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ABSTRACT

Electrical resistivity is sensitive to various properties of concrete, such as water content. Usually used
on the surface of old structures, devices for measuring such properties could also be adapted in order
to be embedded inside the constitutive concrete of the linings of new tunnels or in new bridges, to
contribute to structural health monitoring. This paper introduces a novel multi-electrode embedded
sensor for monitoring the resistivity profile over depth in order to quantify concrete durability. The
paper focuses on the design of the sensor as a printed circuit board (PCB), which brings several
advantages, including geometric accuracy and mitigation of wiring issues, thus reducing invasiveness.
The study also presents the numerical modeling of the sensor electrical response and its ability to
assess an imposed resistivity profile, together with experimental validations using (i) saline solutions
of known conductivity and (ii) concrete specimens subjected to drying. The results demonstrate the

capability of the sensor to evaluate resistivity profiles in concrete with centimeter resolution.

© 2019. This manuscript version is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/
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1 INTRODUCTION

Water content is one of the main parameters governing the long-term durability of concrete

structures. It is necessary to check hydric transfers over their entire thickness and not only in their

concrete cover. Various methods enable concrete water content to be measured and monitored. They

include Time Domain Reflectometry TDR [1-4], capacitive techniques [5—7], Ground Penetrating

Radar GPR [8-10], electrical resistivity techniques [6,7,11-15] and Gammadensimetry [16,17]

which is indirectly sensitive to the water content of concrete via its density. These different

techniques have their own resolutions and constraints (related to the physical measurement but also to

the signal processing). In this work, we specifically address the need to monitor the water content

profile of concrete over its entire thickness. This is of great importance for the thick concrete

repository structures used for radioactive wastes; and for applications that require a centimeter

resolution over the entire thickness.

Surface measurement techniques are therefore excluded because their investigation depth typically

does not exceed a few centimeters (e.g. attenuated signals, or effects of the reinforcement bed) and

their resolution is intrinsically degraded with the depth. Moreover, for these same surface techniques,

various problems (surface irregularities, material variability, segregation of aggregates, etc.) generate

dispersion in measurements and penalize access to deeper information. Regarding the GPR

technique, the surface measurements require a complex inversion procedure to assess hydric profiles

[18-20] that may not yet be suitable for operational applications. As for the gammadensimetry
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technique, it is restricted to test specimens and is not suitable for in situ structures. Thus, this study

focuses on the development of an embedded sensor optimized as a multi-electrode system for

monitoring resistivity profiles over depth. It takes advantage of the fact that resistivity is sensitive to

defects [21] and to different concrete properties such as chloride penetration [22,23], corrosion [24]

and concrete water content [6,7,13,25], which our study is centered on. Moreover, this new resistivity

sensor is based on "point" electrodes, which give a suitable resolution for the targeted application.

The main aim of the work is to design a prototype of a sensor embedded in concrete structures to

evaluate the resistivity profile over depth. The final goal is the evaluation of the water content profile.

The transition from one to the other requires a conversion model (or calibration in the sense of [26]),

which is dependent on the concrete mix design. The experimental determination of such conversion

models is treated in the literature [6,7], and is outside the scope of the work reported here.

The paper starts with a general overview of the electrical resistivity principle, then the sensor and its

originality (materials, geometry and measurement configurations) are presented, together with the

associated methodology. Then the capabilities of the developed sensor are demonstrated and are

validated by: 1) a numerical study, which shows that the approach (i.e. sensor with equi-distribution

point electrodes) enables the resistivity profile to be estimated directly and 2) a twofold experimental

campaign carried out on solutions of known conductivity and on concrete specimens. The latter

results are then compared with independent reference measurements obtained by the

gammadensimetry technique. Finally we discuss the results and conclude.

