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Abstract 

This study presents a methodology to investigate the complex permittivity of heterogeneous samples 

like concrete, mortars and cement pastes by using an open-ended coaxial probe. The probe is 

associated with portable Vector Network Analyser (VNA) allowing in-situ measurements. Another 

advantage of the proposed methodology is that the complex permittivity of concrete can be assessed 

from the measurement of the reflection parameter S11 alone which is innovating in comparison with 

common devices. This can be achieved by modelling the electrical equivalent circuit of the coaxial 

probe and the dielectric sample with a capacitive model briefly presented in this paper. A calibration 

procedure on materials with known permittivity developed to estimate the input parameters of the 

capacitive model is presented in this paper meanwhile all the details of measurements. Measurements 

performed on various cementitious materials (cement paste, mortar and concrete) at different degrees 

of water saturation (from almost dry to fully saturated) show that the probe is able to characterize 

their dispersive behavior. It is also demonstrated that the probe is able to measure both real and 

imaginary permittivity of cementitious materials in an extended range of moisture. Relationships are 

proposed between real or imaginary permittivity and volume water content.  

Keywords 
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1. Introduction 

Water content of cementitious materials is one of the most important parameters to describe their 

durability. Water content of cementitious materials can be deduced from permittivity measurement 

at different frequencies from 30 MHz up to 2 GHz [1]. The present study is part of a project aiming to 

predict the water content of aging as well as new concrete buildings, thanks to permittivity 

measurements made on the bulk material and its constituents. Among all electromagnetic devices 

available to assess the permittivity of dispersive dielectrics, coaxial line transmission and reflection 

based instruments are among the most commonly used. Dielectric permittivity can be derived from 
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the analysis of transmission or reflection of electromagnetic waves through a sample inserted into a 

coaxial structure [2]. Coaxial transmission lines have been extensively studied and present numerous 

benefits, e.g. broad frequency range and capability to measure both reflection and transmission 

coefficients of a sample. These coefficients enable both the dielectric constant and the magnetic 

susceptibility to be measured. However, they only allow ex-situ measurement, requiring extraction of 

samples from the original bulk material. This method is hence not suitable for some applications, 

including the non-destructive evaluation of civil engineering structures. Methods based on wave 

reflection do not necessarily require any sample collection. These reflection phenomena are induced 

by an impedance discontinuity, which, in turn, is caused by the sample located at the end of a coaxial 

line. 

Open-ended coaxial probes are one of the methods reviewed, along with many others, in [2] and [3]. 

They are simple to implement and have a broad frequency range driven by the network analyzer used 

to synthesize the RF signal. However, since transmission coefficients are necessary to determine both 

the magnetic and dielectric properties of materials, reflection probes are essentially reserved for 

permittivity measurement of non-magnetic materials. The non-destructive and non-invasive 

characteristics of such tools have enabled investigations of different kinds of media, such as biological 

tissues and liquids [4]  [4]  [3]  [6]  [7], agricultural products  [8]  [9],  soils  [10]  [11]  [12],  and  also  

flat surfaces of solid samples like concrete [13] [14] or, more recently, artificially grown sea ice [15]. 

The probes exist in different configurations and can be chosen according to the sample position within 

the system. They are summarized in [3] and [16] and have all been studied over recent decades to fully 

understand wave propagation  mechanisms  and  calculate  dielectric properties of materials from the 

measured signal reflection. Among the different studies dedicated  to  such  systems,  numerical  

simulations  of probe  operation  have  been  extensively  performed using both Finite Element Method 

(FEM) or  Method  Of  Moment  (MOM)  calculation  processes [8] [17] [18] [19] [20] [21] [22]. 

The approach developed in this study shows that a  simple  capacitive  model  describing  the  behavior  

of the probe enables  the permittivity  of  flat samples to be calculated.  We present a conical probe 

designed to investigate heterogeneous materials and a new two-dimensional axisymmetric FEM model 

developed to validate this approach over specific frequency ranges.  Measurements were performed 

on various cementitious materials (cement paste, mortar and concrete) and the results for the real and 

imaginary parts of the permittivity are presented.  

2. Design of the large, open-ended coaxial probe 

The use of a coaxial probe to deduce the permittivity of a dielectric material from the amount of energy 

reflected on its surface calls upon transmission line theory [2]. This concept enables an  accurate  
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description  of  electromagnetic  wave propagation  through  a  coaxial  cable  and  is  the basis for 

understanding how the probe operates. 

