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Abstract: In this work, novel calibration curves and calibration surfaces of
Electromagnetic (EM) characteristics are modeled as a function of the water and
chloride contents of concrete. An experimental campaign was carried out on cores
extracted from two types of concretes: C1 (Ordinary Portland Concrete) and C3 (62 %
slag + 38% clinker). The cores were initially saturated at three sodium chloride (NaCl)
concentrations and then oven-dried to attain different degrees of saturation. They were
tested with the electromagnetic and electrical cell to determine the dielectric permittivity
and electrical resistivity, respectively, at the targeted hydric and chloride ion contents.
The calibration curves and calibration surfaces, which represent the resistivity and
permittivity as a function of chloride content and/or degree of saturation, were adjusted
and presented for both concretes. The calibration surfaces developed herein serve as an
essential tool to study complex phenomena, such as the coupled water-chloride ingress.

Keywords: electrical resistivity, dielectric permittivity, chloride content, degree of
saturation, non-destructive testing (NDT).

1. Introduction

Non-destructive testing (NDT) methods based on the propagation of electromagnetic waves
are increasingly being used to study and assess the durability of reinforced concrete (RC)
structures in marine environments [1-4]. This paper focuses on the existing NDT methods
applied to measure electrical resistivity (p) and dielectric permittivity (¢). These two EM
characteristics have in fact been selected due to their sensitivity to the water and chloride
content of concrete [5—11]. The significant presence of chloride in the concrete pore solution
increases its electrical conductivity and leads to lower bulk resistivity [12,13]. However,
several studies have found that the impact of chloride on the bulk resistivity of concrete is
much less apparent than that of the degree of concrete saturation [14,15]. The majority of
studies reveal a significant power-law dependency of concrete resistivity and degree of
saturation, which has been expanded from Archie's Law [16] and applied to concrete with

satisfactory results.
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Moreover, only a limited investigation has been carried out on the nature of the relationship
between concrete permittivity and chloride or water content. As a result of interfacial
polarization, which entails a complicated phenomenon known as the Maxwell-Wagner effect
[17], the EM response is highly frequency-dependent for concrete that contains an ion-rich
pore solution. Under saturated conditions, the permittivity of chloride-contaminated concrete
is significantly higher at low radar frequencies (0.1-0.4 GHz), as compared to uncontaminated
concrete, while remaining similar at high radar frequencies (1-1.5 GHz) [18]. However, under
dry conditions, the relative permittivity seems to be practically non-dispersive with respect to
the frequency range, with a very slight effect from the chlorides, which have been crystallized
in the pores [18]. Laurens er al. [19] asserted that the permittivity remains frequency-
independent for dry concrete (with solid and gaseous phases only). Thus, dispersion in
concrete arises solely from the presence of water in the pores, and moreover its impact is
determined by the volume of water content. Accordingly, a strong linear relationship exists
between the degree of saturation and the permittivity [20,21]. For radar frequencies ranging
from 0.1 to 3 GHz, the dielectric constant of the solid components of concrete varies between
3 and 8 while that of water is significantly higher (= 81) [22]. Therefore, the concrete
permittivity values are greater at higher degrees of saturation. Although, it is possible to
measure the permittivity of dry concrete, determining its resistivity is not feasible when the

degree of saturation falls below 35-40%, depending on the concrete mix design [10].

In addition, several methods to assess the presence of chloride have been analyzed, yet few
can quantify the chloride content, which happens to be the purpose herein [23]. Let’s note the
promising methods being developed, such as electrical impedance spectroscopy [24], which

however remains difficult to use in situ.

Experimental calibration laws between the resistivity or permittivity and the degree of
saturation (S,.) or chloride content (C) of the concrete can establish this sensitivity [21,25—
28,11]. Such calibration laws are usually introduced independently to convert the resistivity
(p) profile into a degree of saturation (S,) profile [29,30] or a chloride content (C) profile
[11,31] or, in a similar way, the permittivity (&) profile into a degree of saturation (S,) profile
[32] or a chloride content (C) profile [4]. During an imbibition test with freshwater (i.e.
without salt), the permittivity and resistivity of concrete depend solely on the water content in

concrete and the ions present in the pore solution [29,32-36].

Moreover, during a chloride diffusion test, these two physical characteristics depend solely on

the chloride content since the concrete is completely saturated [2,6,31,37,38,11]. Thus, these
2
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experimental conditions justify that the research undertaken has studied the evolution of these

characteristics with chlorides or water content independently.

