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Abstract
This study is focused on the electromagnetic characterization of hydraulic concretes within 

the  ground-penetrating  radar  frequency  band.  The  evaluation  of  the  complex  dielectric 
properties is carried out in laboratory on mixtures defined by a specific experimental design. 
The composition parameters of the mixing are the nature of the aggregates, the nature of the 
cement, the cement content, the water to cement ratio water (W/C) and the chloride content.

The model underlying the experimental design, is a multi-linear polynomial of the chosen 
engineer parameters. The exploitation of this set of data consists in a calculation level of the 
coefficients of this model independently for the real part and the imaginary part of the relative 
permittivity. This reveals the significant relations of the dielectric properties to the mixture 
parameters.

Raw results in terms of the real part and the imaginary part of the dielectric permittivity 
along frequencies are presented with dry concrete and saturated concrete, including various 
chloride contents.

Résumé
Cette étude porte sur la caractérisation électromagnétique des bétons hydrauliques dans la 

bande de fréquence des radar. L'évaluation de ces propriétés diélectriques en laboratoire est 
réalisée sur des mélanges définis par un plan expérimental. Les paramètres de composition de 
ces mélanges sont la nature des granulats, la nature du ciment, la teneur en ciment, le rapport 
eau sur ciment et la teneur en chlorures.

Le  modèle  associé  à  ce  plan  d'expérience  est  de  type  polynomial  multi-linéaire. 
L'exploitation des mesures, à une fréquence donnée, consiste à calculer les coefficients de ce 
modèle  indépendamment  pour  les  parties  réelle  et  imaginaire  de  la  permittivité  relative. 
L'importance  de  ces  coefficients  révèle  les  relations  significatives  entre  les  propriétés 
diélectriques et les paramètres de composition des mélanges.

Des résultats  de permittivités  relatives  (parties  réelles  et  imaginaires)  sont  présentés,  à 
différentes  fréquences,  pour  des  bétons  secs  et  saturés,  incluant  différentes  teneurs en 
chlorures.
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1. Introduction

During the two last decades, the evaluation of concrete structures using non destructive (ND) 
techniques  has increased in  such proportions  that  the ground-penetrating radar (GPR) has 
become inevitable [1-3]. The current researches on hydraulic concrete materials are as well 
related to the characterization of state indicators as to the knowledge of radar wave velocities 
for accurate geometrical reconstructions [4-6].

For such heterogeneous material, a special measurement cell has been designed using a 75-
millimeter coaxial-cylindrical shape with the possibility to cover a bandwidth typically from 
below  100  MHz  to  above  1.4  GHz  for  civil  engineering  materials  [7].  This  method  of 
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measurement  provides  a  penetration  depth  large  enough  to  give  a  reliable  bulk  material 
permittivity  measurement.  Then,  the  Representative  Volume  Element  (RVE)  criterion  is 
satisfied for concrete mixes containing aggregates whose diameter is below 20 mm.

The aim of this paper is to show the influence of chloride on the complex permittivity ε r 

depending on the frequency from 0.1 to 1.2 GHz and to quantify the contribution of mix 
parameters  and  chloride  content  to  the  real  and  imaginary  parts  of  ε r thanks  to  an 
experimental design.

2. Methodology of the experiment

2.1 Experimental design

A specific  experimental  design  has  been  defined  in  order  to  minimize  the  number  of 
samples  while  obtaining  the  statistical  knowledge  of  the  needed  information  [8].  The 
advantages of such an approach are the possibilities to deal with non quantitative parameters 
–such as the petrographic nature of the aggregates– and to highlight the eventual interaction 
between parameters. 

The general frame remains under the two following hypothesis: 
-  for each parameter (except for two),  the  dielectric constant is supposed to shift  linearly 
between  the  two  boundaries  presented  in  Table  1,  considering  that  its  influence  is  not 
primordial in the dielectric constant.
- For the last two parameters, W which is characteristic of the water to cement ratio and S of 
the salt concentration, we suppose to have a quadratic behavior, as their influence are major 
on the dielectric constant.
- the dielectric constant of the bulk material can be modeled as a multi-linear regression of the 
most effective parameters. 

The most effective parameters and their limit values are presented in Table 1. They are the 
nature of the aggregates, the nature of the cement, the cement content, the water to cement 
ratio (W/C) and the chloride content.

Table 1. List of parameters.

