Curves numbered

2 and 4 are false because they were calculated assuming uniform corrosion.

Finally, corrosion rate evolution is presented in Figure 18. The lowest corrosion rate values

were obtained for the slabs placed outdoors and prepared without chloride. The measured
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values are not negligible as some of them are higher than 0.1 pA/cm? (see corrosion levels in
[16]).

The corrosion rate of the slab placed in the carbonation chamber is already high, which
indicates that the rebar passivated layer was destroyed due to the fast ingress of CO». This is
in agreement with the measured corrosion potentials (Figure 16).

The measurement procedure developed in this paper is based on uniform corrosion. However,
different papers [43—45] have proved that the chloride ingress causes macrocell corrosion in
which the active anode and the passive cathode are spatially separated. It is currently
impossible to determine the active surface area, and thus to calculate the local corrosion rate,
without destructive tests. The corrosion values obtained on both slabs containing chloride
(cures 2 and 4) are presented but the authors insist on the fact that the corrosion rate values
presented are not correct. They are apparent corrosion rates. At the end of the 18 weeks of
experiments, based on the method developed, which assumes uniform corrosion, the
estimated corrosion rates measured on these two slabs were between 0.6 and 1.2 uA/cm?.
These values are certainly underestimated as the local corrosion rate at the anode might be
much higher. Thus, this probe and the associated measurement principle cannot be applied to
determine the corrosion rate when concrete is in presence of chlorides but an apparent
corrosion rate can be calculated. As far as we know, there are no devices that can be
employed at present to non-destructively determine the rebar corrosion rate for macrocell
corrosion. However, the evolution of the apparent corrosion rate will give precious
information concerning the evolution of the corrosion state of the structure under inspection.
Moreover, the probe and associated measurement principle can be used to determine both the
rebar corrosion potential (no polarization) and the concrete cover resistivity as the rebar is

short-circuited in both micro and macrocell corrosion
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7  Conclusions

A new probe with a smaller counter electrode than in previous probes has been developed in
order to evaluate the corrosion state of reinforced concrete structures. An electrical
connection has to be made to the rebar and then galvanostic polarization is performed. No
guard ring is used. Three-dimensional numerical simulations are the only way to reliably
understand the distribution of polarizing current. In that way, the measurement was
numerically modelled in order to convert the potential evolution measured on the surface to
the rebar corrosion rate. The following conclusions can be drawn:

* It is necessary to take the three geometrical parameters of the problem (rebar spacing,
s, concrete cover, ¢, and rebar diameter, D) and the concrete resistivity into account
for SLPR Rp; evaluation as they modify the current and potential distribution through
the concrete.

* The polarization measured on the surface, AEpsur, is smaller than the rebar
polarization, AEp. The AEp/AEp surfratio is determined numerically and graphs are also
proposed in order to convert the potential surface measurement easily.

* The current density at the Point of Interest, jpi, decreases when the rebar spacing
decreases, when the concrete cover increases, or when the rebar diameter increases.
Decreasing the concrete resistivity and the rebar corrosion rate also decreases the
current density at the PI. The jpi/jp ratio is determined numerically in order evaluate
the current density at the PI easily.

A complete methodology for the exploitation of the measurement is finally proposed based on
charts and an iterative procedure.

The three corrosion parameters evaluated (corrosion potential, concrete cover and rebar
corrosion rate) were in good agreement with the composition of the slabs and their curing

conditions. However, to improve the iterative measurement procedure developed in this study,
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other numerical simulations need to be performed with other assumed corrosion rates. The

numerical model is also based on a uniform concrete resistivity. However, on site, a resistivity

gradient is usually observed and it will modify the measurement. The resistivity measurement

method must be validated using other device such as the Wenner on samples without rebars.

Moreover, the validation should be performed on concrete that present higher resistivity

which would be more representative to field environment. Finally, in order to evaluate the

precision of the methodology developed here for corrosion rate assessement, a comparative

study between non-destructive measurements made with the DIAMOND probe and

destructive mass loss measurements will be carried out.
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