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Abstract

Installation, calibration protocol and data analysis of multi-electrode sensors embedded in
concrete are proposed in this study. Measurements of resistivity are performed in a port wharf and
analyzed in parallel with measurements of humidity, temperature, and evolution of the mechani-
cal strength of concrete. The correlation between the evolution of the compressive strength and
the resistivity, allows to validate the measurement protocol proposed. To visualize the distribu-
tion of resistivities in the studied volume, pseudo-sections of apparent resistivity were displayed.
A methodology to plot and use them as an indicator of corrosion adapted to civil engineering
structures is proposed.

Keywords: Electrical DC resistivity, SHM, Embedded sensors, Coastal structures, Concrete

1. Introduction

The electrical resistivity quantifies the ability of a material to oppose the flow of electric
current. This physical characteristic is related to the nature of the medium, its porosity and its
electrolyte content. Direct Current (DC) electrical resistivity measurements have thus naturally
been used for many years in geophysics to obtain subsoil images by tomography [1, 2] and esti-

mate its constitution (type of rock, presence of water, trace of pollutant, etc.). In rocks the electric
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current propagates essentially through the open porosity by the intermediate of the interstitial flu-
ids, generally water [3]. The electrolytic resistivity of rock is given by Archie’s empirical law
[4, 5]. The conduction via the pore solution of concrete can also be described by the Archie’s law
[6, 7]. Resistivity measurements are therefore also used in civil engineering for various appli-
cations. These include crack detection [8], porosity or mechanical strength monitoring [9], and
concrete moisture content assessment [10, 11, 12]. Corrosion monitoring, the issue of interest in
this study, is also an important field of application for resistivity measurement [13, 14, 15, 16].
The resistivity value is used as an indicator of the probability of corrosion. In the case of pit-
ting corrosion induced by chlorides, it is possible, by calibrating the resistivity measurement, to
assess the level of free chloride in a given concrete [10, 17, 18, 19, 20].

One hundred works and applications covering the field of resistivity measurement in concrete
were identified in the reviews [21, 22]. Most of the experiments listed in [21] were carried out in
the laboratory on test specimens without reinforcement bars.

Many measurement devices exist such as: discs, devices with 4 electrodes arranged in squares
or aligned and most often interrogated with a Wenner protocol. There are also multi-electrode
devices that allow, as in Geophysics, to display a resistivity section of the medium [23, 18, 24].
For on-site applications the most commonly used devices are portable Wenner probes for punc-
tual measurement. Although simple to use and relatively inexpensive, they have two significant
drawbacks. On the one hand, this system is suitable for punctual measurements as part of inspec-
tion campaigns. It is not designed to be integrated into a SHM (Structural Health Monitoring)
measurement chain. On the other hand, the repeatability and reproducibility performances of
these probes are lower than those observed with embedded devices. Coefficients of variations
between 10% and 25% have been reported for variability measurements performed in specimens
of the same batches and exposed identically [13, 25, 26, 18]. This dispersion has several origins,
including the variability of the material and the variability of the contact resistance between the
concrete surface and the measuring electrodes [27]. This observation shows the importance of
the quality to bring to the electrical contact to ensure the reproducibility of the measurement. For
this purpose it is more interesting to opt for an embedded sensor in order to improve the perfor-
mances of the measuring system. It also offer the possibility to perform several measurements
in the same location to avoid any bias due to material spatial variability of physical properties of

concrete. This local variability is shown to have significant influence on resistivity measurement
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due to the change of the path of current lines [27]. Spatial variability of chloride content [28] is
also an issue.

To take full advantage of all the possibilities offered by electrical DC resistivity measurement
[21, 22], current works must now focus on in situ installation of devices integrated into SHM

measurement chain. These sensors should have the following characteristics:

e be embedded in concrete during the construction of the structure, to improve the repeata-
bility of measurements, to get data in areas that are difficult to access and to follow the

evolution from concreting to operation time;

e take into account the presence of reinforcement bars, either through a correction of the

measurement [13, 29], or through a specific installation protocol [30];
o take temperature variations into account [31, 32, 24];

e give a large number of measurement points to decrease the amount of false alarm or bad

detections [24, 33, 23, 18];

e obtain a mapping of resistivity in the concrete cover area [33, 23, 18] and better asses

spatial variability.

The objective of this study is to propose a complete methodology for the installation and
use of an on-site resistivity measurement device for the continuous monitoring of a reinforced
concrete structure located in the splash zone of a marine environment, from its construction to

its dismantling. The methodology addresses the following points:
e the in situ installation;
e the calibration protocol;
o the data analysis.

The section 2 is dedicated to the presentation of the sensors and their installation in a port
wharf located at the mouth of the Loire river (on the west coast of France). Resistivity sen-
sors (based on the technology used in the study [18]) were installed on two beams during the

construction of the wharf together with temperature and humidity sensors.
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. This section also describes concrete characterizations
performed in laboratory. The principle of resistivity measurements with our sensors and their
experimental validation are presented in section 3. The section 4 is the core of the analysis. It
presents original developments on the adaptation of conventional methods used on geophysics
to civil engineering structures, which allow the display and exploitation of apparent resistivity
measurements. The last section, “results and discussion”, is dedicated to the presentation of all
the measurements (resistivity, humidity, temperature, compressive strength) and the correlations
between the different measurements. The evolution of concrete at early age and then during the
first year of the structure is monitored. The observation of phenomena related to concrete setting
made it possible to validate measurement protocols and analysis methods, as well as to assess

the in situ performances of the resistivity sensor and the measurement method proposed.

2. Material and Methods
2.1. Studied structure and measurement system
2.1.1. The wharf

The instrumented structure is a 350 meter long, 50 meter wide on pile wharf with a platform
(slab and beams) in concrete. The structure is made of partly precast reinforced concrete elements
(see Figure 1a). Precast elements are supported by 579 steel piles distributed over 10 longitudinal
rows and 56 transverse rows (see Figure 1b). The precast elements are first laid down on the heads
of steel piles. The junctions between these elements are reinforced with steel bars and then filled
with concrete for ensuring the embedded connection. The concrete elements act as formwork for
the structural parts of the wharf called “beams”. Two beams at the end of the wharf are equipped

with sensors. They are marked in Figure 1b.

2.1.2. Structural Health Monitoring (SHM) system for resistivity measurement

The wharf has been equipped with a multi-sensor system for the monitoring of concrete
ageing. The measurement chain is designed to detect the long term penetration of chloride ions
before it reaches the reinforcement and pitting corrosion begins. We are therefore particularly

interested in the monitoring of concrete cover (see Figure 2a). The studied concrete elements are

4



Acquisition
Embankment devices

Instrumented zone

Acquisition device

Precast element

a) Schematic view of precast elements b) Location of the instrumented area

Figure 1: The wharf: building system and sensors location.