2 ELECTRICAL RESISTIVITY PRINCIPLE

A material’s resistivity, expressed in Q-m, is its ability to oppose the flow of an electric current. In

concrete, the resistivity is characterized by the mobility of the ions existing in the interstitial solution
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and influenced by the aqueous phase of the concrete. It is highly sensitive to the water content [6,13]

and can be used as a performance parameter for concrete design [27]. A method for measuring the

resistivity of a medium is the four point electrode method (quadrupole configuration) where the

current is injected via two ‘point’ electrodes (C1 and C2) and the potential is measured between two

other point electrodes (P1 and P2). By ‘point’ electrodes, we mean electrodes having dimensions that

are smaller than one fifth of the minimum spacing between them [28]. It has been reported in previous

studies that a four point measuring configuration yields more reliable results than a two-electrode

system [6,29]. Different versions of the 4 point electrode method have been used as Non-Destructive

Testing (NDT) methods, but, for applications concerning concrete, the Wenner configuration [30] is

often used [6,7,31,32]. For this configuration, the electrodes are arranged in a line and are separated

by a constant distance, the current is injected between the external electrodes and the potential drop is

measured between the internal electrodes. A multi-electrode resistivity probe (multiple measurements

usually based on a set of aligned and evenly spaced electrodes) can be used to perform electrical

resistivity tomography (ERT) or to map property gradients over depth [6,23,24,33,34].

In the case of a homogeneous medium (including homogeneous water saturation conditions), the

resistivity depends on the material and is connected to the resistance (ratio of measured voltage to

injected current intensity) by a geometric factor G, which depends on the geometry of the quadrupole

and the concrete structure under study. In the case of a heterogeneous medium, an "apparent"

resistivity (p,) is inferred from the same relation:

pa =GR, (1)

where R is the electric resistance measured in the heterogeneous medium.
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The geometric factor G is calculated in a homogeneous medium having the same geometry and the

same electrode positions and combinations as the “real” experiment [35,36]:

G= %, @)
where pg, AV, and I; are respectively the resistivity of the homogeneous medium, the measured
potential drop and the intensity of the electric current injected into the homogeneous medium.

3 DESIGN OF THE ELECTRICAL RESISTIVITY SENSOR
Our design was orientated by the many limitations described in previous studies regarding the
determination of the electrical resistivity profiles. Firstly, the problem of concrete monitoring over a
limited thickness (concrete cover) is counteracted by embedding a sensor in the concrete, thus
allowing centimeter resolution over the entire structure thickness. Secondly, the issue of invasive
cables in the concrete is resolved by the design of a Printed Circuit Board (PCB) sensor providing no
preferential path for water infiltration from the surface and offering good geometric accuracy of the
electrode shapes and positions. The third problem of the need to wet the surfaces of surface electrodes
to avoid loss of contact with the concrete [21] (which is not optimal for monitoring) is eliminated by
having our electrode embedded in the concrete. Moreover, to avoid the new risk of contact loss due to
concrete shrinkage, the design uses a specific shape.
We propose a printed circuit sensor as a possible solution that could meet all the needs and
requirements. The following subsections describe the design of the sensor and present its material,
geometry and measurement configurations.

3.1 Material

A PCB offers various advantages that make it a relevant choice for manufacturers of electronic

components and instruments: its low cost, its precision of fabrication, which is an important
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parameter limiting any error due to an uncertainty on the electrode position or geometry that could

impact the measurement [37] and, finally its compact thickness thanks to the interconnection between

the components being made with copper tracks instead of using a large number of invasive cables,

which enables a connection (such as DB25 connector) to be easily adapted to the measuring devices.

For all these reasons, the use of PCB technology as a support for a resistivity probe looks promising.

Regarding the support material, the PCB is based on a Flame Retardant-4 (FR-4) material, a

glass-reinforced epoxy laminate [38]. All the physical (thermal expansion, resistivity), chemical and

mechanical properties [https://en.wikipedia.org/wiki/FR-4] of the material make it a relevant choice,

as pointed out by [38]. The conformal coating provides a dielectric layer on the probe that ensures

good durability of the support and tracks.

Regarding the electrode material, the literature proposes a variety of materials that have been tested

for geophysical applications [39], concrete [40,41] or metal applications [42]. The cost of the sensor

is also an important parameter. It is kept down by, for instance, excluding platinum, which would not

offer a significant improvement in signal stability compared to stainless steel [43]. Hence, the

electrodes are made of copper plated with a nickel-gold layer, which has a low electrical resistivity

[39] and protects against corrosion [44]. Alloyed with gold, nickel participates in the physical

stability of the deposition layer and increases its hardness and mechanical resistance.

