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Abstract: Concrete resistivity measurements strongly depend on the temperature and the water
content of the structure. In this paper, a study of the effect of the temperature and saturation degree
on electrical resistivity measurement is carried out using an embedded printed circuit board sensor
to estimate water content profiles in concrete structures. Resistivity measurements are performed
at temperatures between 20 and 60 °C. Experimental results are presented and analyzed in light of
well-established empirical models. Calibration curves that link the electrical resistivity to the degree
of saturation at a given temperature are discussed. Arrhenius laws that depend on the degree of
saturation can be used to fit our data. In the perspective of the instrumentation and monitoring of
concrete structure in real conditions, it is important to master the temperature correction laws of

resistivity measurement to evaluate the gradients of water saturation degree.

Keywords: electrical resistivity; Arrhenius law; degree of saturation; monitoring; water content gradients

1. Introduction

The optimized monitoring of a structure must be considered from the design of the
structure and carried out as soon as it is built. One of the phenomena to be monitored to
ensure its physical durability is the mechanical strength of the concrete structure [1]. Thus,
the delayed ettringite formation, deleterious to mechanical properties of thick structures, is
provoked by an excessive temperature increase at an early age and by a high ambient water
content [2] which must be measured for effective durability modeling [3]. Meanwhile, cor-
rosion of the reinforcements is the main degradation factor of reinforced concrete structures
and is a consequence of a number of causes which may not always be independent. These
can be carbonation, the penetration of chloride ions, or internal swelling reactions. The
parameter conditioning their development is the water content of the concrete; therefore,
this is considered as one of the main parameters governing the durability of reinforced
concrete structures [1].

Several non-destructive techniques, such as electromagnetic methods, are used to
characterize the water content in concrete [4-8]. Among these methods, the DC-electrical
resistivity technique [9-11] is proven to be highly sensitive to the water content as described
by Archie’s law [12]. Other factors can affect the electrical resistivity measurements, among
which we can cite the formulation and microstructure of the concrete (pore structure,
connectivity and tortuosity of the porosity, water-cement ratio, cementitious content, etc.),
the presence of metallic reinforcements [10,13-15], and the variations in environmental
measurement conditions (temperature, relative humidity, etc.) [14,16,17].

Rasch and Hinrichsen [18] showed that the temperature has a notable effect on concrete
resistivity; thus, controlling the temperature is necessary [19]. The temperature of the
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concrete influences the concentration and mobility of the ions and the ion—ion and ion-
solid interactions [20]; therefore, it affects the measured resistivity [21,22], as well the
electromagnetic permittivity [23]. These interactions can be different for cements of different
chemical composition (e.g., slag or fly ash). This influence varies according to the concrete
water content [14]. For a constant relative humidity (RH), an increase in the temperature of
the concrete implies a decrease in the resistivity [14].

For simplicity, it can be assumed that, in the range of temperature between 0 °C and
40 °C, the resistivity doubles when temperature decreases by 20 °C, or that the resistivity
varies, either from 3% to 5% per °C (per 1.8 °F) [21,24] or from 1.8% to 2.2-3% per °C in
geophysical applications [19,25]. In controlled laboratory conditions, resistivity is affected
by the temperature at which the measurement is taken. On site, seasonal changes lead
to temperature variation in the concrete structures exposed to various environmental
conditions, affecting the resistivity of the structures. Therefore, it is necessary to consider
the temperature effect to enhance the relevance of the resistivity measurement in thick
concrete structures.

This article presents a study of the effect of concrete temperature on the electrical
resistivity measurement using a novel multi-electrode embedded sensor. This sensor was
developed by Badr et al. [26] in order to monitor the water content gradient through the
thickness of radioactive waste storage tunnels for the French national radioactive waste
management agency (Andra). The coupled influence of the temperature and the degree of
saturation on the resistivity measurements is studied for the sensor embedded along the
entire structure thickness.