However, RC structures in a marine environment, i.e. in tidal zones, are submitted to drying
and wetting cycles, thus resulting in varying degrees of saturation in the cover concrete,
whereas chloride penetrates with the liquid phase by convection as well as by diffusion [39—
42]. Thus, the variations in the resistivity (p) and permittivity (€) are due to the simultaneous
chloride and water content variations. It is therefore essential to determine the calibration

surface that links the concrete permittivity or resistivity to the water and chloride content.
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Figure 1: Methodology for an in situ structural assessment using calibration surfaces

For real marine structures, the cover concrete displays heterogeneous values of degree of
saturation and chloride content, which lead to different values of resistivity (p) and
permittivity (&). Thus, for an on-site survey, the inspector must first determine both the

resistivity and permittivity profiles by inverting the apparent resistivity (pqpp) and apparent



~N O U B W

oo

10
11
12
13
14
15
16
17

18
19
20
21
22
23

24
25
26
27

28

29
30
31

permittivity (&qp,) obtained by the multi-electrode resistivity device [11,30,31] and multi-
electrode capacitive probes [30,32], respectively, as depicted in Figure 1. The inspector then
converts the NDT observables into both the indicator profiles (degree of saturation and
chloride content) by combining the two NDT observables at each depth (z) and by using the
calibration surfaces. Thus, it becomes mandatory to dispose of the system of equations linking
the observables to the two unknown indicators and define the calibration surface as explained

for the bulk evaluation of concrete indicators in [4], in order to evaluate the indicator profiles.

The aim of this paper therefore is to build these calibration curves and calibration surfaces for
resistivity and permittivity as a function of both free and total chloride content. For this
purpose, we carried out a complete experimental campaign based on non-destructive (ND)
and destructive (D) testing to determine (S,) as well as free and total chloride content in two
representative concrete mixes with and without slag, given that slag is particularly used for
RC structures in marine environments [43,44]. In addition, we aim to investigate the influence
of slag incorporation on the electromagnetic (EM) characteristics of concrete. The chloride-
binding influence will be studied as well. It is well-known that the electrical current and
polarization phenomena primarily occur by means of ions dissolved in the pore solution

[14,6]. Therefore, understanding the impact of chloride binding becomes crucial.

The procedure adopted to carry out this work is summarized as follow. First, concrete cores
are initially saturated with three different sodium chloride (NaCl) concentrations, then oven-
dried to reach various degrees of saturation. Second, the cores are tested with the
electromagnetic and electrical cell to determine the permittivity and resistivity, respectively,
at the targeted hydric and chloride ion contents. Third, calibration curves and calibration

surfaces are modeled by fitting the experimental measurements.

This paper has been divided into 5 sections. An overview of the studied concretes,
measurement methods and experimental protocol is presented in Section 2. While section 3
describes the calibration curves and then the calibration surfaces. These results are discussed

in Section 4 and a conclusion is offered in Section 5.

2. Materials, measurement methods and experimental protocol
2.1. Materials
Two concrete mixes are studied in this work (see Table 1), one with slag (C3) the other

without (C1). The mixes are quite similar for both concretes, except the type of binder. The

binder of concrete C1 is an ordinary Portland cement CEM 1 52.5 N CE CP2 NF while that of

4
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concrete C3 is composed of 16% calcareous filler addition and 84% CEM III/A 52.5 L PMES
CP1 NF. The cement CEM III/A, containing at least 60% CEM, is widely used for structures
in marine environments [43—45]. Both concretes were mixed in a concrete plant, in the aim of
achieving the same resistance and same porosity for C1 and C3. For this reason, the mix
design was adapted by adding a calcareous filler to replace a portion of the CEM IIL
Moreover, the mineral origin changes: the sand 0/2 is crushed from gneiss, the sand 0/4 is
alluvial, i.e. rolled in the river, and the crushed aggregates are amphibolite (6/10) and corneal

(11722).

The concretes studied in this work were cast and demolded in 2013. The concrete slabs were
completely immersed in tap water after casting until the beginning of the experimental

campaign in January 2020.

For the calibration campaign, six cores (d = 75 mm, h = 70 mm) were extracted from one slab
of each concrete. The dimensions respect the representative elementary volume (REV) of the
concrete. Sodium hydroxide was dissolved in the freshwater to maintain a pH of 13, so as to
prevent leaching. The freshwater was replaced every two years. Since the pH verification was
not checked frequently, a risk of leaching arose; hence, two experimental steps were
performed to avoid this bias: 1) the calibration cores were initially extracted from the center
of slabs with a total thickness of 13 cm; and 2) 3 cm were subsequently cut from each core
surface to remove any carbonated or leached portion of the concrete due to the long curing

time.

The durability indicators determined at 6 years of curing for both concretes were given in the
findings by El Achrafi et al., [11]. Nevertheless, the porosity accessible to water ¢ (%)
obtained at 6 years will be the only durability indicator presented in this work (Table 1); it
was measured for three cores (d = 70 mm; h = 25 mm) of each concrete by means of
hydrostatic weighing [46]. The average and standard deviation values are displayed in Table

1.