A typical coaxial cable is composed of two concentric cylindrical structures made of a conducting 

material   (a center core   and   a   metallic   shield) separated by a dielectric insulator. Parameters a 

and b will be used in the following to represent the radii of the metallic core and shield, respectively.  

In such cables, transverse electromagnetic (TEM) modes are the only propagation modes allowed 

within the dielectric material.  Thus, both the electric and magnetic components of an incident wave 

are exclusively located in the plane perpendicular to the propagation direction.  The same basic 

structure is used to build open-ended coaxial probes. 

 

 

 
(a) 

 

 

 
(b) 

 

Figure 1: Open-ended coaxial probe 

Figure 1a shows a photograph of the probe designed and the Anritsu MS46121 vector network analyzer 

used during the study. The probe is characterized by a metallic core of radius a= 6.5 mm and dielectric 

insulator of radius b = 15 mm at the end of the probe. The large diameter of the dielectric (30 mm) 

enables the investigated volume to be expanded in order to perform measurements on heterogeneous 

samples characterized by large representative elementary volumes (REV). These volumes are defined 

according to the largest heterogeneity size contained within the material under test. Also, because  of 

the conical shape of the device, values a and b vary along the probe length but  the  ratio b/a remains  

constant, thus maintaining the probe  characteristic  impedance, Z0, equal  to 50 Ω and  preventing  any  

reflection  within the probe. 

Figure 1b presents a cross sectional view of the device. The brass core and shield are kept together at 

the top of the probe by an N connector filled with Teflon and also having a 50 Ω characteristic 

impedance.  The device is directly connected to the vector network analyzer (VNA).  The only reflection 
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detected has to come from the sample placed below the probe. If the impedance of the material is not 

equal to 50 Ω, the system composed of the probe and sample is equivalent to a lossless transmission 

line terminated by a load impedance ZL, which depends on the electromagnetic properties of the 

sample. This approximation is restricted to the case of a semi-infinite sample i.e. a sample deep enough 

to ensure that the amplitude of the electric field E is at least two orders of magnitude lower at the end 

of the sample than at the interface with the probe [3].  Komarov et al. [15] recall that wave propagation 

through the sample can be seen as a distortion of the TEM signal in the vicinity of the probe aperture. 

This would induce the appearance of a component of the electric field perpendicular to the aperture 

and a radiation of the wave into the sample. Partial reflection of the energy towards the probe is then 

observed. Eq.1 can be used to link the S11 parameter, measured with the VNA, and the impedance of 

a sample, such that 

     ��� =
�����

�����
      (Eq. 1) 

with,  ZL: Load impedance 

Z0=50 Ω, characteristic impedance of the probe 

This reflection coefficient is known to be a function of the electromagnetic properties of the sample 

under test [13], [22], [23], [24]. Many models have been developed during recent decades to 

determine the dielectric constant or the magnetic permeability of semi-infinite materials by measuring 

a voltage reflection coefficient. For simple system geometry, dielectric permittivity can sometimes be 

derived from the integral expression of the admittance at the end of the coaxial probe [25]. However, 

it is acknowledged [13] that the vast computing resources needed in such cases makes instant 

measurements impossible. To simplify the expression of impedance at the end of the probe, other 

approaches have been used: the quasi-static approach, the Taylor-series development approach, or 

equivalent electrical circuit approaches. The latter assume that the measurement circuit is similar to a 

classic electrical circuit. Chen et al., [2] review the most famous of these models:  the capacitive model 

[3], the antenna model [26], the virtual line model [27] and the rational function model. Such models 

offer immediate permittivity calculation but also present drawbacks such as limited frequency range 

suitability. 

3. Measurement and result processing 

3.1. Measurement procedure 

The vector network analyzer used in this study was an Anritsu MS46121 with a signal frequency range 

set to [1 MHz; 2 GHz]. Measurement of the S11 parameter over this broad range was performed on 

materials with known permittivity, such as air and Teflon, and also on materials with unknown 
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electromagnetic properties, such as rock aggregate, cement paste, mortar, and concrete, as presented 

in Figure 2. A VNA calibration procedure was required before the probe was set up, in order to take 

external factors influencing the device operation into account, e.g. temperature or hygrometry. This 

was performed by measuring the reflected signal on three different loads (open circuit, short circuit 

and 50 Ω load impedance). It is also necessary to recall that the default configuration of the reference 

plane of the VNA after calibration is defined at the output of the device. S11 parameters should be 

measured at this exact position. In the present study, this reflection coefficient had to be measured at 

the interface between the probe and the sample because the phase deployed itself over the additional 

line length induced by the probe. So a change of reference plane was performed by plugging the probe 

in and short-circuiting it by placing a conductive material (a copper foil in this case) at its end. 