1e  in the splash zone. Humidity, temperature and resistivity sensors were embedded in the concrete

117 during the construction of the structure. They are located in each beams as shown in Figure 2.

sensors

| T°C and RH%

P

I m m 1
Concrete 5 / 5 N
opening 1 &
2500 x 400 mny I [ Acquisiﬁon
Added concrete 400 mm 50 mm devices
a) Beam cross sectional view b) Top view

Figure 2: Location of resistivity sensors (referenced RS).

118 The lower part of each instrumented beam is equipped with:

119 o 2 resistivity sensors designed on the technology described in section 2.2;
120 e 3 combined humidity and temperature probes (ROTRONIC);

121 o 2 temperature probes Pt100.

122 Pt100 temperature sensors and humidity probes are positioned near resistivity sensors. Tem-

123 perature sensors are used for the compensation of thermal effects on resistivity measurements.
5
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They have also been used to determine the mechanical strength of in situ concrete using the

maturity method. Position of these sensors are presented in Figure 3.

Concrete slab

|
|
|
|
|
|
|
| l
! RHi3  Pti2 RHi2 Ptid  RHI1 !
| |
| |
| |
l :
" | Pile i
|

®RH % sensors @ Temperature Pt 100 sensors

Figure 3: Schematic view of the longitudinal cross section of the beam: location of temperature and humidity sensors.
The label i = 1 or 2 is the beam number.

Data acquisition for temperature and humidity sensors is carried out with a NI cDAQ-9133
acquisition unit. The whole installation (batteries, electronics, central unit, wires for resistivity
measurement) allowing data acquisition has been integrated into waterproof boxes to protect it
from external aggressions (wind, rain, tide, etc.). The boxes are positioned at the downstream

end of the platform as shown in Figure 1.

2.2. The resistivity sensor and its acquisition device

The sensor embedded in the concrete structure consists of 32 electrodes in stainless steel
spaced of a = 35 mm screwed into a 1.135 m long PVC bar. The exact dimensions of the sensors
are visible in the Figure 4.

The resistivity measurements are performed punctually with a resistivimeter ABEM terram-
eter LS used by geophysicists which can also be used for civil engineering applications [18, 23].
The device injects current and measures potential differences on a line containing 4 to 32 elec-
trodes in a user-defined sequence. Parameters such as the intensity of the current injected and
the injection time are adjustable. The optimization of these parameters has been the subject of

preliminary studies [18].

2.3. Proposed in situ installation of the resistivity sensor
The sensor installation has to meet the following operational constraints:

6
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Figure 4: Sketch of the 32 electrode sensor. Dimensions are given in millimeters.

First, the sensors must be placed in the center of the beams. This location required an
opening on two prefabricated elements positioned side by side (see Figure 5a and 5b). The
state of the structure before installation of the sensors is thus described in these figures 5a
and 5b. The opening must then be filled with concrete poured into a formwork added to

the structure after installation of the sensors (area drawn in red in Figure 5c);

No electrical wires should run from the concrete bottom surface to the reinforcement to

avoid creating a preferential path for seawater;
The installation must be fast so as not to slow down the construction process;

The sensor must probe the most relevant area. The concentration of chlorides is the highest
in the zone located between 0 and 5 centimeters under the external concrete surface [10].
Cover concrete is then the zone where monitoring is the most interesting for early detection

of chloride ion penetration in concrete and therefore detection of corrosion risk;

The sensor must be insensitive to reinforcement bars. Indeed, the data analysis is based
on a finite element (FE) simulation. If the sensor were sensitive to reinforcement bars, it

would be necessary to accurately modelized these bars in order to take into account their

7



158 influences on the resistivity measurement. However, on site, the actual positioning of the

159 reinforcement bars is never exactly the same as planed. It would therefore be necessary
160 to perform an accurate position report of the actual reinforcement bars. Moreover, as the
161 reinforcement bars used are different according to the location within the beam, it would
162 be necessary to carry out a different FE model of the volume studied for each sensor.
163 Last, FE models representing reinforcements are complex and cannot be simplified. The
164 simulations would therefore be expensive in terms of calculation time.

Reinforcement bar ® 16 mm Reinforcement bar  Reinforcement // ) Reinforcement bar

® 40 mm bar ® 16 mm ® 40 mm

Precast )
elements\/ //
/ /
e/ / / ;////
/ /
/ €
) . ‘ Precast
I3 L // elements
a) Concrete opening (Top view) b) Concrete opening (Bottom view)
Sensors P Wire mesh Reinforcement

bar ® 40 mm

Formwork for
added concrete

Wire mesh

Sensor Reinforcement
bar ® 16 mm

c) Sensor installation (Bottom view) d) On-site installation

Figure 5: View of precasted concrete elements before (a and b) and after (c and d) the sensors are installed.

165 The technical solution chosen for the installation of the sensors, in agreement with all the
166 criteria listed above, consists in installing the two sensors on a welded wire mesh of the size of

17 the opening in the concrete (see Figure 5c). It was fixed on the 16 mm diameter reinforcements
8
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visible on Figure 5d. The wire mesh is connected to the ground of the measuring instrument via
an electrical wire.

A welded wire mesh with a sufficiently fine mesh can be considered as a conductive plate.
Adding a conductive element between the reinforcement and the sensors confines the electrical
currents within the volume delimited by the concrete surface on the bottom side and the welded
mesh on the top side. The interest of the system is twofold. First, the resistivity measurement is
thus rendered insensitive to the presence of conductive elements (the reinforcement) located on
the other side of the conductive plate. Secondly, the volume surveyed using resistivy measure-
ments is simple to modelize, since it is a rectangular volume without reinforcements except the
welded mesh (see volume in red in Figure 5c).

On site, however, it is not possible to install a metal plate or very dense mesh. The meshes
must be wide enough to allow the aggregates and the needle to vibrate the concrete to pass
through. A 35 mm mesh could be installed on site. A numerical sensitivity analysis performed
with a model of the welded mesh and presented in the section 4 demonstrates that the mesh
size used here is acceptable to avoid that the reinforcement bars influence the measurements of

resistivity in cover concrete.