Table 1: Mix designs of the studied concretes

Constituents (kg/m? of concrete) Concrete C1 Concrete C3
Aggregate (6/10) 320 320
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Aggregate (11/22) 760 760
Sand (0/2) 560 430
Sand (0/4) 300 430
CEM 152,5 N CE CP2 NF 305 -
CEM III/A 52.5 L PMES CP1 NF - 260
Calcareous filler addition - 50
Sika Prise SC2 0.7 -
SikaPlast Techno 80 - 1.9
Effective water 190 177
Water-to-cement ratio (w/c) 0.62 0.68
Water-to-binder ratio (w/b) 0.62 0.58
Porosity ¢ (%) at 6 years 16.82 + 0.2 15.89 £ 0.14

2.2. NDT measurement methods: Resistivity and coaxial cells

The electrical resistivity measurements were performed using the resistivity cell developed by
Du Plooy et al., [47]; this cell was connected to a resistivity meter (Syscal Pro 96, IRIS
Instruments) that made it possible to both control the generation of electric current and record
the signals from the various electrodes (Figure 2.a). The potential drop between two
electrodes was measured at five different heights using an alternating current applied to the
two exterior surfaces, with two measurements being conducted at the highest height (4V;).
Two sets of measurements recorded the resistivity in the two directions of the core, as
described in Figure 2.a; the total number of measurements was 12 per core. The average of

the 12 measurements and the standard deviation were calculated for each core.

The dielectric permittivity (€) measurements were conducted using the cylindrical coaxial
electromagnetic cell developed by Adous et al., (2006) [48]. This technique is among those
employed to characterize the complex dielectric permittivity of hydraulic concrete over a
wide frequency band (50 MHz to 1.6 MHz). The device consists of a cylindrical-coaxial
transmission line, on which a vectorial network analyzer is connected to the cell by a coaxial
cable, as well as a sample holder, and a computer connected to the analyzer (Figure 2.b). The
underlying principle is to measure the reflection coefficient of the EM wave in the tested
sample, which depends on the both sample geometry and the material permittivity. An
iterative inversion method retrieves the complex dielectric permittivity from the reflection
coefficient measurements, then the dispersion curve of the complex permittivity is obtained.
The extracted permittivity is the real part of the relative complex permittivity at low
frequency equal to 33 MHz since permittivity is more sensitive to chloride ions at low

frequency [6,18,49].
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Figure 2: Measurement devices: a) resistivity cell, b) coaxial cell

2.3. Destructive measurement methods

A destructive measurement was carried out at the end of ND testing to determine the real
degree of saturation (%) of the cores and the real free and total chloride contents in the cores.

The destructive measurement method will be presented in the following subsection.

2.3.1.The real degree of saturation S,. (%)

As mentioned above, the porosity accessible to water ¢ (%) was measured for three cores (d
= 70 mm; h=25 mm) of both concretes by means of hydrostatic weighing [46]. Keep in mind
that these samples are distinct from the calibration samples. In accordance with this method,

the cores were subjected to a destructive test by being exposed to an oven-drying process at

105°C.

The mass of the calibration cores m) (g), corresponding to the targeted degree of saturation

S, (%) outlined in Table 2, was determined using Eq. 1, where mg,; (g) and m,, (g) represent
the mass of the saturated cores (S, = 100 %) and the mass of water in the saturated cores
obtained by Eq. 2, respectively. The volume of the calibration cores V (cm?) was determined
by means of hydrostatic weighing [46]. This approach was adopted in considering that the
cores used to determine porosity had been extracted from the same slab as the calibration

cores, thus ensuring similar porosity characteristics across all samples.
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2.3.2. Concentration of free and total chloride (g of chloride/g of concrete)

In order to determine the concentration of free (Cr) and total (C¢) chloride, a destructive

measurement was performed. The chloride concentration was derived using the following

experimental protocol, as depicted in Figure 3.

In step 1, the cores were sawn into three parts: (1) from O to 25 mm, (2) from 25 to 50 mm,
and (3) from 50 to 70 mm. Next in step 2, each part was ground, with vibrating disc mill
RS200® to obtain a powder with 20 um of fineness. Step 3 involved extracting water-soluble
ions (including free chloride ions) and total chloride ions based on the procedure
recommended by the RILEM Association [50,51]. Step 4 of the protocol relied on
potentiometric titration to determine the free and total chloride concentrations. The average of
the three chloride concentrations was then calculated to determine the free and total chloride

contents of each core.

Vibratory Disc Mill RS 200

@ Potentiometric titration

iPowdcr 20 um

Figure 3: Experimental protocol to determine the free and total chloride contents in the cores
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2.4. Experimental protocol and measurements

The experimental protocol followed in this work is based on the work by Villain et al., (2018)
[28] to generate the calibration curves as a function of the degree of saturation; this step was
adapted by Fares et al., (2018) [11,31] to derive these curves as a function of the free chloride

content. Figure 4 illustrates all the steps of the experimental protocol undertaken to obtain

both the calibration curves and calibration surfaces.