 

Figure 2. Acquisition of the S11 parameter on the surface of a concrete sample. 

3.2. Capacitive model 

Estimating the dielectric permittivity of the material under test from the impedance value ZL then 

required the use of a specific model. Here, the capacitive model [3] presented in Figure 3 was used. 

 

Figure 3: Electrical equivalent circuit of a coaxial probe and dielectric sample according to the 

capacitive model 
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This circuit comprises two capacitors 	
 and 	��

∗� = �


∗. � connected in parallel. Capacitor 	��

∗�  is 

used to model the electric energy storage capacity of the sample. The complex value of the permittivity 

Ɛ 

∗  allows the dielectric losses within the material to be taken into consideration. The � factor is a 

geometric factor used to take account of the geometry of the probe. The capacitor 	
 is often used to 

interpret the energy storage capacity due to the fringing fields. This capacity is material independent 

and comes only from the fact that fringing fields exist at the boundaries of every non-infinite planar 

capacitor [28]. Parameters � and 	
 being difficult to estimate, a calibration procedure using well-

known materials is necessary. Using Eq. 1, an expression describing the permittivity of a sample placed 

at the end of the coaxial probe can be deduced,  

�

∗ =

�����

������������
−

��

�
     (Eq.2) 

It is possible to eliminate the two unknown parameters � and 	
 by measuring the S11 parameter on 

two materials of known permittivity (��

�


and ��

�


). The resulting expression for the dielectric constant 

of an unknown sample is then given by, 

�

∗ = �
�


�

+ ���


�

−��


�

��

� ���
 !�

�"
 !�

���
 !��    (Eq.3) 

The two reference materials used in this study were air (Ɛair = 1 + 0j) and a 25x15x10 cm Teflon block 

(Ɛteflon = 2.1 + 0j).  

The use of the capacitive model had been validated in a previous study by using a numerical model 

and measurements on rock samples [29]. The material, of dimensions 14x7x9 cm, was a homogeneous 

block of aggregate commonly used as one of the components of concrete. The frequency range chosen 

was [1 MHz; 2 GHz]. The permittivity deduced from the measurement of the S parameters on the flat 

surface of the block is presented in Figure 4. The real part lies between 4 and 5 at low frequencies and 

increases slightly at high frequencies. The imaginary part is almost equal to 0 at low frequencies and 

also seems to increase at high frequencies. It was observed that the permittivity deviation was 

probably caused by the measuring system and the capacitive model, and increased with the difference 

between the permittivity value of the material under test and the permittivity of the dielectric filling 

the probe (air in this case) [30].  
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Figure 4: Measurement of the real and imaginary parts of the permittivity of a rock sample. 

3.3 Effective penetration depth 

 

Many experiments have been performed in order to estimate the effective penetration depth of waves 

in a sample [32] [21] [33] [34]. This effective penetration depth is closely related to the probe diameter 

[32] and is in the same order of magnitude as this diameter [21]. Meany et al., [32] computed the 

evolution of the penetration depth as a function of probe diameter, frequency and medium 

permittivity. The probe diameter was found to be the most influential parameter and penetration 

depth was almost constant with frequency and sample permittivity [32]. The effective penetration 

depth is an important characteristic especially when dealing with heterogeneous samples like 

concrete. The Representative Elementary Volume (REV) is usually defined as the minimum dimensions 

of the volume investigated by the probe so that the measurement can be considered representative. 

This volume is closely related to the maximum size of the heterogeneities contained in the studied 

material (around three times the volume of these heterogeneities). Hence, care must be taken when 

studying materials with quite large heterogeneities like concrete. A probe with a larger diameter might 

be necessary to study concrete samples comprising aggregates a few centimeters in size. Figure 5 

presents the real part of the permittivity resulting from a simulation performed with a heterogeneous 

sample made of two layers having different permittivities in the aim of estimating the wave 

penetration depth. The upper layer was made of a material with permittivity 5 + 0j. The lower material 

was air (ε = 1 + 0j). We computed the effective permittivity following the described procedure for 

various sample thicknesses, e. Results showed that, for samples with permittivity 5+0j that were 

thinner than 2 cm, the resulting permittivity was different from 5 + 0j. Effective penetration depth 

hence lay around 2cm. In the following, the maximum diameter of aggregates for concrete mixes is 
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equal to 11 mm which is the same range as the depth penetration of the probe, but less than the REV, 

which should be at least three times the maximum size of the aggregates. To quantify the variability, 

at least six measurements are performed and averaged to provide a value of permittivity. The 

coefficient of variation obtained is always less than 11%. 