2.4. Materials and mixture used on-site

The composition of cast-in-place concrete is given in Table 1. The strength class was C40/50
and the mixture complied with the requirements of French Standard NF EN 206-1 for XA2
exposure class; i.e. minimum binder content of 350 kg/m?® and maximum Effective water to
Binder (Weff/Beq) ratio of 0.50. Portland cement CEM 1 52.5 N SR3 was used to provide sulfate

resistance. The actual Weff/Beq ratio was 0.45.

Content (kg/m?)
Gravel 11/22 740
Gravel 2/10 300
Sand 0/4 810
Cement CEM 1 52.5 N SR3 (C) 360
Plasticizer 3.8
Water effective 161

Table 1: Composition of concrete mix
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2.5. Characterization of concrete performed in laboratory environment

In addition to the measurements carried out on site, laboratory tests were performed in order
to get key properties of the concrete. The day when the beams were casted, 40 cylindrical samples
of 110 mm diameter and 220 mm height were made with the same concrete and at the same time.
After one day, they were stored in water at 3 different temperatures, 10 °C, 20 °C and 40 °C. The

aim of the characterization tests was to obtain:
e the porosity accessible to water;
o the compressive strength;
o the equivalent age.

Permeability is an indicator of concrete durability since it controls the rate at which aggres-
sive agents such as ions in sea water can penetrate into concrete. Number of scientific studies
underline the strong correlation between the porosity of a concrete and its permeability [34, 35].
When porosity is reduced, permeability also decreases. Porosity is thus an essential character-
istic of reinforced concrete [36]. In this study, water porosity was assessed after 90-day wet
curing on three concrete discs by the vacuum water saturation method, according to French stan-
dard NF P18-459. An interesting feature of the resistivity comes from its link to porosity since
porosity evolves with hydration [37]. Porosity decreases during the first 90 days leading to an
increase in resistivity. At the same time, the mechanical strength of concrete is influenced by
porosity. Resistivity measurement can thus be considered as an interesting indicator of durability
[38] and material hardening. Thus, in section 5, resistivity measurements are compared with
porosity measurements. Then, the evolution of the in sifu mechanical strength is computed at an
equivalent age.

Compressive strength characterization was also carried out in laboratory. The compressive
strength was measured at 1, 2, 7 and 28 days on the specimens stored in water at 10°C, 20°C and
40 °C. 30 specimens were tested, i.e. 3 specimens on day 1 and 3 specimens for each temperature
range on days 2, 7 and 28. The objective of these tests was to assess the compressive strength
of the concrete of the in situ structure. For this purpose, the maturometry technique was used. It
aims at the computation of the age of an on-site concrete equivalent to a concrete stored in the
laboratory at a reference temperature Ty = 20 °C. This calculation requires knowledge of the

thermal history of the structure (measured with PT100 probes) [39, 40]. Maturometry is firstly
10
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based on the fact that the compressive strength of concrete depends only on its temperature. For
a constant temperature, the mechanical strength of concrete can be described by the following
expression [41]:

ST, _ 28
LT, Toeg) = fon, (Trep)e Teo1- et (1)

where 7 is the age of the concrete in days for the reference temperature T'¢ or the equivalent
age for a temperature T # Tier, s the adjustable parameter and f.3q4 the compressive strength
assessed at 28 days and at the reference temperature, here chosen T.r = 20 °C.

Secondly, the sensitivity of concrete hardening to temperature is given by Arrhenius law,
whose unique parameter E, called apparent activation energy [J/mol] characterizes the curing of
a concrete. The activation energy is related to the equivalent age of the concrete and its thermal
history by the following relationship (2) [42]:

T(t; T, Tref) = fteE’*"[Tff”Tﬂer]de ()
s A et
0
where ¢ is the considered time period (days), R is the gas constant 8.314 J/mol.K and T (K) is the
average absolute temperature of concrete.
It is thus possible to calculate the apparent activation energy of a concrete from the mechan-

ical strength of the material stored at different temperatures following these steps:

o First, parameter s in equation (1) is determined from the mechanical strength curve of the

samples stored at Tyer = 20 °C;

¢ In a second step, the parameter E, is calculated in such a way as to minimize the difference
between the compressive strength measurement at 10 °C and 40 °C considering equivalent

age computed with equation (2) and the model of the equation (1);

e Once E, has been determined, the equivalent age of the actual structure can be determined

at any point on the structure equipped with a temperature probe;

e Then, it is possible to calculate the mechanical strength of the real concrete at a given time
with equation (2) using experimental data collected in laboratory and on-site temperature

measurement.
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3. Resistivity measurement: protocol and performance assessment within the framework
of the in situ installation

3.1. Principle and protocol

The resistivity measurement technique used in this study is the direct current electrical to-
mography method. It is commonly used in the field of geophysics [1]. This measurement tech-
nique consists in successively using several sets of four surface electrodes to obtain one resistiv-
ity measurement. Two electrodes are used to inject an electric current into the studied volume.
These two electrodes are respectively labelled A (injected current I) and B (injected current -
I) (see Figure 6). The other two electrodes labelled M and N are used to measure a potential

difference AV.

—— equipotential surfaces — — current lines

Figure 6: Principle of the resistivity measurement with a four electrode device. The equipotential surfaces drawn on the
Figure correspond to a semi-infinite homogeneous medium.

For a homogeneous medium of resistivity p (Qm), the relationship between the imposed
current I, the potential difference AV and the resistivity is given by equation (3):

AV
Papp = GT 3)

where G (1/m) is the geometric factor. This geometric factor is only function of the interrogation
protocol (Wenner alpha, beta, gamma, Schlumberger, Dipole-Dipole) and of the geometry of
the studied volume. In geophysics, the medium is assumed to be semi infinite. In this case, G
depends only on the distance between the electrodes of the considered quadripole. For a Wenner
alpha protocol, AM = MN = NB = q, thus G = 27a. The factor 27a is also the one used for the

analysis of potential measurement performed with a portable resistivity probe. However, if the
12
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medium is not semi-infinite, (for instance in in civil engineering in beams or slabs), G depends
also on the specimen geometry. In such a case, the G factor has to be evaluated numerically or
experimentally.

Finally, when the medium is not homogeneous, the resistivity, calculated from equation (3)
is called apparent resistivity. The 32 electrodes of the sensor allow m = 129 measurements with

the Wenner alpha protocol. The corresponding sequence is given on Figure 7.