5 : ¥ T 5 IR, Oven-drying
Ovu‘lahdry.mg until mass .Sdturdtlon under Vaccum | 5000 Measurement of P o
stabilization (T=50°C) | [NaCl]=0,35and 90 g/L % cand p Pty

e : Bges of saturation - : homogenization

6 Cores/concrete 6 Cores/concrete 6 Cores/concrete

v
e Measurement of ¢ ren-drvi <
) O\_cfn_dr_\ ing ' _ O\_‘_:11_clr_\mg Measurement of
Measurement of &£ | at T=50°C + 6 Cores/concrete at T=50°C + sand
6 Cores/concrete homogenization Measurement of P homogenization : i %
; . 6 Cores/concrete
5 10T concrele (

Non-destructive measurements

Destructive measurements

Sawing, grinding, Calibration curves for Calibration surfaces for
. i Results ; Gan . x G
o extraction, titration » chloride diffusion and — chloride convection with —
6 Cores/concrete tap water imbibition salted water imbibition

Figure 4: Experimental protocol to determine the calibration curves and calibration surfaces

At first, the cores were oven-dried at 50 °C until their masses stabilized. The drying period
was 4 and 9 weeks for concretes C1 and C3, respectively. The cores were then saturated under
vacuum with three different sodium chloride concentrations [NaCl] = 0, 35 and 90 g/L (2
cores per concentration) given that similar concentrations can be found in seawater [52] or
deicing products. Table 2 presents the core conditioning specifications associated with the

different ionic and hydric states for both concretes.

The resistivity and permittivity of the cores were then measured after 5 months of immersion
in the salt solution in order to attain the chloride equilibrium fixation [53,54], after which the
cores were oven-dried at T = 50°C to reach various masses and therefore various degrees of
saturation (S, = 75%, 50-55% and 30-35%), as per the procedure described in Section 2.3.1.
The degrees of saturation obtained differ slightly from the targeted values since it was

impossible to weigh the cores when the laboratory was closure.
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Table 2 : Calibration core conditioning

[NaCl] Targeted S,.(%)
Nomenclature | Concrete +

[NaOH] 100% 75% | 50-55% | 30-35%
C1-1-0 ol 100 | 7275 | 4583 | 2823
C1-2-0 0 g/L of NaCl + 100 76.23 - 31.24
C3-1-0 - 4 g/L of NaOH 100 | 7626 | 48.61 | 26.62
C3-2-0 100 75.88 - 26.06
Cl-1- o1 100 | 7472 | 57.00 | 32.88
CI1-2- 35 g/ of NaCl + | Obtained 100 76.93 57.71 36.52
C3-1- o3 4 g/L. of NaOH S, (%) 100 73.81 59.29 37.42
C3-2- 100 76.49 59.93 35.66
C1-1-90 ol 100 | 7638 | 58.73 | 35.01
C1-2-90 90 g/L of NaCl + 100 78.35 57.79 37.53
C3.1.90 o 4 g/L of NaOH 100 | 76.20 | 59.62 | 36.02
C3-2-90 100 77.54 59.67 35.49

In order to homogenize the cores (i.e. equal water content along the depth profile) at each
degree of saturation reached, the cores were sealed with an adhesive aluminum foil and then
they were placed back in the oven at T = 50°C for an additional amount of time. The duration
of this additional period matched the time required for oven-drying to achieve the desired
degree of saturation [55]. The cores were removed again from the oven to reach ambient
temperature. Subsequently, they were unsealed, and permittivity and resistivity measurements

were conducted.

Once all the electrical resistivity and dielectric permittivity measurements (ND) had been
carried out, the destructive measurements presented in Section 2.3.2 were performed to

identify the real chloride concentrations in each core.

The calibration curves and calibration surfaces were produced to express resistivity or
permittivity as a function of free and/or total chloride concentration and/or as a function of

saturation degree.

10
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3. Results and Discussion

In this section, the calibration curves representing resistivity and permittivity versus degree of
saturation will be presented first and versus chloride content thereafter. Next, the calibration
surfaces representing resistivity and permittivity versus chloride content and degree of
saturation will be provided. The results obtained for concrete C1 are displayed in blue while

those obtained for concrete C3 are in green.

3.1. Calibration curves

3.1.1.Resistivity and permittivity versus degree of saturation (NaCl=0 g/L)

The calibration curves relating resistivity and permittivity with the degree of saturation shown
in Figure 5 were obtained by fitting the results with a power and linear function, respectively.
The results presented are those obtained for cores saturated with tap water without chloride
(C1-1-0, C1-2-0, C3-1-0, C3-2-0). It is common to use logarithmic values since concrete
resistivity has several orders of magnitude due to its high sensitivity to water and chloride
content [16,56,57]. However, the calibration curves were also presented with non-logarithmic
values to show the strong influence of water and chloride content. The regression coefficients
derived are not lower than 0.96 for both concretes. Let’s note that the resistivity decreases
with an increase in the degree of saturation (S,.) while permittivity increases. These results are
similar to those obtained in the literature review with different coefficients given that the

concrete mixtures differ [7,13,37,58].

