
Estimation of water content gradient and concrete durability indicators 
using capacitive and electrical probes 

 
Fares, M.1; Villain, G.1; Fargier,Y.2; Thiery M.3;  Dérobert X.1; Palma Lopes S.1 

 
(1) IFSTTAR, Centre de Nantes, LUNAM Université, Route de Bouaye, CS4, 44 344 Bouguenais, France 
milia.fares@ifsttar.fr ,geraldine.villain@ifsttar.fr, xavier.derobert@ifsttar.fr, sergio.lopes@ifsttar.fr, 

(2) CEREMA, DTer NC, Laboratoire Régional de Blois, 41029 Blois, France 
yannick.fargier@cerema.fr 

(3) STAC, 31  avenue du Maréchal-Leclerc, CS 30012, 94385 Bonneuil-sur-Marne Cedex 
mickael.thiery@aviation-civile.gouv.fr 

 
Maintenance and inspection of concrete structures are increasingly important issues considering the high 

number of aging structures and infrastructures. Non-destructive techniques (NDT) are fast and allow monitoring 
the structure during all of its life service. NDT are sensitive to various concrete properties, among which is water 
content.  This latter is a significant parameter of concrete pathologies, an accurate estimation of its value is 
therefore important. Our research focuses on two NDT: capacitive and electrical probes, both of which are 
highly sensitive to water content. By varying the size and the spacing of the electrodes of both devices, we attain 
multiple investigation depths and obtain raw integrated measurements from the studied structure surface. An 
inversion procedure is then applied to the raw data to obtain profiles in the concrete. Electrical resistivity 
tomography was obtained using commercial software, while for capacitive NDT an original inversion procedure 
was developed. After calibration, the two NDT allow the determination of quantitative water saturation degree 
profiles into concrete. The aims of this paper are to present the two measurement and inversion procedures and 
to validate them on concrete slabs submitted to an imbibition process and controlled by reference methods. 

1 Introduction 
Regular inspection and condition assessment of reinforced concrete improves early 

detection of degradation mechanisms and monitors their evolution over time. The future of 
inspection methods lies in Non-Destructive Techniques (NDT) for the many advantages they 
offer such as real-time monitoring and being fast and therefore capable of testing a large area 
of the structure [1,2]. In this study, two NDT are presented: electrical resistivity and 
capacitive techniques. The two measurement techniques are particularly sensitive to the water 
content in concrete. The water in concrete is the mean by which aggressive agents such as 
chlorides are transported in concrete causing steel corrosion and degradation of the structures 
[3]. In addition, it also conditions the development of other pathologies such as alkali-reaction 
[4] and freeze/thaw attack [5]. Therefore, assessment of water content by NDT is very 
important and has been the subject of many studies [6,7,8]. The aim being to obtain water 
content profiles with NDT, surface measurements are needed as well as an inversion and a 
calibration process. In this paper, a method to obtain a water saturation degree profile from 
surface capacitive and resistivity measurements is presented. First, the capacitive and 
electrical probes that allow permittivity and resistivity measurements from the surface of the 
material are described. Second, an experimental campaign during which a concrete slab was 
subjected to a water imbibition process is presented. Third, an inversion process allowing to 
obtain the permittivity and resistivity profile versus depth is described. And lastly, these 
profiles are transformed into water saturation degree profiles by means of calibration curves 
relating the permittivity and resistivity to water saturation degree. 

2 Description of the measurement techniques 

2.1 Capacitive probes 

The capacitive technique has been studied in IFSTTAR laboratory since Tran (1972) [9] 
for water content assessment in soil. The capacitance depends on the real part of the dielectric 
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permittivity of the material, which characterizes its ability to store electrical energy. The 
dielectric permittivity divided by the permittivity of vacuum is known as the relative 
permittivity. In this paper, the real part of the relative permittivity will simply be referred to 
by “permittivity”. This physical parameter is known to be dependent on the water and ionic 
content of soils and concrete [10]. The capacitive probes used in this study are composed of 
three types of electrodes (PE, ME and GE). Each electrode is composed of metallic plates 
(varying with number and size) with a support made of Plexiglas connected to a resonant 
circuit (Figure 1a). The system is placed on the surface of the material (Figure 1b) and the 
investigation depth of the measurement varies with the type of electrode, the smallest being 
for PE (5 mm) followed by ME (11 mm) and GE (43 mm). 