8
_
=) —+ Electrode position |29 measurement point
N
RS *  Measurment point | umber
=
E 6
o0 116 129
.E ® 0 000 0 00 ® 0000 0 00
g 99 115
QU f e e eeeseseelesseeeeoee
w2
© 79 98
'-g ® ® 0 00000 0 00 ® ® 00000 0 000
= 56 78
D 2| eececccecceccecceccrcocccs
3 30 55
53 ® ® 00000000 0 0 00 ® © 00000000 0 0 00
= 1 29
T 0 S
-500 -300 -100 100 300 500

Position x (mm)

Figure 7: Graphical representation of the Wenner alpha protocol measurement points with respect to the positions of the
32 electrodes.

From the m experimental or numerical measurements we deduce the geometric factors G/ =
pALV,, for j = 1,...,m. These are used to define the measured apparent resistivities p{; pp = G/ ATW
linked to the j™ measurement.

Resistivity measurements were performed during 18 months, several times a week during the
first weeks in order to observe the evolution of concrete at early age. Further measurements are
planned during next years but on a half-yearly basis. From all these measurements a resistiv-
ity mapping is obtained. It represents the apparent resistivity of the volume located under the

measuring electrodes and it is called pseudo-section of apparent resistivity.

3.2. Assesment of measurement repeatability and trueness in laboratory and in situ

The quantification of measurement uncertainties is necessary, especially in civil engineering
since concrete is a heterogeneous medium. Thus, the repeatability of the resistivity measure-

ments was evaluated on site within concrete and in a homogeneous environment of constant
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resistivity but including the same welded mesh as for the on-site installation. A model of the
volume of concrete studied on site was reproduced for laboratory tests (volume in red in Figure
5¢). A wooden mould was equipped with a welded mesh and a resistivity sensor identical to
those embedded on site in the concrete beams. The volume was filled with water maintained at a
constant temperature of 20° C. The resistivity of water was obtained using a conductivity probe
considered as the reference. Five repeatability tests have been performed for each of the m =129
measurement points {Mf}T=l (Figure 7). The repeatability error is computed as the coefficient of

variation of the sample p7 = {0y x (M’ )},Sc:1 containing the 5 values of the repeatability test:

CoV@j)z—Vvar@, jell,...,m 4)

Kl
where p/ and Var(p') are the mean value and the variance of the sample p/. Repeatability tests
were performed in water of variable resistivity. The resistivity values [23, 92 Qm] are chosen to
match with the values expected to be measured on site. The value of about 20 Qm is expected
for a concrete at early age while 100 Qm could be the resistivity value of a concrete with a high
water saturation after few weeks. The results are plotted on Figure 8 with respect to the sequence

of measurement points presented in Figure 7.

. =23 Qm e
(mm/mm)

a35= 1 2 3

~ 0.6

0 1 1 1 1
0 29 55 78 98 115
Sequence of measurements

Figure 8: Coefficients of variation CoV(p”) of the m = 129 measurements for tests performed in water using 10 mA
current injection.

The coefficients of variation are very low in both cases since they are less than 0.55 % (except
the value of 0.87 for one measurement) and close to those found in [25]. It should be noted that
after one year, the average value of the resistivity measured on site was less than 100 Qm and
consequently, the input parameters of the device (injected current, time of injection, protocol,etc.)
are adapted. Similarly, repeatability tests conducted on the wharf made it possible to evaluate the

performance of the in sifu device as shown in Figure 9.
14
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Figure 9: Coefficient of variation CoV(p?) of the m = 129 measurements for tests performed in situ using 10 mA current
injection.

The value of the coefficient of variation recorded on site is slightly higher than that observed
in the laboratory, but remains very low (less than 0.6 %). The difference is explained by the
presence of more sources of uncertainties in situ, including variations in contact resistance or
poor compensation for thermal effects. It is also possible to assess the accuracy error but only
for measurement performed in water and using the geometric factor computed numerically. For
a set of 5 repeatability tests, a reference value is given by the conductivity probe p. The bias is

computed using the equation (5):

b =1p-p/l )
The bias also represents the trueness error in this case. It represents in particular the error on
the modelling performed using the direct finite element model since the bias is related to an
approximate numerical evaluation of the geometric coefficient G. The results obtained confirm
the global relevance of our finite element model (see section 4) since the relative bias is low (in
average 0.7 Qm for the medium of 23 Qm and 2.4 Qm for the medium of 92 Qm) except for 12
measurement points (see Figure 10). The latter are those made with the electrodes at the ends of
the sensor. This means that FE modelling does not correctly predict the propagation of current
near the lateral edges of the sensor with this geometric configuration. Consequently, in the rest
of the study, in order to avoid misinterpretations this measures were removed from the database.
Finally 117 measurement will be kept (129 minus 12 measurements, i.e. two measurements at

each end of the sensor for a given spacing, considering 6 different spacings).
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Figure 10: Relative biais b/ of the m = 129 measured apparent resistivities for tests performed in water using 10 mA
current injection.

4. Mapping of resistivity measurements

The set of m=117 resistivity measurements obtained for a given time period allow three levels

of analysis to be performed:

o The average apparent resistivity representative of the material is estimated from a large
number of measurements performed in a small volume. The dispersion of the measure-
ments reflects the heterogeneity of the concrete. The average value is useful information
for the monitoring of hardening concrete (see section 5). By testing a material containing
a given chloride content [20, 18] it is also possible to estimate a probability of detection
of an average free chloride content in the survey area by knowing both average apparent

resistivity value and dispersion of the measurements;

e The measurements can be displayed directly through a pseudo section of apparent resis-
tivity. It does not require numerical inversion and thus allows an instant display of the
measurement results. It is then possible to visualize areas for which the resistivity varies
between two measurement campaigns as well as gradient effects due to chloride and hu-
midity. Apparent resistivity is also useful for calculating the true resistivity obtained by
reverse analysis. Indeed, in all algorithms currently in use, the initial value of true resis-

tivity is the apparent resistivity.

o The true resistivity obtained by inversion allows the exact location of areas of variable re-
sistivity. However, there is currently no algorithm available to quickly and reliably reverse
apparent resistivity measurements for in sifu use applied to civil engineering structures

[43]. This point has not been addressed in the context of this paper, whose subject is
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the development of tools usable in sifu or in a supervision program (i.e. without reverse

analysis).

The objective of this section is to propose a method for obtaining pseudo-sections of apparent
resistivity in the context of a measurement carried out on a reinforced concrete structure. The
methodology used is strongly inspired by the techniques used in the field of geophysics. The
methods applied in this context are briefly described and the necessary adaptations to the field of

civil engineering highlighted.

4.1. Apparent resistivity in geophysics: practice and limits

In geophysics, the measurements of the electric potential differences are displayed through
the apparent resistivity defined with equation (3) where the geometric factor G is determined so
that the apparent resistivity is equal to the true resistivity when the medium is homogeneous.
In the case of the semi-infinite medium as it is encountered in geophysics, the geometric factor
can be defined analytically (see section 3.1). When the studied space is not homogeneous, the
apparent resistivity gives only an approximate representation of the true resistivity [3, 2].