3.2 Geometry

The PCB sensor designed was given a ladder-like shape in order to ensure its anchoring in the

concrete. One issue of concern was to prevent the PCB sensor itself from creating a preferential

moisture flow path from the external DB25 connector (outlet of the copper tracks). It was therefore

decided not to align the connector with the ladder axis but rather to shift it perpendicularly to the side
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(Figure 1). Based on the hypothesis of unidirectional hydric transfer in semi-infinite structures (slabs,
walls, etc.), only one-dimensional 1D resistivity profiles were assumed to be generated. This shape
allows information to be obtained on the profile along the z axis, which is the direction of the gradient
to be established. The PCB sensor consists of 19 electrodes, each having dimensions of 5x1.5 mm?
staggered on either side of the circuit. The number of electrodes can evolve according to the thickness
of the structure to be studied. The spacing between the electrodes is 2 cm on each side. The left and
right hand side electrode lines in Figure 1 are shifted by 1 cm in the z-direction so that there is one

electrode every centimeter in this direction, in order to increase the resolution through the depth.

S IHHHH ¢
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Figure 1. Schematic diagram of the ladder-shaped PCB sensor.
The PCB is placed between two stainless steel grids (Figures 2 and 3), each having a diameter of
100 mm and a thickness of 2 mm. The grids are used to focus the current lines in the zone determining
the profile. For some measurement configurations (see section 3.3) this gives a finer resolution, as

will be shown in the Numerical study section (section 4.1). The grids with 12 mm holes are designed
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to facilitate the pouring of fresh concrete (assuming a maximum aggregate diameter D=12.5 mm) and

to enable water exchanges during drying and wetting processes.

Figure 2. Schematic diagram of the stainless steel grid (dimensions in mm).

3.3 Measurement Configurations

The ladder sensor presents two measurement configuration modes: the Transmission configuration,

in which the current is transmitted through the grids and the potential drops are measured between

electrode pairs, and the Wenner configuration, in which current injections and potential drop

measurements are made on the electrodes without using the grids.

For the Transmission configuration (Figure 3.a), the current, I, is injected by the two metal grids and

the potential difference (AV) is measured between two consecutive electrodes on the same side of the

sensor (P1 and P2 on Figure 3.a for instance, then P2 and P3, etc.). Thus we obtain nine apparent

resistivity measurements through the depth for the left side, and eight measurements for the right side.

For the Wenner configuration (Figure 3.b), four consecutive electrodes on the same side of the ladder

sensor are used: the current is injected on the external electrodes (C1 and C2) and the potential drop is
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measured between the internal electrodes (P1 and P2). Thus we obtain seven apparent resistivity

measurements along the left side, and six measurements on the right side.

< % %
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(a) (b)

Figure 3. Schematic diagram of the printed circuit configurations: (a) Transmission configuration; (b)

Wenner configuration.

For both configurations, the depth of the resistance measurement is estimated at the middle of the

electrodes where the potential is measured, as recommended by [45]. This assumption can be partly

validated by the numerical modeling (section 4.1) and by a sensitivity calculation [46] which gives

the sensitivity of a quadrupole to a small resistivity variation of its surrounding. This calculation is

performed for both electrode measurement configurations, Wenner and Transmission. The approach

of the “adjoint state method” [47] is used to compute the sensitivities here in a homogeneous medium

(Figure 4). This kind of method, crucial during the inversion process, is often used to better

understand and optimize a quadrupole measurement.
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Figure 4. Sensitivity calculation in a homogeneous medium: (a) Wenner configuration; (b) Transmission

configuration.

As observed in Figure 4, all quadrupole measurements have zones of negative (blue) and positive
(red) sensitivity. Concerning the Transmission configuration, results show that the measurement is

not sensitive to the current electrodes C1 and C2.