For this purpose, several experiments were carried out on cylindrical specimens
having a diameter of 11 cm and a length of 22 cm (standard specimen geometry) and made
from the same concrete formulation and procedure. The sensor allows a large quantity
of experimental data to be collected. It scans the concrete vertically every centimeter and
allows two measurement configurations. Electrical resistivity measurements were carried
out at different temperatures and degrees of saturation to establish calibration curves
that link the electrical resistivity with the degree of saturation at different temperatures.
Wide ranges of temperature [20-60 °C] and of saturation degree [34-95%] were studied,
corresponding to the need dictated by the application long-term monitoring in radioactive
waste storage tunnels with exothermic reactions. The correlation between resistivity and
temperature was analyzed using the Arrhenius law. A validation for this methodology was
conducted for various degrees of saturation.

2. Methods and Materials

In this section, we present the measurement method with an embedded sensor of
resistivity, temperature correction models, and the experimental process of this study.

2.1. Electrical Resistivity Measurements

The electrical resistivity characterizes the ability of the material to oppose the flow
of electric current. A method for measuring the resistivity of a medium is the four-point
electrodes method where the current I (A) is injected via two electrodes and the potential
drop AV (V) is measured between two other electrodes. The resistivity is connected to the
electrical resistance (AV/I) by a geometric factor G (m) that depends on the geometry of the
structure as well as the configuration of the electrodes. The factor G is numerically deter-
mined by a finite element calculation using COMSOL Multiphysics® in a homogeneous
medium. In the case of a medium with moisture gradients, an “apparent” resistivity p,
(€2.m) is inferred for each of the electrode’s configuration, using Equation (1):

Pa = GT . (1)
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In this study, we considered all the specimens in homogeneous moisture and temperature
conditions; thus, the resistivity was assumed to be constant within the specimens and the
measured apparent resistivities provided a good approximation of the resistivity (o, = p).

To make an electrical resistivity measurement, it is possible to carry out either a surface
measurement [27,28] or a measurement in depth using an embedded device [4,29]. The use
of embedded sensors offers the possibility of evaluating the concrete resistivity throughout
a large thickness of the structure without the inherent loss of resolution with depth. In
this study, electrical resistivity measurements were conducted using an embedded printed
circuit board (PCB) sensor developed by Badr et al. [26]. The PCB sensor has a ladder-like
shape which improves the anchorage of the electrodes in the concrete. In this study, we
used 19 electrodes, each with dimensions of 3 x 1.5 mm?, placed on either side of the
sensor with an inter-electrode spacing of 2 cm on each side (Figure 1).
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Figure 1. Schematic diagram of the PCB sensor with 19 electrodes (E1 to E19).
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Two measurement configuration modes are considered for this PCB sensor [26]. The
first mode is the transmission configuration where I is injected on two stainless steel grids
(@ = 10 cm) placed on either side of the sensor and AV is measured between all pairs
of consecutive electrodes located on the same side of the sensor (E1E3, E2E4, E3ES5, ...,
E17E19) (Figure 1). The second mode is the Wenner configuration, where the quadrupole
measurements C1P1P2C2 (where electrodes C1 and C2 are used for current injection, and
electrodes P1 and P2 are used for potential drop measurements) are successively E1E3E5E?,
E2E4E6ES, E3ESEVEY, ... , E13E15E17E19 (Figure 1).

For both configurations, Badr et al. [26] showed that the apparent resistivity is a good
estimation of the true resistivity at the middle of the electrodes where the potential is
measured. Therefore, the measurements obtained along the sensor length can be seen as a
resistivity profile with depth in concrete. Since all specimens are in homogeneous moisture
and temperature conditions in this study, we expected measured resistivity profiles to
exhibit flat trends over depth with comparable values between the two measurement
configurations, assuming that there is no structural variability in each specimen.