The apparent resistivity is displayed in the 2D space at data points with cartesian coordinates
(x,z). The x-coordinate is obtained with the x positions of the electrodes, for instance for a
Wenner device, x is the middle of the 4 electrodes. The z-coordinate is defined with a sensitivity
analysis based on the Frechet derivatives. The sensitivity is studied as a function of the depth.
By convention, the z-coordinate value corresponds to the depth (or distance to the sensor) where
half of the Frechet derivative integral is obtained.

In the present study, the medium is not semi-infinite and consequently, first we have to assess
the geometric factor, and second we cannot compute the Frechet derivatives. We thus propose
to assess the geometric factor by considering the geometry of the monitored domain and the
presence of the wire mesh and the sensor (see section 4.3.1) and we propose an approach, that
mimics the analytical approach where the apparent resistivity coefficients result from a sensitivity
analysis using an approximation of the solution of the resistivity problem (section 4.2).

4.2. Proposed methodology for displaying the apparent resistivity for any geometry
4.2.1. Parametrization
In this section, we propose a methodology to display the apparent resistivity for any elec-

trostatic problem. It is based on a sensitivity analysis of the electric potential differences with
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respect to the resistivity where the resistivity is simply modeled with constant coefficients by
blocks. Let p; withi € I = (1,--- ,d) be the resistivity coefficients allocated to the d disjointed
blocks of the medium and let AV, j=1,---,m, the electric potential differences that solve the
electrostatic problem using this parametrization. By considering a finite range of possible values

for each resistivity coefficient, we introduce sensitivity indices that quantify the part of the vari-

Var(E(AV/|p))

ance of AV/ due to the variability of p; and that are derived from the Sobol indices NarAV)

In this expression, the conditional expectation E(AV/|p;) represents the function of p; only which
best approximates AV, its variance Var(E(AV/|p;)) thus measures the fluctuation of AV/ as if it
were a function of p; only, and it is normalized by the total fluctuation of AV [44]. Here we rather
use indices normalized with the maximal variance of the potential differences to better consider
the most influenced measures:

Var(E(AV]p:)
m(Var(AVh)”

j =
max;-

(6)

.....

The sensitivity indices can be computed using Monte Carlo simulation methods [45] or using
approximations of AV/ on functional bases [46].
The blocks are sized so to have an equivalent influence over the measurements, i.e. such that

S, = ;.":1 S l’ are of the same order for all of the blocks i € 1.

4.2.2. Calculation and display of the resistivity
We finally define the apparent resistivity p,,,,; displayed in block i as a weighted sum of the

measured apparent resistivities with respect to the sensitivity indices:

m J
Zj:l S,'papp

: 7
oS!

Papp,i =

with pépp the measured apparent resistivity related to the measured electricity potentials AV/
with the relation (3) in which the geometric factor G is determined a priori for the studied case.

4.3. Towards the application on the concrete structure: preprocessed parameters for the display
of the apparent resistivity

4.3.1. Determination of the geometric factor

As mentioned above, the geometric factor G first needs to be determined acoording to equa-
tion (3). For the case of the concrete structure studied in the present paper, the geometric factor
has been estimated using the geometry and boundary conditions of the surveyed part of the con-

crete structure, that includes the added concrete marked out in red on Figures 2 and 5 and the
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layer of concrete containing the wire mesh and the sensor. A finite element model reproducing
these conditions was used to assess the geometric factor.

Let denote Q the domain occupied by the medium. Its boundary is composed of the outer
boundary of the parallelepipedic domain and of the boundaries in contact with the wire mesh and

the sensor the geometries of which are modeled faithfully. The electric potential is the solution

of problem (8):
1
V. (——?V + 640 -85l =0 in the medium,
o
1
— —VVi# =0 on the outer boundary of the domain,
ol
1=
— —VV.Ai=0 on the boundary of the sensor, ®)
P
V=0 on the boundary of the wire mesh,

where p is the resistivity and d4 1 and 63/ are punctual sources of electric current / and —7 imposed
by the electrodes at points A and B.

For the determination of the geometric factors, we consider a homogeneous medium of
known resistivity p and impose a current intensity / = 1 A. We then compute the electric po-
tential differences {AV/ }’j’.’:1 for the m = 117 positions of the electrodes with the Wenner device

from which we deduce the geometric factors {G/ }Tzl.

4.3.2. Parametrization of the numerical model

We consider the in situ concrete structure. Problem (8) is solved using the finite element
method. The resistivity is now considered non homogeneous and modeled with a piecewise
constant resistivity as presented in section 4.2.1 where the blocks are chosen so that the measure-
ments are equally sensitive to each block. Figure 11 shows an example of the distribution of the
blocks for modeling the resistivity. The further the layers are from the sensor, the less influent
they are on the potential differential and thus the larger are the blocks. For the purpose of the
study which concerns the detection of a chloride front, we assume a uniform resistivity with re-
spect to the y-axis. A single block along the y-axis to which we affect the resistivity identified
underneath the sensor (the surveyed area) is sufficient to model the medium.

The parameters of the problem used in the following sections are the resistivities of the
blocks.

To illustrate the importance of considering the true geometry for defining the z-coordinate to

display the apparent resistivity, we compare the sensitivities of the electric potential differences
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Figure 11: Model of the monitored concrete structure: example of distribution of the blocks for the modeling of the
resistivity with equivalent influence on the measurements.

obtained in both cases: analytically with the Frechet derivatives on the semi-infinite medium
and numerically on the more realistic geometry of the surveyed part of the concrete structure
presented above. Figure 12 shows the sensitivities for three different distances of the electrodes:
35 mm (top Figure), 70 mm (middle Figure) and 105 mm (bottom Figure). The depth at which
the apparent resistivity is displayed using the Frechet Derivatives Sensitivities (FDS) of the semi-
infinite case, that is half of the integral of the sensitivity curve, is represented with a solid red line.
The one obtained numerically by considering the more realistic geometry is represented with a
dashed red line. For close distances of 35 mm both sensitivities are in good agreements whereas
the electrodes are distant, the numerical sensitivity has a bimodal distribution contrary to the
semi-infinite case. This shows that we do not probe the medium only far away from the sensor
but also the medium close to the sensor. This is due to the actual conditions of the surveyed area
especially that of the underside of the concrete.