 
Figure 5: Assessment of the effective penetration depth 

 

4. Experimental details 

4.1. Materials 

Tables 1, 2 and 3 present the details of the mixes used in this study. Different cement pastes were 

tested with different water to cement ratios in order to obtain a significant range of porosity. Different 

mixes of mortar were designed by using a 0/2 mm sand and changing the sand to cement ratio in order 

to modify the volume of paste and aggregates. For mortars M1 and M2, the proportion of cement 

paste was 51% for mortar Mm1 and 43% for Mm2. A concrete with a water to cement ratio of 0.62 

and a superplasticizer were also characterized.  

Table 1: Cement paste properties 

Mix CP 0.28-1 CP 0.28-2 CP 0.34-1 CP 0.34-2 CP 0.4-1 CP 0.4-2 

W/C 0.28 0.28 0.34 0.34 0.40 0.40 

Porosity 

(%) 
26.7 26.5 31.7 31.8 35.9 36.0 

 

Table 2: Mortar properties 
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Mix M1 M2 Mm1 Mm2 

S/C 2.1 3 

Cement 

(kg/m3) 
595 500 

W/C 0.53 0.53 

Porosity (%) 22.4 22.4 18.6 19.6 

 

Table 3: Concrete (C) properties 

Cement (kg/m3) 315 

Sand 0-4 (kg/m3) 819 

Fine Gravel 4-11 (kg/m3) 978 

Water (kg/m3) 194 

Superplasticizer (kg/m3) 2.6 

W/C 0.62 

Density (kg/m3) 2320 

Slump (cm) 15.5 

Porosity (%) 13.9 

 

The cement used was a CEM I 52.5 N from a factory (Italcementi) at Gaurin in France. Alluvial sand-

lime aggregates were used, a 0/4 mm sand (for mortar and concrete) and a fine, 4/11 mm, gravel (for 

concrete). The superplasticizer used for concrete was Sikaplast Techno 80 from SIKA. 

The porosity was measured by applying the procedure defined in [31]. The range of porosity was 

between 26.5 and 36.0% for cement pastes and between 18.6 and 22.4% for mortars. The porosity of 

the concrete was 13.9%, so, globally, the mixes covered a range of porosity from 14% to 36%. All the 

mixes were cured under water for 28 days. 

For cement pastes and mortars, two cubes (8 cm*8cm*8cm) per mix were cast. For concrete three 

cylinders (diameter 11.5 cm and height 23 cm) were cast. After 28 days of curing, the cylinders were 

cut into 3 slices (6 cm thick). The permittivity measurements were realized on the three slices and 

averaged for each sample.   
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To change the saturation degree of the samples, a conditioning procedure was applied. From the full-

saturation state, the samples under test were progressively dried at 60 °C to reach the following 

saturation degrees: 

- 90%, 80%, 70%, 60%, 50%, 40%, 30% for cement pastes, 

- 90%, 80%, 60%, 50%, 40%, 30%, 20% for mortars,  

- 90%, 80%, 70%, 60%, 36% for concrete. 

Once the mass corresponding to the saturation degree was reached, the sample was sealed in adhesive 

aluminum foil and kept at 60 °C for the duration of drying. This process enabled the water content 

inside the sample to become homogeneous. Then, the sample was tested with the coaxial probe and 

the procedure was repeated for the next saturation degree.  

4.2. Measurements 

For each saturation degree, permittivity measurements were performed on the six faces of each 

sample with the open-ended coaxial probe. Good contact being required between the probe and the 

sample to avoid measurement bias [29], the probe has to be held tightly on the surface of the material 

by the operator. The data acquired on all faces was then averaged and could be displayed as a function 

of frequency. Low standard deviation was observed when six measurements were performed at 

different positions on a rock sample. As an example, the mean value of the real and the imaginary parts 

of the permittivity acquired on this rock sample is presented Figure 6 and shows the good 

reproducibility of the measurement procedure.  

 

Figure 6: Measurement results obtained at six positions on a rock sample  

(mean and standard deviation) 
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5. Results and discussion 

5.1. Cement pastes 

Figure 7 presents the variation of the real and imaginary parts of the permittivity (mean of the 

measurements performed on the six faces of the two samples) versus the frequency for saturation 

degrees of 100% and 30%.  