2.2. Temperature Correction Models

Several temperature correction models have been published. In one approach, a linear
relationship applicable to electrolytic solutions can be used to describe the temperature
effect on concrete resistivity [30,31]:

pr = pr,[1 +a(To — T)] )

where pr ((0.m) is the resistivity of the material measured at a temperature T (°C), pr,
(€Q2.m) is the resistivity of the material measured at a reference temperature T (°C), and
a (°C~1) is a temperature coefficient depending on the nature of the material. Values of «
for concrete have been reported ranging from 0.022 to 0.035 °C~! [30,31]. Some authors
advocate that a linear law such as Equation (2) is the most convenient to standardize
resistivity measurements in practical applications [16,20].
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In another approach, Arrhenius types of relations [16,20,31-33] are used as a popular
method to describe the effect of temperature on electrical resistivity:

pr = Aexp(2) ©)

where pr (().m) is the resistivity of the material measured at a temperature T (K), A
(Q2.m) is the nominal resistivity when T (K) — oo, R = 8.314 ] mol~! K~ (the universal
gas constant), and E, (J/mol) is the activation energy for resistivity which quantifies the
amount of thermal energy required to promote a mole of the ions in concrete pore solution
from equilibrium state to activated state [34]. Values of E; have been reported to range
from 16.9 k] /mol to 42.77 k] /mol [4,16], depending on the degree of saturation and the
microstructure properties [35]. It was emphasized that using a constant value of E, for all
types of concrete could lead to misleading results [31,36].

2.3. Experimental Program

The concrete formulation (Table 1) used in this study was based on cement type I
(CEM ) with a water—cement ratio of 0.59 and a porosity of 15.3 £ 0.3%, and with a
maximum aggregate size of 12.5 mm.

Table 1. Concrete mix design and characterization.

Constituents Origin Quantity (kg/m3)
Aggregates 4/12 Boulonnais 984
Sand 0/4 Boulonnais 890
Cement CEM 1525 N Val d’Azergue 350
Effective water (Weff) 206
Weff/C 0.59
Compressive strength at 28 days 42.6 + 1.3 MPa
Porosity accessible to water at 28 days 15.3 + 0.3%

Five PCB sensors were embedded in five cylindrical specimens (numbered from S1 to S5)
of 11 cm diameter and 22 cm length to quantify the variability of the measurement between
specimens obtained with the sensors and to measure the water content gradient over the
entire depth. In each specimen, the sensor was placed along the axis and the grids were
placed near the faces, embedded at a depth of 5 to 10 mm (Figure 2).

The specimens were cured for 28 days in a climatic chamber at a temperature T =20 £ 2 °C
and at a relative humidity HR = 95 + 2%. Since the specimens were not saturated under
vacuum, it was assumed that Mos (S = 95.0 & 2.0%) = M4 with a 2% margin of error
when considering this assumption. They were sealed with adhesive aluminum foil and
placed in an oven at a temperature T = 45 °C for the homogenization of the amount of pore
water during a period equal to the duration of drying [37,38]. They were dried at 45 °C to
reach various masses M; and, therefore, different degrees of saturation (S, = 95.0 & 2.0%,
72.2 +1.0%, 53.3 £ 0.3%, and 33.8 &= 0.5%) to establish calibration curves connecting the
resistivity to the degree of saturation. After all the resistivity measurements were taken, the
specimens were dried at 105 °C (Mg, ) to calculate the true degrees of saturation S, from
Equation (4):

(Mt - Mdry)
Sp= @)
(Msut - Mdry)

After homogenization, the specimens were placed at three different temperatures (20,
45, and 60 °C) and the resistivity measurements were carried out. As the specimens were
still sealed, a constant degree of saturation was ensured during temperature increase and
was controlled by weighing. This allowed us to obtain resistivity values for each degree of
saturation at various temperatures.
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Figure 2. View of a PCB sensor placed on the axis of a cylindrical mold designed to cast the
concrete specimen.

3. Results

The results consisted of the resistivity measurements using PCB sensors. The resistivity
profiles over depth for the transmission and Wenner configurations at different tempera-
tures and degrees of saturation were studied to show the effect of the temperature on the
calibration curves correlating the resistivity to the degree of saturation.