Moreover, it was impossible to determine the concrete resistivity at various partially saturated
states, i.e. at S,.< 35% for concrete C1 and at S, < 75% for concrete C3. The contact resistance
was very high; therefore, the injected tension had to be substantial. Thus, the Syscal fails to
measure the intensity of the current or potential drop. It was also possible that electric current
could not circulate into the concrete because the liquid phase is discontinuous in porous
media. These findings confirm those reported by Polder and Henry [14,15], who
demonstrated the significant impact of water content on concrete electrical resistivity.
Consequently, the resistivity calibration curves for concrete C3 were established using just
two measurements for two different degrees of saturation (S, = 100 and 75%), which raises

questions about the reliability of the calibration equation coefficients.

On the other hand, let’s remark that the resistivity of concrete C3 is 10 times higher than that

of concrete C1 for S,=100%. This finding can be explained by both the consumption of

11



N~ W D =

NeliNe I e

10
11
12
13
14

hydroxyl ions during the latent hydraulic reaction of slag [59-62] and the formation of new
C-S-H hydrate gel, which densifies of the microstructure and decreases the pore solution
volume [63,64]. This greater resistivity exhibited by C3 could explain why the degrees of
saturation at which resistivity measurements become infeasible are higher for C3 (S, < 75%)

than for C1 (S, < 45 %).
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1400 4 ® y=2E+10.x2 y = TE+06.x°2064 E 3
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g 1200 EZ.S
=4 | 2z
z 1000 3 5
£ 800 | 3
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16 | y=0.146x+ 195 y=0.126.x+3.31]
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Permittivity (-)

oo

20 40 60 80 100
Sr (%)

(c)
Figure 5: a) resistivity, b) Log resistivity, and c¢) permittivity vs. concrete degree of saturation
(Sr)
As regards the permittivity results, the coefficients of the calibration equation obtained for
both concretes exhibit a slight difference compared to the values reported in the literature for
highly similar concretes [4,34]. In contrast with the increase in electrical resistivity observed
when substituting Portland cement with slag, the permittivity measurements exhibit similar
values for both concretes, regardless of the degree of saturation. However, it was to be
expected that the permittivity of C3 would be lower than that of C1. Indeed, the permittivity

of a medium submitted to an electrical field is related to the phenomenon of polarization due

12
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to the local redistribution of ‘fixed’ charges, whereas resistivity is more closely related to the
conduction phenomenon due to the movement of ‘free’ charges [65]. One of the main, yet not
unique, effects of slag on the number of free charges is the consumption of hydroxyl ions
(OH) in the interstitial solution. Thus, the effect of slag will be more pronounced on the
electrical resistivity than on the dielectric permittivity. Moreover, permittivity seems rather

insensitive to the difference in hydrates formed in these two cementitious matrices.

In addition, the results presented by Chen et al., [34] show similar permittivity values to those
obtained in this study for fresh concrete both with and without slag, using ground-penetrating

radar (GPR) at the significantly higher frequency of 1.5 GHz.

Chen et al., (2012) [34] also suggested that slag has a negligible effect on permittivity for a
totally saturated concrete. However, our findings indicate similar permittivity values for both
concretes C1 and C3, regardless of the degree of saturation, which serves to refute Chen's

hypothesis regarding the volumetric effect of water on these values.

3.1.2.Resistivity and permittivity versus chloride concentration (S,=100 %)

Before presenting the calibration curves that express resistivity or permittivity as a function of
chloride content, let’s present the real chloride concentrations of the calibration cores obtained
through DE for both concretes (see Figure 6). Since the cores had been cut into three parts,
three values of total and free chloride concentrations are shown in the middle of each part.
The average of these three values is used in the calibration curves vs. measured resistivity or
permittivity. As for the two cores without chlorides, the chloride concentration was

determined for only one core per concrete (C1-2-0 and C3-2-0).

These results show good uniformity in chloride concentration, except for core C1-90-6, which
exhibits higher concentrations at the ends than in the middle. Indeed, we observed a higher
proportion of aggregates compared to the cement matrix in the middle part of core C1-90-6.
This disparity can potentially significantly influence the distribution of chlorides in the core,
since chlorides primarily penetrate through the cement paste rather than into the aggregate

matrix.