Parameter Code Level

Nature of aggregate G Siliceous – silico-calcareous

Nature of cement B CEM I – CEM I+AE

Quantity of cement C 350 – 410 kg

Water to cement ratio W/C W 0.35 – 0.5 – 0.55

Chloride content S 0 – 30 – 120 g/L

The principle of an experimental design fractional ½ plan is to transform a complete plan, 
combining all the configuration of parameters 32*23, then 72 mixtures, into a simpler one as if 
there were a parameter less (then 32*22 mixtures). As the dielectric constant is modeled as a 
multi-linear regression of these parameters, including their interactions, we substitute in this 
equation our fifth parameter (G), and its first order interaction, with the 4 other parameters to 
all the third and fourth order interactions which are physically unlikely. So all interactions 
over  the  first  order  are  ignored  and  confused  with  more  probable  first  order  interaction 
(notion of confusion) in this model with 3 degree of freedom.

Polynomial models have been chosen because one of the aims of the study is to analyze the 
different effects of each of the components of the mixture. The reference polynomial model 
adapted to our experimental design, with the confusion defined before, is as follows:
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Y =a.Ic.Cb.Bw1.W1w2.W2s1.S1s2.S2g.Gcb.C.Bs1c.S1.Cs1b.S1.B
s2c.S2.Cs2b.S2.Bw1c.W1.Cw1b.W1.Bw1s1.W1.S1w1s2.W1.S2w2c.W2.C
w2b.W2.Bw2s1.W2.S1w2s2.W2.S2gs1.G.S1gs2.G.S2gw1.G.W1

(1)
where  Y represent  the  permittivity of  a  specific  concrete  mixture,  {Wi,  B,  S,  G,  C}  the 
effective parameters, {Wi.B, Ni.W, …, G.C} their interactions and {, wi, b, …, wisj, …, gw1} 
the corresponding coefficients.

The importance of the ratio w2/w1 (resp. s2/s1), the coefficients corresponding to W1 and 
W2 (resp. S1 and S2) shows the level of non-linearity of these parameters on 'r. Then, a value 
below  0.2  indicates  that  this  non-linearity  can  be  neglected  while  remaining  in  the 
uncertainties of the measures.

2.2 Preparation of the samples and measurements

For practical reasons in a first step, one-year old samples have been saturated in water 
under void pressure during 24 h, using the standard protocol AFPC-AFREM [9]. Then, they 
are weighted and EM measured in cell. After a one month drying in an oven just under 80 °C, 
a second series of EM measurement is done, while weighting the samples.

The next step follows a similar protocol,  using a salt  solution with 30 g/L of chloride 
sodium  NaCl.  At  last,  the  final  step  uses  a  salt  solution  with  90  g/L  NaCl,  under  the 
hypothesis that the cumulative increase of chloride will lead to a total amount of 120 g/L. It 
means that we suppose that there is no leakage of dissolved chloride, from the first 30 g/L 
ingress series, in the original 90 g/L water.
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Figure 1. Example of relative permittivity of one concrete sample (siliceous, CEM I,  350 
kg/m3 of cement, W/C = 0.35), a-b) under saturated conditions, c-d) under dry conditions.



NDTCE’09, Non-Destructive Testing in Civil Engineering
Nantes, France, June 30th – July 3rd, 2009

Figure 1 presents some examples of results from one of the mixing (siliceous, CEM I, 
350 kg/m3 of cement, W/C = 0.35), corresponding to the numerical inversion giving, for each 
frequency, the complex relative permittivity from the measurements. For saturated conditions, 
we can note that the relative permittivity is much more sensitive to water and chloride content 
at lower frequencies, with very high values for the imaginary part increasing with the chloride 
content. 

In dry conditions, the relative permittivity seems almost none dispersive, with a very slight 
effect of the chloride, which are  crystallized in the pores. This phenomena is confirmed for 
the imaginary parts, which seem insensitive to the chloride content. Perhaps, we can see a 
slight  increase  in  the  higher  frequencies  through  these  results  –  whose inversion  is  less 
accurate in low frequencies for lossless materials.

For each mixing,  two samples, turned in both sides, were used leading to four relative 
permittivities  versus  frequency.  From these  types  of  curve,  averaged values,  centered  on 
specific frequencies (400 and 900 MHz in this presentation) have been gathered for modeling. 
The choice of 900 MHz as the highest frequency is due to the fact that the upper limit of the 
inversion, related to this cell measurement, is inversely proportional to the permittivity, and 
then strongly reduced by some saturated mixing.

After a first calculation with the complete model, parameters which standard deviation are 
too high are removed one by one, reducing the model, till all the remaining parameters – and 
their corresponding coefficients – present significant values. The accuracy of these models are 
given by the R-squared value (a regression parameter) or by the R-squared adjusted value, 
which take into account the number of parameters remaining.