First, a study of repeatability and reproducibility of the resistivity measurements
using the PCB sensors was carried out for specimens S1 to S5 in saturated conditions
and at temperature T = 20 & 2 °C. The coefficient of variation for repeatability ranged
between 0.06% and 1.86% for resistivity measurements repeated three times. As for the
reproducibility, which is associated with variability due to the sensor and concrete material
among the five cylindrical specimens, the coefficient of variation of resistivity was equal
to 4.6% for specimens S1, S3, S4, and S5 in the transmission configuration and 5.3% for
the same four specimens in the Wenner configuration. This variation became higher when
including specimen S2, where it reached 11.1% and 8.9% in the transmission and Wenner
configurations, respectively. This might be explained by a difference in the material of
specimen S2, possibly due to concrete casting or vibration. Figure 3 shows the resistivity
profiles over depth using the transmission and Wenner configurations in nearly saturated
conditions (S, = 95.0 £ 2.0%) for all the specimens. Comparable values between the two
measurement configurations are noted with 1.7% of variation, on average.
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Figure 3. Resistivity profiles over depth in saturated conditions (Sr = 95.0 £ 2.0%) at temperature
T =20 =+ 2 °C for all the specimens: (a) transmission configuration; (b) Wenner configuration [26].

Second, a study of the variation of the resistivity profiles was carried out for all the
specimens at different degrees of saturation (S, = 72.2 & 1.0%, 53.3 £ 0.3%, and 33.8 £ 0.5%)
for both the transmission and Wenner configurations.

Figure 4 shows resistivity profiles over depth in the S1 specimen for the transmission
and Wenner configurations at different temperatures T = 20, 45, and 60 °C, and at different
degrees of saturation.

For all configurations and at each temperature, the resistivity obtained is higher at lower
saturation degrees, which agrees with the results reported in the literature [39—41]. For a
relatively dry concrete (S, = 33.8 £ 0.5%), we obtained average resistivity values ranging
between 1700 and 1900 QQ.m at T = 20 °C for the transmission and Wenner configurations.
The maximum (3200 2.m) and minimum (870 ().m) resistivity values obtained here comply
with the values reported in the literature for a dry concrete with CEM I cement between
1000 and 3000 Q).m [21]. We note in Figure 4 that the specimen is less homogeneous at
S, =33.8%, and that a larger variation in resistivity (high standard deviation) is observed
over depth. This variation can be explained by the waiting time which was too short for
the specimen (J11 x 22 cm) to be homogenized; an increase in the homogenization time,
by doubling it, for example, might decrease the variation along the depth. Moreover, as
degree of saturation decreased, resistivity values increased and measurements became more
difficult to take because of increasing contact resistances between electrodes and concrete,
thus generating greater variability in measurements. Furthermore, the connectivity of the
liquid phase was no longer ensured at low degrees of saturation, which limited the flow of
electrical current.

For each type of configuration at a fixed temperature and degree of saturation, the
average resistivity over depth was calculated for each specimen. Then, to establish the
calibration curves between resistivity and degree of saturation at each temperature, the
average resistivity among all specimens was calculated for both configurations and for a
fixed temperature and degree of saturation. The values of the average and the standard
deviation of resistivity over all specimens, except 52, are presented in Table 2.
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Figure 4. Resistivity profiles at different degrees of saturation for S1 specimen: (a) transmission con-
figuration, T = 20 °C; (b) Wenner configuration, T = 20 °C; (c) transmission configuration, T = 45 °C;
(d) Wenner configuration, T = 45 °C; (e) transmission configuration, T = 60 °C; (f) Wenner configura-

tion, T =60 °C.



Appl. Sci. 2022, 12, 9420

8of 12

Table 2. Electrical resistivity measured for all specimens, except S2, at different degrees of saturation
in transmission and Wenner configurations at different temperatures (average + standard deviation).