4 VALIDATION OF THE MULTI-ELECTRODE RESISTIVITY SENSOR AND ASSOCIATED
METHODOLOGY

In order to validate the PCB sensor, numerical modeling was carried out to test the sensor’s response
in a medium with an imposed resistivity profile defined to be representative of real situations in a
concrete structure. In addition, the twofold experimental campaign comprised: 1) tests in
homogeneous brine solutions of known conductivity and ii) tests in concrete specimens to check the

sensitivity of the resistivity measurements.
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4.1 Numerical study

0.2

(a) (b)

Figure 5. Numerical modeling of the response of the sensor to a known resistivity profile: (a) 3D view of
the geometric model used for the sensor in a concrete specimen; (b) 3D view of some current lines in the

Transmission configuration.

The goal of the numerical study was to demonstrate the relevance of the sensor geometry for
‘capturing’ resistivity profiles over the whole depth of a concrete element in a straightforward
manner. The numerical simulation was conducted using a 3D electrostatic model and the AC/DC
module integrated in COMSOL Multiphysics® (5.3 a), a commercial software based on the finite
element method. We modeled the diffusion of the injected current using Poisson’s equation (3) to find
the electric potential scalar field, V, for a given resistivity distribution p. A very refined mesh was
used, where the maximum dimension of the tetrahedral element was 0.5 mm. The boundary
conditions were zero current flows on all boundaries to simulate perfect insulation.

V-CVV) = L8 (r —15), 3)
where [ is the current intensity in a point source S in 7y, § a three-dimensional Dirac distribution
and r the position of any point in space.

We modeled a cylindrical concrete specimen having a diameter of 11 cm and a length of 22 cm

(standard specimen geometry). Two metallic grids (Figure 2) were embedded 5 mm from the plane
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surfaces of the specimen. The PCB sensor was modeled and placed at the center of the cylinder,
perpendicular to its end faces (representing the surfaces of a concrete structure) and therefore parallel
to the direction of the resistivity profile to be retrieved (Figure 5.a). The shape and dimensions of the
electrodes and grids were modeled with high precision identical to that of Figures 1 and 2. However,
the electro-chemical and polarization phenomena at the interfaces between the concrete and the
metallic parts of our sensor (electrodes and grids) were not taken into account [48]. The purpose was
to test the sensor’s response to a medium with an imposed resistivity profile.

The resistivity distribution was first considered constant (homogeneous concrete) in order to calculate
the geometric factors G numerically and was then taken to be variable to study the profiles in depth.
Thus, for each configuration and each quadrupole, a corresponding geometric factor, G, was obtained
and an apparent resistivity, p,, was calculated using equation (1).

The imposed resistivity profile was determined based on the range of electrical resistivity for different
types of concrete [31]. For a CEM I Ordinary Portland Cement, depending on porosity, the resistivity
varies between 30 and 200 Q-m in humid conditions and between 100 and 400 Q-m under natural
conditions, without carbonation. It was estimated that this range of resistivity values would not be
exceeded in the target application, the monitoring of concrete repository cells for radioactive wastes
being similar, to that of concrete tunnels. Thus, in the numerical simulation, we propose an
exponential resistivity variation between 400 Q-m at the surface (z=0.22 m) and 50 Q-m at depth
(z=0), to obtain a higher decrease in the resistivity on the first half of the specimen than that at the

heart. The imposed resistivity variation is given in equation (4):

p(z) =350 exp ((—13(0.22 —z))3) + 50, 4)

where p (Q2-m) and z (m) are the resistivity in the medium and the depth, respectively.
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In the case of a Transmission configuration, current was injected between the two disk-shaped grids.

This injection configuration generated current lines that were nearly parallel (i.e. approximately

uniform electrical field (Figure 5.b)) between the grids, similarly to a cylindrical resistivity cell (e.g.

[6]). This allowed a smaller volume to be investigated than for the Wenner configuration because this

volume was more concentrated between the pair of electrodes used for the voltage drop measurement

on the PCB sensor. Therefore we believe the Transmission configuration can achieve better accuracy

and resolution, as is shown below.

450

——Imposed profile
400 ——_
8 *—PCB Trans

E 350 ™ PCB Wen

(2
w
S
=)

Apparent resistivity p,
-t - P e
(=3 w (=} o
(=] o (=] o
/

o
=1
|

=]

Depth (cm)

Figure 6. Simulated apparent resistivity profiles for the Transmission and Wenner configurations,

compared to the imposed resistivity profile.