 

 
 
 

Figure 1 Capacitive probes system (a), measurement principle (b) 
 
The raw measurement obtained is the oscillation frequency of the circuit and a calibration 

procedure allows us to obtain the capacitance of the system and hence the permittivity of the 
material. The permittivity obtained is “apparent”: it corresponds to the permittivity of a 
homogenous medium that would have the same capacitance as the tested medium [11]. An 
inversion procedure is therefore needed to obtain the permittivity profile versus depth from 
the capacitance measurements. 

2.2 Electrical probes 

The electrical resistivity of concrete is also known to be dependent on water and ionic 
content of concrete [12,13,14]. In this study, the measurement of resistivity is carried out by 
an electrical probe developed by (8). It is composed of 14 electrodes placed at an equidistant 
distance x connected to a commercial multichannel resistivity meter (Syscal Pro 96 Switch, 
Iris Instruments ®.) The measurement is carried out by injecting a current through two outer 
electrodes and measuring the potential difference through two inner electrodes. The ratio 
between the potential difference and the current multiplied by a geometric factor yields the 
resistivity of the investigated medium (from the surface down to a certain investigation 
depth). The investigation depth is varied by modifying the distance x between the electrodes 
obtaining thus 4 investigations depths, Level 1 (x=2cm) being the smallest followed by Level 
2(x=4cm), 3(x=6cm) and 4(x=8cm). Having 14 electrodes, the probe is capable of measuring 
11 values of resistivity for Level 1, 8 values for Level 2, 5 values for Level 3 and 2 values for 
Level 4. The different values of apparent resistivity are averaged which is assumed to make 
up for the lateral heterogeneities found in concrete. 

 

(a) (b) 
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Figure 2 Resistivity measurements by electrical probe: system (a) and measurement principle (b) 

 
Four values of resistivity measurements (one for each Level) are therefore obtained but as 

in the same case of capacitive measurements, the resistivity is “apparent” and an inversion 
procedure is required. The inversion procedure is developed in §4 and in the next section an 
experimental campaign with resistivity and capacitive measurements carried out on a concrete 
slab is presented. 

3 Experimental campaign: apparent data 
An experimental campaign was carried out within the French national project EVADEOS 

where three concrete slabs (60x36x15 cm) were subjected to a water imbibition process [15]. 
The concrete slabs (CEMI with a water-to-cement ratio of 0.8 and a porosity of 18,3%) were 
maintained at a temperature controlled laboratory (20°C) of approximate relative humidity of 
70% for a year after which they were dried for 7 days in an oven and wrapped in plastic bags 
during 3 months. The slabs were sealed laterally with aluminum foil to ensure unilateral 
penetration of water and they were immersed in water up to 1 cm. The measurements were 
carried out at different times after immersion in water (T0). In the case of capacitive probes, 
the measurements were carried out on both the wet and dry faces of the slabs. As for the 
electrical probe, the measurement was only possible on the wet face of the slabs, the other 
face being too dry to conduct the current. The resistivity and the permittivity being both 
sensitive to water content, they can become an indicator of the evolution of water penetration. 
The resistivity decreases and the permittivity increases when the water content increases. The 
results being similar for the three slabs, in the following we will discuss the raw results as 
well as the inversion of only one slab. 

 
In Figure 3 the variation of the apparent permittivity versus time of immersion obtained by 

the three capacitive electrodes (PE, ME and GE) is presented. The data is displayed in two 
graphs for visual purposes. At T0 a slight gradient of permittivity is observed on both faces 
where the values at the surface (PE, ME) are around 6-7 compared to 9 for values in depth 
(GE) which implies that the surface of the slab is drier than its core. During the first hours of 
immersion (0 to 8 hours), a rapid increase of the apparent permittivity is observed for the 
three electrodes at the wet face. The values for the smallest electrode PE are higher than those 
of ME and GE, indicating a higher permittivity on the surface and therefore higher water 
content. After 8 hours of immersion the slabs were maintained in a plastic bag over night and 
a slight decrease of permittivity is noticeable when measurements were carried out the next 
day. In the later hours of immersion (8 to 108 hours) the permittivity values for PE and ME 
are generally stable while those for GE slightly increase (from 12 to 14). Concerning the dry 
face, the permittivity values are generally stable with slight variations that are perhaps due to 
the relative humidity of the environment. 