Since the part of the structure containing the steel reinforcement above the wire mesh is not
part of the structure we want to study, the numerical model is also used to make sure the sensor is
not sensitive to that upper part (and so not sensitive to the steel reinforcement), or in other words
to make sure that the 35 mm wire mesh is well designed to prevent current from flowing to the
other side of the wire mesh. To that aim, we have considered an enlarged domain of concrete by
adding a layer of concrete above the wire mesh in the numerical model and we have analyzed
its effects on the electric potential differences. Figure 13 shows the modeling with the layer of
concrete above the wire mesh. The electric potential differences is sensitive to the lower part
of the domain with a sensitivity index S ;.- ~ 1 and to the upper part of the domain with a

sensitivity index S ,,per & 2.1078 assessed numerically. The experimental setup thus fulfills the
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Figure 12: Sensitivity of the measurement with respect to the depth obtained analytically on the semi-infinite medium
(FDS: Frechet Derivatives Sensitivity) and numerically on the more realistic geometry (NS: Numerical sensitivity). The
red lines locate the half of the integral of the sensitivity (DHI).
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4.4. Validation of the method for displaying of the apparent resistivity

The method is validated on experimental and numerical cases for which the resistivity field is
known a priori. The displayed apparent resistivity obtained with the proposed method is viewed
to verify the similarity between the imposed and the displayed apparent resistivities first in a
homogeneous medium and then in non homogeneous ones. In the following, the resistivity is
displayed in the 2D section A-A drawn in Figure 11. The ordinate axis will correspond to the
distance to the underside of the monitored concrete part and is equal to & — z, with z the distance

to the sensor (as in section 4.1) and /& = 0.12 m the distance of the sensor to the underside.

4.4.1. Tests on homogeneous medium

Let first consider the numerical model governed by equations (8) with constant resistivity
p = 80 Qm in the whole domain. The apparent resistivity coeflicients p,,,; (Figure 14b) obtained
with equation (7) for 62 blocks and using the geometric factors assessed numerically is compared
to the imposed homogeneous resistivity (Figure 14a). As expected, looking at the displayed
apparent resistivity p,p,; in the homogeneous case, the uniform resistivity is recovered to the
machine precision.

On Figure 14a, the dashed line defines the domain, joined underneath the sensor, the resistiv-
ity of which is the most influent on the measurements of electrical potential differences. As the
outer part is not influent on the measurements, it is removed from the plots in the following.

Same comparison is performed on two experimental cases with supposed homogeneous
source water of resistivity 23 Qm and mixture of source and distilled water of resistivity 92

Qm. Figure 15 displays the apparent resistivities o, obtained with equation (7) for 46 blocks
22
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Figure 14: (a) Original resistivity imposed on the finite element model. (b) Pseudo section of apparent resistivity display
by the method.

in the influent domain. Figures 15a and b plot the results for the medium of resistivity 23 Qm and
92 Qm respectively. Again in both cases the apparent resistivity is similar to the homogeneous

resistivity of the water.
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Figure 15: Pseudo section of resistivity for homogeneous mixtures of water. (a) source water with resistivity 23 Qm and
(b) mixture of source and distilled water with resistivity 92 Qm.

4.4.2. Heterogeneous medium

Additional tests have been carried out on the numerical model with known imposed non
homogeneous resistivity field. Figures 16 and 17 present results of the display method on two
cases where the imposed resistivities have vertical and horizontal gradients respectively (left
Figures). The corresponding displayed apparent resistivity pqpp,; (right Figures) for 46 blocks
in the influential domain are plotted in the right Figures. Although the values of the original

resistivities are not exactly recovered because of the heterogeneity of the resistivity field, the
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display method is able to catch the trends of the original resistivity. The proposed display method
is found efficient as these results are consistent with those obtained in geophysics in semi-infinite

media and using Frechet Derivatives.
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Figure 16: Original resistivity with vertical gradient imposed on the finite element model (a) and corresponding map of
apparent resistivity displayed by the proposed method (b).
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Figure 17: Original resistivity with horizontal gradient imposed on the finite element model (a) and corresponding map
of apparent resistivity displayed by the proposed method (b).

The mapping for displaying the apparent resistivity could also be adapted to other parametriza-
tion methods. For instance one can refine the block distribution of the apparent resistivity but the

computation cost becomes quickly unaffordable when the number of parameters increases.

5. Results and discussion
5.1. In situ Monitoring of temperature and humidity
The on-site temperature measurement is a crucial data needed for the correction of the re-

sistivity measurements [31, 32, 24] and an input for the maturity method. Figure 19 gives the
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evolution of the temperature during the whole duration of the study. The measurements of the
3 sensors Ptl1, Pt12 and Pt13 are very close showing a homogeneous distribution of the tem-
perature along the beam. Daily variations (day-night cycles) and seasonal variations are visible
respectively on Figures 18 and 19. On the same beam, the relative humidity measured in concrete

in the lower zone is shown in Figure 18 and Figure 19.
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Figure 18: Monitoring of temperature and relative humidity (RH) in beam 2 with time (0 to 60 days).

The structure was cast in three steps. The part containing the sensors was filled on day 0 and
a first temperature peak appears about 12 hours later (see Figure 18). The central part of the beam
was cast 9 days later. This operation is visible in Figure 18 where a second temperature peak
reaches 20°C. Finally, a few days later, the slab is cast, which has the effect of slightly modifying
the temperature in the lower part of the beam.

Relative humidity records begin 48 hours after concrete casting in the lower part of the beam.

The humidity probes are positioned in concrete openings recapped immediately after insertion
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Figure 19: Monitoring of temperature and relative humidity (RH) within beam 2 with time (0 to 18 months).
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of the sensors. It is therefore a measure of the relative humidity inside a cavity of a few cubic
centimeters (about 10 cm?) in the concrete, but not a direct measure of water content in the poros-
ity. The main information is that despite of temporary decreases, linked to the occasional rise
in temperature (during chemical reaction of the cement paste), the relative humidity increases in
the cavity to stabilize around 98% on day 50 (see Figure 18) then remains between 95 and 100%
(Figure 19). The water content of concrete is high as the underside elements of the structure
are regularly submerged or splashed during tidal cycles. A decrease of this relative humidity to
95% occured during the first summer (see Figure 19). This is an important indication that should
be taken into account when analyzing resistivity measurements. Indeed, a concrete with a high

water content naturally has a low resistivity.