13



—

O o0 N N K B~ W

—
=)

0.006 7 0-25mm 25-50 mm __ 50-70 mm
——(C1-2-0 (T) --8--C1-2-0 (F)
)
§ 0.004 | —+—C1-3-35(T)  --e--C1-3-35 (F)
S
2 0.003 -
@ C1-4-35 (T) C1-4-35 (F)
-:_- 0.002 4 B~
= R ——C1-5-90 (T)  --e--C1-5-90 (F)
0.001
5 —=@====———=—----- 0
0.000 T T T T T T 1 ——(C1-6-90 {T) --8--C]1-6-90 (F)
0 10 20 30 40 50 60 70
Depth (mm)
(@)
0.004 7 0-25mm 25-50mm __ 50-70 mm
* & e *  —e—(3-2-0(T) --e--C3-2-0 (F)
?
$ 0.003 -
S +—C3-3-35(T) --e--C3-3-35(F)
S
2 0.002 -
] e C3-4-35 (T) (3-4-35 (F)
i 0.001 - B o o . 0 e -5 C3-5-60 (T) 0o~ (3-5-00 (F)
0000 T T T T T T 1 +C3-6-90 (T) - - C3-6-90 (F)
0 10 20 30 40 50 60 70
Depth (mm)
(b)

Figure 6: Concentrations of free and total chlorides in the calibration cores: (a) C1, (b) C3

Moreover, the resistivity measurements (4V; to AVs) recorded for the chloride-contaminated
calibration cores under saturated conditions (S,=100 %) are depicted in Figure 7. Since
resistivity measurements were carried out in both directions within the cores (Figure 2.a),
results are presented for directions (1) and (2) using dashed and continuous lines,
respectively. These results reveal a consistently uniform resistivity measurement along the
cores, which can be ascribed to the uniform chloride distribution, as illustrated in Figure 6.
For core C1-6-90, a notable increase in resistivity is found for measurements AV; and AV,,
both located in the core's middle section. This increase in resistivity is directly correlated with

the lower chloride concentration data obtained in this part of the core, as shown in Figure 6.a.
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Figure 7: Resistivity measurements obtained at different positions along the chloride-
contaminated cores under saturated conditions (§,,=100 %) for both concretes: (a) C1, (b) C3

The resistivity and permittivity calibration curves versus free and total chloride concentrations
are presented in Figure 8 and Figure 9, respectively. The resistivity curves versus chloride
content have also been drawn with and without logarithmic resistivity values like those versus
the degree of saturation. Moreover, the calibration curves versus total chlorides are indicated
with a solid line and the curves vs. free chlorides with a dashed line. Let’s point out that the
resistivity and permittivity results presented in this section have been obtained for completely

saturated cores (S,=100 %).

The resistivity results in Figure 8 show a significant decrease in resistivity for both concretes
with an increase in chloride concentration. The elevated conductivity of chloride ions present

in the pore solution results in a reduction of the resistivity of the pore solution, consequently
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1 leading to a decrease in the bulk resistivity of the concrete. These results are similar to those

2 obtained in the literature for ordinary Portland concretes [6,37,59].
3 The calibration curves were generated by fitting the results using a power function with a
4  regression coefficient not lower than 0.93 for both concretes. In addition, results show that the
5  resistivity is more sensitive to an increase at lower NaCl concentrations of the pore solution (0
6 g/L <[NaCl] < 35 g/L) but less so at higher concentrations ([NaCl] = 90 g/L). These results
7  are similar to those obtained by Sbartai ef al., [13], who noted with the more acute steepness
8  of the calibration curve between 0 and 35 g/L. of NaCl compared to that between 35 and 90
9 g/L.
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10 Figure 8: Resistivity versus free and total chloride concentration: (a,b) concrete C1, (c,d)
11 concrete C3 (S,=100 %)

12 Based on these experimental findings, it was observed that a transition in degree of saturation
13 from 100% to 35% resulted in a substantial (90%) reduction in the resistivity of concrete Cl1.

14 In comparison, an increase in sodium chloride (NaCl) concentration from 0 g/L to 90 g/L led
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to a comparatively lower 61% decrease in resistivity. These results underscore the greater
impact of degree of saturation on concrete resistivity, outweighing the influence of chloride

content. Moreover, they align with the findings obtained by Polder [14] and Henri [15].

As for the permittivity results, these novel calibration curves had not been previously
investigated, especially for concretes with slag, e.g. C3. The calibration curves presented in
Figure 9 were fitted with a linear model whose regression coefficients were not lower than
0.95 and 0.58 for concretes C1 and C3, respectively. The reduced value of the regression
coefficient for concrete C3 can be attributed to the low permittivity value observed for core
C3-90-5. When excluding this core from the analysis, the regression coefficient improved to
0.92 and 0.8 for the total and free chloride calibration curves, respectively. Before conducting
the measurements, the external surface of the cores was wiped to reduce the impact of excess
water; however, it appears that core C3-90-5 was excessively wiped, causing partial drying

and resulting in a lower permittivity value.