In order to compare the sensor’s ability to match the resistivity profile imposed in the model

(equation 3), we plotted the resistivity profile in Figure 6 as a function of depth for both the

Transmission and the Wenner configurations. It is obvious from this figure that the relative difference

between the actual resistivity distribution (imposed profile) and the simulated apparent resistivities is

very small. The normalized mean root squared error (NRMSE) was calculated between the imposed

profile and the calculated profiles of the PCB sensor. We found an NRMSE of 0.36% for the

Transmission configuration, and 3.98% for the Wenner configuration. The greater difference

observed for the Wenner configuration may be explained by the difference in the volume investigated
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in the Wenner and the Transmission configurations. Therefore, with the Wenner configuration, a
numerical inversion procedure may be required to obtain the true resistivity profile [31]. However,
this promising result proves the ability of the designed sensor to determine the electrical resistivity
profile with good resolution for both configurations.
4.2 Experimental validation in brine solutions

The objective here was to assess the repeatability of the measurements, through laboratory
measurements acquired in homogeneous solutions (i.e. with negligible resistivity variation) in a range
of known conductivities. A measurement sequence for the Wenner and Transmission configurations
was programmed on a commercial resistivity meter (Syscal Pro, Iris Instruments) and all the

measurements were made automatically.

4.2.1 Experimental set up

The PCB sensor was placed at the center of a water-filled cubic tank of dimensions 30x30x30 cm?®
(Figure 7) between two stainless steel grids, each at a distance of 5 mm from the side surface. New
geometric factors were then calculated by a numerical simulation taking the new geometry of the
medium into account. The sensor was validated by testing various brine solutions of known resistivity
(the inverse of conductivity). To obtain the five solutions presented in Table 1, we gradually added
NaCl salt to demineralized water. The corresponding expected resistivity for each solution was
determined using Abacus software [49]. The values were then compared to those obtained by a
commercial conductivity probe (WTW Multi 348i), calibrated just before the measurements were
carried out. In addition, reproducibility tests performed with an internal quality control solution as

specified in standard XPT 90-220, based on inter-laboratory tests in which the French institute
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IFSTTAR participated, evaluated the measurement uncertainty of the conductivity probe at 3%. The

experimental study was performed at a constant temperature of 20 + 1 °C.

Table 1. Characteristics of the five electrolytes used.

Solution 1 Solution 2 Solution 3 | Solution 4 | Solution 5
Concentration 10 50 90 200 1000
NaCl (mg/l)
p expected (no value on 100 63 25 5.5

(Q-m) the abacus)

Figure 7. The PCB sensor and stainless steel grids tested in a brine solution.

4.2.2 Results and discussion

The repeatability was assessed by taking three measurements per quadrupole. Table 2 presents the

average and standard deviation of the resistivity measured with the PCB sensor in the Transmission

and Wenner configurations for all solutions. Solution 1, with low NaCl concentration, was excluded

since it had higher repeatability variation (1.7% for the Wenner configuration). The coefficient of

variation, CV, for the repeatability with solutions 2 to 5 varied from 0.2% to 0.6% and the CV for the

variability along the sensor line varied from 0.7% to 1.2%. All the results are detailed in Table 2.
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Figure 8 presents the variation of the resistivity profiles over depth for the PCB sensor (Transmission

and Wenner configurations) and conductivity probe for solutions 2, 3, 4 and 5.

An average relative difference of 2.6% can be observed between the expected resistivity and that

measured with the conductivity probe. What is more, no significant degradation of the results over

time was observed that might have been associated with the change in the composition of the solution

by carbonation of the exchange surface.
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Figure 8. Variation of the resistivity profiles over depth for the PCB sensor (Transmission and Wenner

configurations) and the conductivity probe (uncertainty of the probe is highlighted): (a) solution 2; (b) solution

3; (c) solution 4; (d) solution 5.

Table 2. Electrical resistivity measured with the conductivity probe and the PCB sensor in the

Transmission and Wenner configurations for the five solutions.