5.2. Material parameters
5.2.1. Porosity

The porosity of the concrete used in situ has been estimated at 12% accoording to the French
standard NF P18-459 as mentionned in section 2.5. This porosity value is relatively low [36].
Porosity is one of main general durability indicators that can be used to estimate the durability
of concrete strcutures exposed to chlorides. The determination of porosity is actually necessary

to deduce the water saturation of concrete and its chloride content.

5.2.2. Compressive strength

To determine the activation energy, following equation (1), data are analyzed at the end of the
first day, since during 24 hours all specimens have been stored at the same temperature. Figure 20
shows the influence of the curing temperature on the compressive strength and Figure 21 shows
the time-temperature transformation based on the calculation of equivalent age. The bars on the
graph represent the standard deviation of three experimental measurements.

The value of activation energy E, deduced from the superposition method was 24.4 kJ/mol.
This value was used to assess equivalent time 7(t; T, T, s) with T,,; = 20 °C for the specimens
curedat 7 = 10 °C and T = 45 °C and then the equivalent age 7(t; T, T} s) of the in situ concrete
as well as the value of in situ concrete strength f.(t; T, T,.r) (see Figure 21). We clearly see
the logarithmic model trend of the compressive strength with the equivalent time whatever the

temperature. The calculation is possible for all regions equipped with a temperature sensor. [47].
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5.3. Evolution of average resistivity

First, we analyze the evolution of the average apparent resistivity measured in the volume
below a resistivity sensor. The apparent resistivity measurements in beam 1, under the RS21 and
RS22 sensors, has thus been plotted over time in Figure 22. The average of the 117 measurements
made with a sensor is calculated to obtain the constituent points of this curve. The error bar

symbolizes the standard deviation of all the resistivity measurements yielded by the considered

sensor.
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Figure 22: Measured resistivity in situ pr.

These data cannot be used directly. The signal is noisy due to thermal effects. It should
therefore be corrected. One technique is to calculate the average apparent resistivity at a reference
temperature Tyt (here 20 °C), according to equation (9):

PT

T 1+ a(T - Ty ©)

PT

where pr is the apparent resistivity measured at the temperature 7 and pr,

ref

is the apparent resis-
tivity computed for the temperature Ts. The coefficient « is a correction factor of temperature
effects which is set here at 0.022 °C~! as proposed by Whittington and al.[6].

We chose 20 °C for the reference temperature since it is the temperature commonly used in
the literature for resistivity correction and also because it is the temperature used for the equiv-
alent time calculation for material hardening. The corrected curves are plotted on Figure 23.
After the thermal correction, the resistivity evolutions are similar to those described by the au-
thors who performed resistivity measurement in laboratory on concrete specimens [13, 11]. This
result contributes to validate the relevance of the measurements obtained with the in situ device
and the need for temperature measurement. It can also be noted that the two sensors embedded

in the same beam about 20 cm far from each other, give very similar apparent resistivities.
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computed at 20 °C.

An interesting property of the resistivity comes from its link to porosity. The porosity evolves
with hydration [37] thus modifying the resistivity value. Since, the mechanical strength of con-
crete is influenced by porosity, the resistivity measurement can be considered as an indicator
of material hardening. This appears clearly on Figure 24 on which the mechanical strength is
plotted as a function of the average electrical resistivity. The relationship between these two

quantities is a linear relationship with a correlation coefficient very close to 1.
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Figure 24: Evolution of compressive strength f.(#; T, Tef) as a fonction of electrical resistivity pr,,; for Ty = 20 °C.

According to Archie [4], the electrolytic resistivity of the material is given by the following

empirical law:

p =ap,®"S " (10)

with p the electrolytic resistivity of concrete (in Q.m), p,, the resistivity of the interstitial
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solution (temperature dependent), ® the porosity of the material, S, the degree of saturation, and
where a, m and n are material parameters.

In this study it is assumed that the concrete is saturated with water. This assumption seems
reasonable considering the environment of the structure and the relative humidity measurements
made in the concrete beams. Indeed, the relative humidity variations are low and RH% remains
very high over time. So S, is considered equal to 1 in equation 10.

The electrical resistivity of a water-saturated concrete is then a function of the following
parameters: pore volume, porous connectivity, cement type (here the same for the two beams),
degree of hydration and chemical composition of the pore solution (parameter p,,).

In a healthy concrete, in the absence of chlorides, the influence of the chemical composition
of the pore solution remains small if the solution remains alkaline [36] and thus p,, does not
vary. The electrical current propagates mainly through the saturated porous network. The most
influent parameter on resistivity measurement is therefore the connectivity of the pore network
(since the influence of temperature has been previously corrected). The measurement of elec-
trical resistivity is therefore a simple way to characterize indirectly the connectivity of a porous
saturated medium @~". For a given cement paste, the reduction of porosity due to the hydration
of cement results in the same time in a decrease in pore connectivity, and an increase in strength.
The morphology of cement paste depends on cement type and concrete composition, thus there
is not a general correlation between resistivity and strength (see [48]). Here the same concrete
was used for both measurements. This explains the excellent correlation between the mechanical
strength measurement and the resistivity measurement observed in Figure 24.

On Figure 25, the compressive strength f.(t; T, T ) is drawn together with the resistivity pr,
as a function of equivalent time 7. Both curves exhibit a similar evolution. They have especially
similar inflection. As a consequence, when the resistivity has reached its asymptotical value, it
can be said that the concrete has almost reached its maximum compressive strength.

Simultaneous monitoring of the evolutions of the mechanical properties of concrete and of the
resistivity shows that resistivity sensors could be used as part of a strategy to optimize the phasing
of the construction process. Obtaining such a result in situ, already known and documented in
laboratory tests, is particularly interesting because it reinforces the interest of using an embedded
resistivity measurement device at early age and not only for chloride assessment. Indeed, both the

constructor of the structure, within the framework of the monitoring of manufacturing processes,

31



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

| 60
150
140
130
120
110

: : : : 0
0 10 20 30 40 50
Equivalent age (days)

Compressive strength (MPa)

Figure 25: Evolutions of compressive strength f.(#; T, T/er) and of electrical resistivity pr,; as functions of equivalent
age 7 for T,y = 20 °C.

and the owner of the structure, within the framework of the ageing structure survey, could find
an advantage in using this measuring system which reinforces the interest of in situ installation

of DC measurement devices.

5.4. Displaying the pseudo-sections of apparent resistivities

The pseudo-sections of apparent resistivities displayed following the procedure described
in section 4.2 are presented in Figure 26 for days 2, 30 and 426 after concrete casting. The
appearance of the pseudo resistivity sections displayed with a given sensor is very similar from
one day to another in terms of gradients.