3. Modeling of the relative permittivity

As shown in Figure 1, were the raw measures could give global tendencies on parameters, 
such as the ratio  W/C and the chloride content, a model of 'r using a multi-linear approach 
enables to quantify the influence of the chosen parameters on the EM characterization.

While studying the parameter W, we can note that for saturated concretes, the effect of W/
C is linear and third in importance (although the effect of the nature of the aggregates is the 
most important in this model, it simply correspond to a shift of the permittivity values; then it 
won't be discussed anymore in this paper). The influence of the other parameters, such as B 
and C, are due to the corresponding variations of water content in the concrete (i.e. filling of 
the porosity).

After drying, the influence of  W (and  B, and  C) induce variations in the corresponding 
porosity which are not anymore linear (see value of  W2,  W2B,  W2C) on the real part of 'r; 
and are negligible on the imaginary part.

Concerning the S parameter, we can note that its effect is major in saturated conditions and 
negligible in dry condition, when the chloride is crystallized inside the pores. Moreover, when 
existing the effect is notably non-linear, increasing strongly with the value of content.

At last, it is interesting to note the high value of the regressions (remaining above 95 % but 
the imaginary part  in dry condition),  which confirm that,  even if the measures have been 
performed on very few samples for each mixing (and then present high level of uncertainties 
on their representativity), hydraulic concretes are mixes which can accurately be characterized 
by a multi-linear model. 
In the particular case of the evaluation of the imaginary parts by the model in dry conditions, 
the accuracy of the EM measurements on such lossless materials has decreased and induced 
level of regressions at about 80 %.
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Table 2. Coefficients of the reduced 2-level model for the relative permittivity of saturated 
and dry concretes at 400 and 900 MHz.

a) b)

Figure 2. Modelings at different levels, related to the parameter Chloride, versus 
measurements for concretes saturated at 120 g/L.

4. Comparison of modelings using different levels

Three families of models have been tested in order to study the non-linearity effect of the 
parameter S on the models. A simple one, the 1-level model, has been established for every 
state of chloride content, without taking into account the parameter S. The second one, the 2-
level model takes into account the S parameter, considering its effect as linear between its 
extreme values. The last one is the 3 level model studied in the previous section.
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Real part Imaginary part
Saturated Dry Saturated Dry

PARAMETERS 400 MHz 900 MHz 400 MHz 900 MHz 400 MHz 900 MHz 400 MHz 900 MHz
Constant 11,47 10,03 5,46 5,51 4,64 3,67 0,08 0,1

C 0,18 0,04 0,04 0,13 0,17 0 0,01
B 0,83 0,6 -0,16 -0,16 0,49 0,33 0,01

BC -0,36 -0,27 -0,24 -0,13
S1 1,5 0,4 2,67 1,68

S1B 0,29 0,27 0,31
S2 0,63 0,41 0,48 0,56 0,02
W1 0,91 0,52 -0,13 -0,13 0,95 0,69

W1B -0,16 -0,15 0,03 0,03 -0,2
W1S1 -0,17 0,66 0,34 -0,01
W1S2 0,22

W2 0,21 0,21 -0,35
W2C 0,07 0,08
W2B -0,82 -0,62 0,05 0,07 -0,8 -0,46 0,01 0,01

G 1,39 1,26 0,85 0,88 0,34 0,49 0,02 0,03
GS1 0,01
GS2 0,19
GW1 0,16 -0,01 -0,01

R-squared 98,5 96,69 99,81 99,8 99,06 98,64 80,42 86,54
97,81 95,55 99,75 99,74 98,63 97,84 75,52 84,3R2 ajusted
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The Figure 2 gives some results from the saturated concretes at 400 MHz. All the models 
seem accurate, the 3-level model being as – or more – accurate than the others.

Different comparisons, similar to those from figure 2, show that the 3 kind of models can 
be used for the modeling of 'r and that their accuracy is completely dependent to the one of 
the measures. So, depending to the objective of the user, we can choose the 1-level model for 
simple modeling or the 3-level one in order to evaluate the influence of every parameter.

5. Conclusion

Using a multi-linear polynomial model associated to an experimental  design enables to 
evaluate the influence of every parameter and their interactions (at the first order) on 'r. 

Results  show that  the  porosity  has  a  non  negligible  effect  on  the  permittivity  of  the 
concretes, through their water content. And this effect is increased with the ingress of chloride 
in the saturated mixing. In dry conditions, their effects remain negligible, the major one being 
the  nature of  the aggregates.  Indeed,  the chloride has  EM behaviors  completely different 
depending its ionic or crystallized state.

At last, the results of this study do not take into account the dispersion of the concrete 
mixing  (including  their  moisture)  in  a  real  structure,  due  to  their  construction  and  their 
environment, which can mask these elementary effects.
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