Solution 1 Solution 2 Solution 3 | Solution4 | Solution 5
Conductivity probe
p (Q-m) 450 + 13 98 +3 60 + 2 25+1 53+0.2
PCB Trans
p (Q-m) 484.6+ 1.4 105.9+£0.2 61.8+02 | 26.7+0.1 5.8+£0.03
CV repeatability (%) 0.3 0.2 0.3 0.4 0.5
CV variability (%) 2.9 1.2 1.0 1.2 1.5
PCB Wen
p (Q-m) 4483 +7.4 103.4+0.4 60.6£0.2 | 26.3+0.1 5.7+0.03
CV repeatability (%) 1.7 0.4 0.3 0.4 0.6
CV variability (%) 1.0 0.8 0.8 0.7 0.8

The results in Table 2 and Figure 8 show that values for the resistivity measured with the PCB sensor

are in good agreement with the conductivity probe measurements; on average for all solutions, a
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relative difference of 6.8% is calculated for the Transmission configuration and 4.8% for the Wenner

configuration. Good correlation was found between measurements of the PCB sensor and the

conductivity probe, as can be seen in Figure 9. These performances are equivalent to the state of the

art [6] with surface measurements.

1200
* Transmission v=1074x - 04776
RZ =0.9989 1
100.0 4 Wenner y=1.0473x - 02987 .
R2=0.9991
T L
d 800
[ii]
5] v
; 60.0 P
=
B
@ 400
@
14
N
20.0
| §
0.0
0 20 40 60 80 100 120
Resistivity probe (Q.m)

Figure 9. Correlation between the resistivity measured with the PCB sensor for the Wenner and

Transmission configurations and the resistivity measured with the commercial probe.

4.3 Experimental validation in concrete specimen
This part of the study deals with the experimental validation of the sensor in a concrete specimen, the
target material. We first demonstrate the ability to measure the concrete resistivity, then check the
variability and repeatability of the measurements. In addition, the response of the sensor to concrete
drying is studied. At the end of the experiments, a splitting tensile strength test was carried out on a

specimen to visually check the contact between the electrodes and the concrete.

4.3.1 Experimental set up

The concrete used in this study was based on cement type 1 (CEM I) with a water-cement ratio of 0.59
and a porosity of 15.0% + 0.9%. Five cylindrical specimens of diameter 11 cm and length 22 cm were
used to quantify the variability of the measurement with the same sensor in all specimens. The PCB

sensor was placed at the center of the cylinder and the grids (Figure 2) were placed on the external
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surfaces of the mold, embedded in the concrete at a depth of 5 mm as in the numerical model (section

4.1). Tests were conducted after 28 days of curing, two concrete specimens were then dried at 20 °C

for 28 days, followed by drying at 45 °C to accelerate the establishment of a resistivity profile. The

cylinders were sealed with aluminum foil on the lateral and the underside faces; only the upper face

was kept in contact with the air to ensure a unidirectional drying. Conditions were thus close to the

drying conditions of a full-scale structure.

4.3.2 Characterization of the sensor in concrete

The repeatability assessment for the resistance measured over time showed a stable resistance value

for three measurements made 5 minutes apart in saturated conditions. The coefficient of variation

ranged between 0.07% and 1.86% for the Transmission configuration, and between 0.06% and 0.75%

for the Wenner configuration. In addition, the coefficient of variation CV for the variability along the

sensor line varied from 4.3% to 6.7% for the Transmission configuration, and from 2.5% to 5.7% for

the Wenner configuration.

To compare the Transmission and Wenner configurations, the apparent resistivity profiles for

cylinder 1 in saturated conditions are plotted in Figure 10. It can be observed that both configurations

have the same profile and follow similar trends (minima, maxima, changes of slope), which shows

that they are sensitive to the same parameters at each depth (state and variability of the concrete, state

of the contacts, etc.) although different apparent resistivity values p, were measured. An NRMSE of

4.76% was calculated between the two configurations. This calls into question the initial idea of

estimating the depth of the resistance measurement at the middle of the electrodes, where the potential

is measured, especially for the Wenner configuration (see the numerical modeling in section 4.1).
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Figure 10. Apparent resistivity profile according to depth using the Transmission and Wenner

configurations in saturated conditions for cylinder 1.