 

(a) 
 

(b) 

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



 
Figure 3 Apparent permittivity variation versus time of immersion of the concrete slab in water 

 
The variation of the apparent resistivity displayed in Figure 4 is similar to that observed in 

the case of capacitive techniques. As a reminder for the reader, Level 1 corresponds to the 
smallest investigation depth, followed by Level 2, 3 and 4. The resistivity shows a general 
decrease over time for all four investigation depths which implies an increase of water 
content. In the beginning of the immersion test, the resistivity gradient (higher values on the 
surface) indicates that the slab is drier at the surface which is also observed at T0 in the case 
of permittivity measurements. After 4 hours of immersion, the gradient is inversed and low 
values of resistivity are observed at the surface compared to higher ones at core which 
accounts for the water gradient that the immersion causes. 

 

 
Figure 4 Apparent resistivity variation versus time of immersion of the concrete slab in water 

 

4 Inversion and calibration procedures 
The inversion procedure needed to obtain permittivity and resistivity profiles by means of 

apparent results is presented. In addition, a calibration procedure is carried out to obtain water 
saturation degree profiles. 

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8

A
p

p
a

re
n

t 
p

e
rm

it
ti

v
it

y
 (

-)
 

Time (hours) 

0

2

4

6

8

10

12

14

16

18

8 32 56 80 104 128

A
p

p
a

re
n

t 
p

e
rm

it
ti

v
it

y
 (

-)
 

Time (hours) 

PE wet face
ME wet face
GE wet face
PE dry face
ME dry face
GE dry face

70

170

270

370

470

570

0 2 4 6 8

A
p
p
a
re

n
t 

re
s
is

ti
v
it
y 

(W.
m

) 

Time (hours) 

Level 1

Level 2

Level 3

Level 4

70

80

90

100

110

120

130

140

150

160

170

8 32 56 80 104 128

A
p
p
a
re

n
t 

re
s
is

ti
v
it
y 

(W.
m

) 

Time (hours) 

Level 1

Level 2

Level 3

Level 4

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



4.1 Inversion procedure: Capacitive techniques 

The inversion of apparent measurements consists in determining the unknown properties 仕 of a medium knowing physical data � performed on the surface of the medium. In this aim, 
the model 擦 relating the data and the properties (� = 擦岫仕岻) is established and the resolution 
of the problem is carried out by an iterative procedure. Initial properties 仕� are defined and 
the corresponding data �� are calculated. The properties are afterwards modified by a step 絞仕 
and the data are recalculated until the calculated data fit to the measurement data [16,17] or in 
other terms until the cost function becomes inferior to a fixed threshold. 

In case of capacitive techniques the data corresponds to the capacitance of the electrodes 
(� = ��撮, ��撮, �札撮岻 and the properties 仕 correspond to the permittivity profile in the 
medium. The profile 仕 can be modelled by two types of parametrizations: a continuous or a 
discrete parametrization. In the case of a discrete parametrization, the medium is divided into 仔 layers and a permittivity value �� is assigned to each layer �. The properties in this case are 
therefore the different permittivity values岫仕 = �層,�匝, … �仔岻. In the case of a continuous 
parametrization, the profile is modelled by a continuous curve and the properties are therefore 
the parameters of the curve. A recent study by [18] proved that a continuous curve using a 
Weibull distribution with four parameters: k the shape parameter and λ the scale parameter 
and two additional terms (ɛmin and ɛmax) yield satisfying results for the inversion of capacitive 
measurements: �岫�, �, �, 綱陳�� , 綱陳�津岻 = 岫綱陳�� − 綱陳�津岻 ∗ �−岾��峇� + 綱陳�津 

 
The inversion procedure using a Levenberg-Marquardt inversion was applied in this study 

for the inversion of the capacitive measurements using the continuous curve. The details of 
the establishment of the model 擦 as well as the inversion algorithm and the step 絞仕 will not 
be discussed in this paper; the reader can refer to the article [18] for further information. 

4.2 Inversion procedure: Resistivity measurements 

In the case of resistivity measurements, the data corresponds to the average apparent 
resistivities obtained at the four different levels of investigation depths 
(� = ����_層,  ����_匝,   ����_惣, � ���_想,岻. A resistivity inversion program Res1D released by 
Geotomo Software is used in this study. The parametrization in this case is discrete and the 
properties of the medium are therefore the different resistivity values assigned to each layer 
(� = �層,  �匝,  ��,  �仔,岻. 