Furthermore, these findings reveal that concrete C3 exhibits lower permittivity than concrete
C1 despite both having the same-targeted concentrations of NaCl. It is to be noted however
that the real chloride concentrations obtained through destructive measurements are higher for
concrete C1 than for C3, which explains the lower permittivity values observed for C3. This
low chloride content within the cores of concrete C3 can be attributed to the low chloride

diffusivity and the refinement of the microstructure of this concrete due to slag [11,62,63,66].

Regardless of the chloride content in both concretes, it can be remarked that the permittivity
of concrete C3 exhibits less sensitivity to chloride content compared to C1. As an example, at
the same chloride concentration of 0.003 g/g of concrete, the results reveal permittivity values
of 32 for concrete C1 and 24 for concrete C3 (as indicated by the red arrows in Figure 9). This
feature, which is difficult to explain, could be due to a lower redistribution of the fixed
charges for concrete C3 at the interface between the cementitious matrix and the pore solution

contaminated with chlorides.

Figure 5.c shows the same trend in calibration curves for both concretes versus degree of
saturation. Hence, we can deduce that permittivity is more closely correlated with the ion

content present in its pore solution than its water content.
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Figure 9: Permittivity versus chloride concentration: (a) concrete C1, (b) concrete C3
(5,=100 %)

3.2. Calibration surfaces

All experimental measurements were first presented as filled points in 3D graphs where the x-
axis represents the total or free chloride concentration, the y-axis the degree of saturation, and
the z-axis the permittivity or the resistivity measured at a known chloride concentration and

degree of saturation.

The calibration surfaces were modeled by fitting the experimental results with a polynomial
function, using Eq. 3 for resistivity and Eq. 4 for permittivity, where ‘C’ (g/g of concrete) and
‘S;” (%) represent the chloride concentration and degree of saturation of concrete,
respectively. The curve fitting toolbox on MATLAB® software served to model these

surfaces.

As a first step, the fitting was carried out with a polynomial equation of different degrees. The
degrees of the polynomials were chosen so as to obtain the highest regression coefficient R?
(not less than 0.90) in order to achieve the best fit. The use of logarithmic resistivity values
led to removing the quadratic effect and deriving a polynomial equation of degree one with

respect to x-axis and y-axis (see Eq. 3).

Nevertheless, fitting the permittivity surface according to a polynomial equation of degree
one with respect to the x and y axes has led to a regression coefficient R? less than 0.9
(=0.87), especially for concrete C3. The low regression coefficient values obtained from
fitting the permittivity calibration curves (Figure 9) can account for the corresponding low R?

values obtained for the calibration surfaces. Thus, the permittivity surfaces were modeled in
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accordance with Eq. 4 using a polynomial of degree 2 with respect to the y-axis in order to

yield a coefficient regression R? equal to 0.97.

Log (p (Ohm.m))=a+b.C +c. S, Eq. 3
e(-)=a+b.C+c. S, +d. S,.C+e.S,’ Eq. 4

The resistivity and permittivity calibration surfaces are presented in Figure 10 and Figure 11
for both concretes, respectively. Only the calibration surfaces relative to total chloride content
are actually presented. Indeed, the concentration of the free chloride ions located in the pore
solution depends on the water content as well as on the degree of saturation. The free chloride
concentration determined by DE after the last targeted degree of saturation in fact does not
represent the ‘real’ free chloride concentration determined for the other degrees of saturation.
Thus, only the calibration surfaces derived from the total chloride concentration are presented
in this paper. Nevertheless, the coefficients of the calibration surface equation have been
determined for both the ‘free’ and ‘total’ chloride concentrations and are presented in this
paper. The coefficients of the resistivity and permittivity calibration equations are listed in

Table 3 and Table 4, respectively.

Moreover, let’s note the very small difference between the coefficients obtained through
using the free and total chloride concentrations. As seen in Figure 8 or Figure 9, the free and
total chloride concentrations are quite similar, which could explain the small difference

between the equation coefficients for both concretes.

Log (Resistivity (Ohm.m))
[

60 T —— 25 “

70 g T <107
Sr (%) 100 4.5 ) X
Total chlorides content (g/g of concrete)

Figure 10: Resistivity surface based on total chloride content and degree of saturation for
concretes C1 (blue) and C3 (green)
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4 Table 3: Coefficients of the resistivity calibration surface equation as a function of the free
5 and total chloride contents and degree of saturation
a b c R? RMSE