0,
p (Q.m) TCO S (%) 95.0 £ 2.0% 72.2 £ 1.0% 53.3 £ 0.3% 33.8 +0.5%
20°C 119+13 40.1 £ 4.6 175 £221 1906 + 142
Transmission 45°C 8.0£0.6 265+ 1.0 715+72 883 £ 279
60 °C 53+£04 158 +24 424 +43 379 £ 101
20°C 121+1.1 425+ 6.1 140 £ 15.5 1710 £+ 383
Wenner 45°C 81£19 17.7 £ 3.8 61.6 +£9.2 641 £ 145
60 °C 57+£17 103 £ 2.6 31.8+71 303 + 54

Figure 5 represents the calibration curves of resistivity vs. the degree of saturation at
different temperatures presented separately for the transmission and Wenner configura-
tions, based on the data shown in Table 2.

10000 70 5 76410040 —e—T=20°C 10000 1 710ty .
y=3. x g = y=1. x —a0°
R?=10.994 RZ=0.991 T=20"C
T=45°C T=45°C
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1 T T T 1 1 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
Sr (%) Sr (%)
(@) (b)

Figure 5. Calibration curves of resistivity* vs. degree of saturation at different temperatures: (a) trans-
mission configuration; (b) Wenner configuration. * Resistivity data are averaged over all specimens
except S2.

A power law regression was applied that yielded a coefficient of determination R2
greater than 0.961. The power trend (o = A.S, ") was consistent with Archie’s law [12]. In
the range of the measured saturation degrees, we observed (Figure 5 and Table 1) that an
increase in temperature led to a decrease in electrical resistivity. This result was consistent
with many published results [21,22,35]. The correlation between the resistivity and the
temperature is discussed in detail in the next section.

4. Discussion of the Temperature Influence on Resistivity

In this section, a comparison of the results for the temperature correction models
is discussed.

To study the temperature effect on concrete resistivity, the behavior of resistivity
depending on temperature was analyzed in the context of the Arrhenius law. Figure 6
represents the variation of the average resistivity as a function of temperature at four
degrees of saturation, using the same average resistivities as previously used (all specimens
except S2, see Table 1). It shows that the resistivity-versus-temperature relation follows a
trend of exponential decay for both configurations, transmission and Wenner, and for all
degrees of saturation. This is in accordance with the Arrhenius Equation (3) as well as with
published results [35,40].



Appl. Sci. 2022, 12, 9420

9o0f12

10000

1000

100

P (Q.m)

y = 4445.4¢0.03%

R2=0.971

y =357.81e00%6x

R?=0.999

y = 65,697 1023
R?=0.9570

10 f\-..\; " *\“;\;
y = 18.391e0.021x y = 17.887 0019

B Sr=0E 09 10000 —=— 5r=95.0%
g:=${2’:g‘3€ y = 4125.8e 0043 Sr=72.2%
e Sr=53.3% R? = 0.996 s Sr=533%
—— 5r=33.8% —e—Sr=33.8%

1000

y = 301.68e0.037x
R?=0.994
100 e—
y = 86.4880.025x g
R2=0.9997

P (Q.m)

T
I

Rz=0.976 R*=0.992
1 1
0 20 40 60 80 0 20 40 60 80
T (°C) T(°C)
(a) (b)

Figure 6. Variation of the average concrete resistivity as a function of temperature at different degrees
of saturation: (a) transmission configuration; (b) Wenner configuration.

Equation (3) was used to calculate the activation energy for resistivity by regression
analysis. The Arrhenius parameters shown in Table 3 were obtained by performing regres-
sions on the data from Table 2 using Equation (3) [35,40]. An example of the regression
analysis with the transmission configuration measurements for all specimens is shown in
Table 3. The coefficients of determination (R?) vary between 0.89 and 0.94, indicating a
good fit of the measured values to the Arrhenius law.

Table 3. Arrhenius law parameters fitted to the transmission configuration resistivity measurements

on all specimens for each concrete degree of saturation.

S, (%) A (Q.m) E,; (KJ/mol) R?
95.0 £ 2.0 9.82 x 1073 20.14 0.937
722+ 1.0 9.25 x 1073 20.40 0.890
533+ 0.3 253 x 1073 27.06 0.940
33.8+ 0.5 1.74 x 1073 33.54 0.942

Table 3 shows that the value of E; increases and the value of A decreases with decreas-
ing values of S;, as demonstrated in [31,36]. The E,; values range from 20 to 34 kJ/mol,
which agree with the reported values [30,31,40]. Most of the reported methods employ fixed
parameters, which causes either an overestimation or underestimation of the temperature
effect. Our results clearly show that the value of the activation energy E, was dependent
on the saturation degree of the concrete and, therefore, on the concrete resistivity. Further
investigation is necessary to study the relationship between the activation energy E,, the
nominal resistivity A, and the saturation degree S;.