The reproducibility was assessed by testing the sensor’s response variability in all cylindrical

specimens subjected to the same laboratory conditions. The reproducibility here is associated with

variation due to the sensor and concrete material variability. Figure 11 shows the variation of the

apparent resistivity profile with depth for all specimens, using the Transmission configuration in

saturated conditions. The apparent relative variation of resistivity is 4.6% on average between

cylinders 1, 3, 4 and 5, and 11.1% for all cylinders including cylinder 2, which has higher resistivity

values. These ranges of CV for the reproducibility measurements in concrete are similar to those

reported by Morris [50] (4% to 11%) with a surface Wenner probe in saturated conditions. According

to Andrade et al. [32], a CV of 10% is good and 20% is acceptable for controlled conditions, while up

to 30% is normal for on-site conditions.

Therefore, for this case study, it can be concluded that the PCB sensor developed yields results within

an acceptable range of variability.
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Figure 11. Apparent resistivity profile over depth using the Transmission configuration in saturated

conditions: (a) all cylinders; (b) average profile with the minimum and maximum profiles.

In order to test the sensitivity of the sensor to drying, the variation of the apparent resistivity profile
with time is illustrated in Figure 12 for the Transmission configuration, where t0 marks the beginning
of concrete drying at 20 °C and t’0 marks the beginning of concrete drying at 45 °C. In Figure 12, the
relative apparent resistivity variation Ap, for each depth was calculated relative to a reference time
using equation 5:

dp, = )
where p; is the apparent resisitivity value at a time t and pgrer 1S the apparent resisitivity value
measured at the beginning of each drying process (t0 in Figure 12.a and t’0 in Figure 12.b
respectively).
The measured apparent resistivity shows a general increase over time, which implies a decrease of the
water content due to the drying process. The water content profile created between the two faces of
the cylinder is caused by the evaporation of the water from the face that is in contact with the air. We
observe in Figure 12 that the relative apparent resistivity variation near the surface is higher than that

at the heart. This is due to the unidirectional drying of the concrete. Similar tendencies have been

observed in previous studies concerning the determination of water content gradients, such as
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[7,13,14]. In addition, when the drying was accelerated at 45 °C (Figure 12.b), the relative apparent

resistivity variation increased more rapidly near the surface. This demonstrates the ability of the

designed sensor to monitor the resistivity profile due to concrete drying with a spatial resolution of

about lcm.

For very low degrees of saturation (less than 30-40% according to Lataste et al. in [12], even 20-30%

for certain concrete mixes), the hydric continuity is not sufficient in the porosity and the resistivity

becomes too high (between 2000 and 4000 - m) to be measured by available commercial resistivity

meters. However, in the study presented herein, such very low degrees of saturation have not yet been

reached after 2 years of drying in conditions corresponding to thick concrete structures.

2 9
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Figure 12. Relative apparent resistivity variation profile over depth using the Transmission configuration

during the drying of the concrete specimen: (a) at 20 °C; (b) at 45 °C.

4.3.3 Visual check of the contact between electrodes and concrete

A splitting tensile strength test was carried out on one concrete specimen to visually verify the contact

between the PCB sensor electrodes and the concrete. Figure 13 shows a photograph of the splitting of

the concrete specimen with a close-up on the electrodes and their footprints left in the concrete.

Good contact is observed between all electrodes (PCB electrodes and grids) and the concrete,

verifying the adhesion between the concrete and the PCB sensor, which does not present any sign of
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alteration. The aggregates were able to penetrate between two consecutive electrodes and to pass

through the grids well (previous assumption). The contact resistances measured between pairs of

electrodes varied from 7 kQ (beginning of drying) to 35 kQ (end of drying), and from 2 kQ

(beginning of drying) to 10 k€ (end of drying) on the grids. The influence of the PCB sensor on the

concrete strength can be considered as minimal in the application of the thick concrete repository

structures used for radioactive wastes since the volume of the sensor is small compared to the global

volume of the structure.