Clfree 1 460 | 6127 | -00338 | 092 | 02487

chlorides

ClToul )y 75 | 6948 | 00033 | 092 | 0.2418

chlorides

C3Free 1490 | 1015 | 200235 | 096 | 0.0855

chlorides

CaTotl | yo4 | 9743 | 00236 | 095 | 0.0877

chlorides

6  Table 4: Coefficients of the permittivity calibration surface equation as a function of the free

7 and total chloride contents and degree of saturation
a b c d e R? RMSE
Cl-Free
: 6.53 -2974 | -0.0077 | 81.49 0.0011 0.97 1.247
chlorides
Cl-Toal g2 | 2412 | 200172 | 6875 | 0.0010 | 098 | 0.9743
chlorides
C3-Free
: 8.70 -588.4 | -0.1024 | 18.75 0.0019 0.97 0.8953
chlorides
C3-Total g0 | 544 | -0.1063 | 17.73 | 0.0019 | 097 | 0.9004
chlorides
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3.3. Leveraging of calibration surfaces

The novelty of this work lies in the comprehensive and systematic exploration of these
calibration surfaces, thus highlighting the intricate interplay between the resistivity and
permittivity of concrete with varying chloride and water contents. Previous studies have not

offered such an exploratory approach.

Nevertheless, the EM properties of concrete are known to vary depending on factors such as
the binder (supplementary cementitious materials effects), water-to-binder ratio and aggregate
type to name just a few. Therefore, it is crucial to consider these calibration surfaces as
intrinsic properties unique to the concrete mixtures C1 and C3 investigated in this study. For
other mixtures with different compositions, it would be necessary to repeat the calibration
process in order to establish accurate and specific calibration surfaces. The insights gained
from this study regarding the methodology and approach to calibration can still provide
valuable guidance for future research on other concrete mixtures. Depending on the degree of
polynomial obtained for the equations representing the resistivity and permittivity surfaces, it
will be possible to establish calibration surfaces by using only two sodium chloride
concentrations within the range of 0 to 90 g/L. and considering only three different levels of

saturation.

Moreover, to effectively measure the resistivity of high-resistivity concrete such as concrete
C3, it is advisable to consider a range of degrees of saturation lying between 100% and 60%.
This approach is justified due to the infeasibility of measurements at lower degrees of
saturation for this type of high concrete resistivity, as was it is recommended to avoid degrees
of saturation below 35% for ordinary concretes, e.g. C1. This selection of parameters offers
substantial potential for minimizing the time and workload associated with such

investigations.

Regarding the degrees of saturation of the concrete cores, it is advisable to determine the
porosity of each individual core rather than relying solely on the overall porosity of the
concrete obtained from just three different samples. This step can be accomplished by keeping
one sawn portion of each core (as illustrated in Step 1 of Figure 3) and then determining its
porosity by means of hydrostatic weighing. The remaining two portions will be utilized for
determining the chloride content. By adopting this approach, the reliability of the obtained

degree of saturation measurements is enhanced.
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Lastly, it is crucial to determine the concentration of free chlorides at each degree of
saturation reached. This step is essential for obtaining an accurate measurement of the free

chloride concentration, thus enabling more reliable assessments and evaluations.
4. Conclusion

This paper has presented a novel calibration approach aimed at determining the calibration
curves and the calibration surfaces of electromagnetic (EM) parameters, specifically concrete
resistivity and permittivity, by simultaneously considering the water and chloride contents of
concrete. The investigation has focused on two concrete mixtures to assess the impact of

incorporating slag on these parameters.
The results have led to the following conclusions:

* The dielectric permittivity exhibited ascending calibration curves and calibration
surfaces as water and chloride contents increased. In contrast, the electrical resistivity
displayed descending surfaces and curves.

* The concrete resistivity displayed a high sensitivity to saturation rather than to the
chloride concentration, with infeasible resistivity measurements at low degrees of
saturation, especially for concrete C3.

* The presence of slag in the concrete has no remarkable effect on permittivity, with
identical values found for both concretes at different degrees of saturation without
chloride.

* The concrete permittivity evolution relative to different chloride contents did not
reveal the same trend, with a higher sensitivity for concrete C1. The slope of the
calibration curve is approximately three times greater for concrete C1 than that
obtained for concrete C3.

e The use of logarithmic resistivity values led to removing the quadratic effect and
obtaining a surface with a polynomial equation of degree one with respect to both the
x-axis and y-axis.

* The polynomial degree derived for the calibration surface equations of both concrete
mixtures serves as a crucial tool for establishing new calibration surfaces for other
concrete mixtures.

e The calibration surfaces versus total chloride content were solely presented in this
work since the free chloride content depends on the degree of saturation. In future

work, the experimental protocol should be modified by determining both the free and
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total content at each degree of saturation, so as to determine the calibration surface

with a lower uncertainty.

In future studies, the calibration surfaces will be used as a valuable tool, when dealing with a
coupled water-chloride ingress test, in converting the dielectric permittivity and electrical
resistivity profiles into chloride and degree of saturation profiles. Also, these profiles will be
used to determine additional durability indicators such as the apparent diffusion coefficient,
the surface chloride concentration or water permeability by inverse analysis according to

water-chloride ingress models.
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