4.3 Calibration procedure 

In order to transform the permittivity and the resistivity profile versus depth to water 
saturation degree profiles versus depth, calibration curves need to be established. Two cores 
of the same concrete C1 were conditioned at different saturation degree and the permittivity 
and resistivity measurements were carried out. In the case of permittivity measurements, the 
calibration curves are established using an electromagnetic coaxial cell [19]. The results 
displayed in Figure 5a show a linear relationship between the saturation degree and the 
dielectric constant which is coherent with the results obtained in previous studies [20,21,22]. 
As for the resistivity measurements, an electrical cell developed by [23] was used and the 
results are displayed in Figure 5 (b). A power relationship is established between the 
resistivity and the saturation degree.  
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Figure 5 Calibration curves relating the permittivity (a) and to the resistivity (b) to the saturation degree 

 

5 Discussion of the results: water saturation degree profiles 
The results of the water saturation degree profile obtained by means of inversion of 

capacitive measurements are presented in Figure 6 (solid lines) at different times of 
immersion in water. The profiles are compared to those obtained by embedded relative 
humidity sensors (dashed lines), the relative humidity RH was converted to saturation degree 
using adsorption isothermal curves. This conversion induces errors especially at low 
saturation degrees where the adsorption isothermal curve is flat and therefore a significant 
variation in RH will not be translated into a significant variation in saturation degree. 

 
Figure 6 Water saturation degree profile obtained by means of inversion of capacitive measurements compared to 

RH embedded sensors 
 
The evolution of the saturation degree profiles obtained by capacitive measurements is 

consistent with the water penetration process with a saturation degree close to 100% at the 
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surface and increasing at the depth with time. The profiles obtained by the capacitive probe do 
not always match those obtained by the sensors. At T0, the saturation degree measured by 
capacitive technique is around 25% compared to 34% in the case of relative humidity (RH) 
sensors. In the case of T+2h and T+4h the saturation degree profile obtained by capacitive 
techniques yield higher saturation than those obtained by RH sensors and the opposite is 
observed in the case of T+56h and T+128h. As a matter of fact, according to the RH sensors, 
the gradient of the profile of T+128h is located at the limit of the investigation depth of the 
biggest electrode GE (between 40 and 60mm). Therefore, as detailed in [18] the development 
of other electrodes with higher investigation depths is needed and will enhance the accuracy 
of the inversion of gradients located further than 40 mm. 

 

 
Figure 7 Water saturation degree profile obtained by means of inversion of resistivity measurements: with error 

bars (a) and compared to RH embedded sensors (b) 
 
The water saturation degree profiles obtained by inversion of resistivity measurements are 

presented in Figure 7. The horizontal error bars correspond to the thickness of the layers of 
resistivity given that the inversion was carried out using a discrete parametrization (§4.2). 
Similarly to the results obtained by capacitive measurements, the saturation degree profiles 
follow the water imbibition process. However, a higher initial saturation degree is observed at 
the core around 60% compared to 30% at the surface. Although this gradient was noticeable 
in apparent permittivity and RH measurements (§3), this result was not observed in the 
saturation degree profiles obtained by the inversion of capacitive measurements or by the 
transformation of RH measurements to saturation degree using isothermal adsorption curves. 
The initial saturation degree gradient in the slab can be confirmed: the slab is more humid at 
core [15] but the value of 60% of saturation degree at core obtained by resistivity inversion is 
questionable. The sources of uncertainty can be due to the resistivity calibration curves or the 
inversion process by Res1D. 

The comparison of the resistivity inversion results and those obtained by RH is shown in 
Figure 7b. Considering the high value of the horizontal error bars, the two profiles seem to 
match. A reliable comparison is indeed difficult in the case of a discrete parametrization, 
which is why the development of resistivity inversion using continuous parametrization is in 
process. 

6 Conclusion 
In this paper, two inversion processes were applied to permittivity (using capacitive 

probes) and resistivity (using electrical probes) measurements in order to obtain water 
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saturation degree profiles in concrete. The measurements were carried out on a concrete slab 
at different times of immersion in water. The apparent data are shown sensitive to the 
evolution of water penetration in concrete with time. The inverted data were transformed into 
saturation degree profiles using calibration curves. The inverted saturation degree profiles are 
consistent with the water penetration process and they were compared to profiles obtained by 
embedded relative humidity sensors. The uncertainty of the raw measurements is amplified in 
the inversion and calibration process and therefore a certain gap exists between the profiles 
obtained by the different methods. The development of additional electrodes for the capacitive 
probe is needed and will enhance the accuracy of the inversion. Regarding the resistivity 
measurements, a more developed inversion process is currently being studied which will 
reduce the errors. In addition, a comparison of the profiles obtained by the NDT and those 
obtained by water transport models in concrete is being researched which will shed more light 
on the interpretation of the results. In perspective, the saturation degree profiles obtained by 
NDT can become a tool for the estimation of water transport parameters. 
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