It can also be noted that the dispersion of the resistivity measurements around the mean value
is much higher than that observed in the water and also much higher than the repeatability error
measured in situ in concrete (see section 3.2). The variability of apparent resistivities cannot
therefore be explained solely by measurement errors. This variability in resistivity is related
to the heterogeneity of the material; the most likely explanation is the variability of porosity.
This would explain why the facies of the resistivity maps change only slightly over time once
the main chemical reactions have occurred during the very first days of concrete setting and
hardening. Conversely, as shown in the previous section, the average resistivity value increases
with time which is also consistent with the porosity evolution.

Furthermore, it can be noted that the values of apparent resistivity are very low. Although it is

not possible to state that concrete is saturated with water only on the basis of a relative humidity
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measurement in a cavity, the water content of concrete is likely to be very high. This assumption
is consistent with the low resistivity values measured on site while the porosity of the concrete
measured in laboratory is low (see section 5.2). The values of the resistivities found here are also
consistent with the observations of previous work on the topic[13, 49].

An indicator of corrosion probability based solely on the evolution of the average resistivity
value does not seem to be the most appropriate choice for application to a port or offshore struc-
ture if one refers to the observations made on the wharf (porosity, resistance, relative humidity,
temperature and resistivity measurement). Since a pseudo section of apparent resistivity appears
to be a characteristic of the material properties in a given area, it is proposed to study the differ-
ence between the pseudo sections at two different times. This difference is shown on the Figure
27 on which the resistivity difference obtained for the two sensors RS21 and RS22 on days 114

and 148 is displayed (difference and relative difference).
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Figure 27: Pseudo section of difference of resistivity. Left: difference of the resistivity of the RS21 sensor between the
days 114 and 148. Right: relative difference of the resistivity of the RS21 sensor between the days 114 and 148.

The difference between the apparent resistivities measured on days 114 and 148 is positive
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at any point of the pseudo section of apparent resistivity. This is an expected result and this
result was found for all ages and sensors. Over time, the water content of concrete is expected
to decrease rapidly after the dormant period and then to decrease more and more slowly as the
hydration of cement consumes water. A local decrease in resistivity between two time periods
(excluding artifacts related to poor temperature compensation) would mean that the concrete
has become wetter or that its chemical composition has changed (for example, due to chloride
ion penetration). The sign of the difference between two pseudo sections of apparent resistivity
appears to be a good indicator of early detection of corrosion. It should be noted, however,
that with a pseudo section of apparent resistivity, it would not be possible to accurately define
the size of the affected area and its precise distance from the surface. However, this is a good
indicator to state almost instantly, - within the framework of a sensor integrated into an SHM
chain - and with great certainty that concrete is evolving and that monitoring in the area must
be strengthened. Further actions could then be done. In some cases coring concrete specimens

could be necessary.

6. Conclusion and outlook

Electrical resistivity measurements are currently used in the field of inspection of civil en-
gineering structure, mainly as part of a one-time measurement campaign using portable Wenner
probes. The performance of these devices is limited by the difficulty of obtaining repeatable
contact between the electrode and the concrete surface on the one hand and by the presence of
reinforcement on the other hand. The intrinsic heterogeneity of concrete also complicates the
analysis of measurements, making it difficult to interpret localized measurements.

Embedded sensors in concrete structures during casting solves the problem of poor repeata-
bility measurement induced by resistance contact between concrete and electrode. However, the
problem of taking into account the influence of the presence of reinforcements on the measure-
ment remains. This topic is the subject of current work with variable solutions depending on the
nature and geometry of the measuring device used [13, 50, 30]. The first objective of this paper
was to propose an installation methodology of a multi-electrode sensor embedded in concrete to
avoid the influence of reinforcements on measurements. To that aim, the resistivity sensor was
attached to a wire mesh that confines the electric current in the concrete cover area. In this study,

we chose to use a multi-electrode sensor about one meter long interrogated with a Wenner alpha
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protocol to obtain a hundred resistivity measurements in the monitoring area. All the measures
available thus allow the intrinsic heterogeneities of the concrete studied to be taken into account.
The evolution of the average resistivity value over time was compared with the evolution of the
mechanical strength of in situ concrete estimated using the maturometry method. This in situ re-
sult tends to prove the relevance of the proposed method of sensor installation and calibration and
also opens the perspective to use resistivity measurement, not only within the framework of age-
ing survey but also within the framework of concrete hardening monitoring for the optimization
of the construction process.

Then, the second goal of this article was to propose a method for analyzing and displaying
resistivity measurements in the form of a pseudo section of apparent resistivity. It is based on the
numerical evaluation of the sensitivity of potential measurements to resistivity variations in pre-
defined volume blocks according to their influence on the measurements. The methodology has
been validated and applied to the analysis of resistivity measurements performed on a new port
wharf for 18 months. The heterogeneous and random nature of the resistivity was attributed to the
heterogeneity of the porosity of the concrete. It was thus considered that these maps presented
information intrinsic to each studied zone and proposed an indicator of corrosion probability
based on the study of the difference between two pseudo-sections of apparent resistivity. Since it
allows instant visualization of results, the display of apparent resistivity maps can be integrated
into an in situ measurement system or into a structure supervision system. If an anomaly is de-
tected by comparing the apparent resistivity sections between two days, several actions can be
taken, including coring or computation of the true resistivity for a more accurate location of the
anomaly. In this case, the apparent resistivity can be used for initialization in the optimization
algorithms for the identification of the true resistivity. With the methodology proposed here, it
is possible to provide a set of initial parameters close to the final solution, which contributes to
improving the efficiency of inversion algorithms.

Resistivity is an indirect indicator of corrosion. When the resistivity value is below a thresh-
old value, the probability of corrosion initiation is considered high. The use of on-site resistivity
is in most cases limited to the detection of risk areas. To obtain reliable information on the
corrosion of the reinforcement and the position of the chloride front, destructive tests (chloride
titration) are traditionally carried out.

It is possible to further exploit the information provided by the resistivity measurement in
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order to characterize the degree of corrosion, through the relationships between:

e the resistivity value and the chloride content [51];

o the resistivity value and the value of the diffusion coefficient of chloride ions in concrete

[38, 14] ;
o the resistivity value and the current corrosion value [52].

Associated together, the value of the chloride rate in a given area and the diffusion coefficient
of chloride in concrete make it possible to obtain predictions over structure life duration by
calculation [52].

The measurement of the corrosion current is a direct indicator. It will be interesting during the
service life of the structure to compare the resistivity measurements and the predicted advance
of the chloride front with measurements of reinforcement electric potential. This study will be

the continuation of this work.
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