Using another approach, we considered a simplified linear resistivity-versus-temperature
relationship within the measured temperature ranges [20—45 °C] and [45-60 °C]. Table 4
illustrates the percentage change in resistivity per °C at different degrees of saturation
in both the transmission and Wenner configurations, assuming that the exponential rela-
tionship between the resistivity and the temperature is close to linear through the studied
temperature intervals.
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Table 4. Percentage change in resistivity per °C at different degrees of saturation and in two separate
ranges of temperature for the transmission and Wenner configurations.

Configuration AT CO) 5+(%) 95.0 + 2.0% 72.2 + 1.0% 53.3 4+ 0.3% 33.8 + 0.5%
. o 20-45 °C 1.32 1.36 237 2.15
ransmission 45-60 °C 2.29 2.69 2.72 3.80
W 2045 °C 1.35 2.33 2.25 2.50
enner 45-60 °C 1.93 2.79 3.22 3.51

Table 4 shows that the percentage change in resistivity ranges from 1.3 to 3.8% per °C,
which is partially in agreement with the values (1.8 to 3% or 3 to 5%) reported in the
literature [19,21]. However, it also indicates that the percentage resistivity change depends
on the saturation degree as well as on the temperature range. For a given temperature
range, the resistivity change per °C is, in general, larger on concrete specimens with lower
saturation degrees. For example, the percentage resistivity change per °C is 2.3%/°C for a
water-saturated concrete in the temperature range of 45-60 °C, and 3.8% for concrete with
the lowest degree of saturation (33.8%). This result agrees with [24] where it is reported
that, for ordinary Portland cement (OPC) concrete, resistivity changes by 3% per °C at 21 °C
for a 70% saturated concrete, whereas it changes by 5% per °C for a 30% saturation degree.
With respect to temperature, the resistivity change per °C is larger at a higher temperature
than at a lower temperature. For example, in nearly saturated conditions, the resistivity
change per °C is 1.3% between 20 and 45 °C, and 2.3% between 45 and 60 °C. Note that the
measurement dispersion increases with high resistivity values at low saturation degrees of
concrete due to the presence of heterogeneities (e.g., coarse aggregates and air bubbles).
Thus, high uncertainty can influence the percentage of change per degree, such as the value
at 45 °C and S = 33.8%.

5. Conclusions

Temperature and saturation degree of the concrete structure highly influence its
resistivity measurements. In this paper, experimental results on embedded PCB resistivity
sensors are presented and compared to empirical models of temperature and saturation
degree. The use of innovative embedded PCB sensors offers the possibility of evaluating
the concrete resistivity along the structure’s depth as it is very important to evaluate
the temperature contribution to the resistivity measurements for an accurate evaluation
of water content in thick concrete structures. All measurements were performed under
controlled conditions. Our experimental data behavior is highly consistent with well-
established empirical models. Calibration curves that link the electrical resistivity with
the degree of saturation at different temperatures (20, 45, and 60 °C) were established and
shown to be consistent with Archie’s Law. The profiles of resistivity versus temperature
were found to conform to Arrhenius’ law. Therefore, parameters for standardization of
measurements to definite values of temperature and saturation degree were obtained for
the studied concrete. More generally, this study clearly shows that standardization of
measurements with inadequate parameter values could yield misleading results.

The main information obtained in this study concerns the function describing the
evolution of resistivity versus saturation degree or temperature. The coefficients depend on
the concrete mix. Thus, for new materials, we recommend a calibration that can be limited
to very few adjustment points, which will save a lot of time while increasing the accuracy
of the saturation degree evaluation attributed to resistivity at different temperatures.
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