(a) (b)

Figure 13. Photos of the split concrete specimen: (a) general view of the PCB sensor and the grids; (b)

close-up on the electrodes (top) and their footprints in the concrete (bottom).

5 VALIDATION WITH GAMMADENSIMETRY DATA AND DISCUSSION

Gammadensimetry is a method commonly used to check concrete density [16,17]. It is also used to

determine water content profiles. By taking the water loss into account in the calculation of the mass

absorption coefficient, the accuracy of the parameter characterizing the concrete internal water

content is improved [16]. It is based on the material’s absorption of gamma rays emitted by a Cesium
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137 radioactive source. The diameter of the test specimen used here was 11cm and its height was 30
cm. It was sealed with aluminium foil and exposed to drying conditions similar to those of the
cylindrical specimens where the PCB resistivity sensor was embedded. It was placed with a rotational
movement about its axis: the measurement corresponded to the average over a slice of concrete
having an estimated thickness of 10 mm. One measurement was made every 6 mm. The uncertainty of
gammadensimetry values is estimated at 0.5%. We calculated the relative density variations for each
depth and each time in both drying processes (at 20 °C and 45 °C) relative to an initial state (reference
time) using a simple expression (similar to Eq. (5)). The results are plotted in Figure 14, where TO
marks the initial saturated state and the beginning of concrete drying at 20 °C and T'0=T0+146 days

marks the beginning of concrete drying at 45 °C.

25
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(a) (b)
Figure 14. Relative density variation over depth during the drying of the concrete specimens: (a) at
20 °C; (b) at 45 °C.

An increase in the relative density variation is observed over time, revealing the drying of the
concrete. The relative density variation on the surface at 20 °C is equal to 0.6% for t0+2 days and
2.3% for t0+146 days. At 45 °C, the relative density on the surface varies between 2.3% and 3.8%
over 42 days. The concrete took a very long time to dry even after the temperature increase. To make

a comparison between the relative density and apparent resistivity variations (using the Transmission
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configuration) with depth, Figure 15 shows both variations plotted on the same graph for certain

common times within the drying process.

5 -8
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Figure 15. Relative density (left axis) and apparent resistivity (right axis) variations over the concrete

specimen depth.

Gammadensimetry makes it possible to monitor the drying of the concrete [16] and correlates well
with the relative apparent resistivity variation profiles over time. Similar variations can also be
observed in Figure 15 for the density and apparent resistivity measured in the concrete. According to
our results, the PCB sensor sensitivity varies from 10 to 40 £ 10 Q-m for a saturation degree variation
from 100 to 73 £ 5% (calculated by gammadensimetry). Considering results given in the literature
[6,7] and Archie’s law [51], the sensitivity range should be higher for lower saturation degrees, when
the drying is at an advanced stage. Therefore, further research should include long-term drying to
achieve lower saturation degrees and extend our results.
6  CONCLUSIONS

In this paper, a PCB sensor based on an electrical resistivity technique has been developed to evaluate
the resistivity profile in concrete in order to monitor moisture gradients in real structures. The

embedded sensor presents various advantages, such as measuring profiles at the centimeter scale over
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the thickness of a concrete structure; ensuring good electrical contacts between the electrodes and the

concrete, which is optimal for monitoring purposes; having good precision and low fabrication cost

and reducing the handling of wiring. A numerical study was conducted to validate the sensor’s

response. Results show that apparent resistivity profiles simulated for the Transmission and Wenner

configurations are quite close to the actual resistivity profile. Experimental measurements were

carried out on electrolytes of known conductivities and the sensor proved its ability to determine

resistivity values accurately. Moreover, a validation of the PCB sensor was carried out on concrete

cylindrical specimens and the apparent resistivity profile was monitored at different times of drying.

The apparent resistivity data were shown to be sensitive to the evolution of concrete while it was

drying over time. The results are validated by comparison with independently measured

gammadensimetry data. In the future, we plan to optimize the measurement configurations using the

sensitivity study. The PCB sensor may be used in many structures to monitor resistivity profiles and,

more importantly, moisture content profiles by means of material-dependent calibration.
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