Figure 7: Real and imaginary parts of the permittivity measured on cement pastes for saturation 

degrees of 100% and 30% 

It can be observed that the variation of the permittivity (real and imaginary) versus the frequency is 

linked to moisture. The permittivity is frequency-dependent for high moisture content while it does 

not depend on frequency when the porosity is weakly saturated. This confirms the results already 

obtained on concrete by Dérobert et al. [30]. Moreover it can be observed that the real part of the 

permittivity is almost independent of frequency in the range of [500-1000 MHz] even if the material is 

fully saturated. On the other hand, the imaginary part increases between 500 and 1000 MHz, especially 

when the cement pastes are fully saturated. This was already observed on a rock sample and could be 

attributed to a limit of the capacitive model of the probe [29]. The measurement is also sensitive to 

the water to cement ratio for 100% saturation. It can be observed in Table 1 that the porosity increases 

with the water to cement ratio. When the mix is fully saturated, the quantity of water is equal to the 

porosity, so it increases with the water to cement ratio. It can be noted that both the real and imaginary 
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parts of permittivity increase with the quantity of moisture, which is also in agreement with previous 

results [30], [35], [36]. This effect is not so sensitive for a saturation degree of 30% because the quantity 

of water inside the porosity is not great enough. The same comparison can be made between the two 

saturation degrees of a given water to cement ratio. For instance, at 1000 MHz, the real part of the 

permittivity of mix CP 0.28 changes from 16 to 6.5 for saturation degrees of 100 and 30% respectively. 

For the imaginary part, these values are 5.7 and 2.6 respectively.  

Figure 8 presents the variation of the real and imaginary parts of the permittivity versus the saturation 

degree. In this case it was decided to calculate the mean of all the measured values in the range of 

[500 – 1000 MHz] instead of considering only a value for one frequency. Moreover, this frequency 

range corresponds to the usual GPR frequencies used for the characterization of concrete. The error 

bars represent the standard deviation calculated from twelve measurements (one per face of the two 

available cubes). It is clear that the permittivity (real and imaginary) decreases with the saturation 

degree. It seems, however that the relationship between the two is not proportional throughout the 

range of saturation. Although the relationship is fairly linear between 30% and 80%, which is in 

agreement with the literature [30], [35], there is a more marked increase of permittivity between 80% 

and 100%. This could be due to the effect of macro porosity, which is only filled for the higher moisture 

content and which could induce a higher increase of the volume water content. An additional 

measurement at a saturation degree of 95% could confirm this assumption. 

 

Figure 8: Variation of real and imaginary part of permittivity (mean in the range 500-1000 MHz) 

versus saturation degree (all the cement pastes) 
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5.2. Mortars 

Figure 9 gives the variation of permittivity versus frequency for mortars (mean of values measured on 

the six faces of the two samples) at two saturation degrees (100 and 30%).  

 

Figure 9: Real and imaginary parts of the permittivity measured on mortars  

for saturation degrees of 100% and 30% 

As for cement pastes, we note that the permittivity is frequency dependent if the saturation degree is 

high. For the lower saturation degree (30% in this case), neither the real nor the imaginary part of the 

permittivity depends significantly on the frequency. This dependency observed at high saturation 

degree is more significant for the imaginary part, as was observed for cement pastes. The effect of 

moisture is again clearly visible when the values obtained for the fully saturated mortars are compared. 

Higher permittivity (real and imaginary parts) is measured on mortar M, which has higher porosity. 

This difference is not significant for the saturation degree of 30% because the volume of water present 

in the porosity is too small.  

In Figure 10, the variation of the real and the imaginary parts of the permittivity are plotted versus the 

saturation degree for the two mortars. The error bars represent the standard deviation calculated from 

twelve measurements (one per face of the two available cubes). In comparison with cement paste 

results, the variation of permittivity is quite continuous here over the whole range of saturation 

degrees.  
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Figure 10: Variation of real and imaginary parts of permittivity  

(mean in the range 500-1000 MHz) versus saturation degree 

5.3. Concrete 

The variation of permittivity versus frequency at two saturation degrees (100% and 36%) is plotted in 

Figure 11. The dispersive behavior is verified again for fully saturated concrete while it seems to vanish 

for the lower moisture content. This is particularly the case for the real permittivity, whereas the 

imaginary part of permittivity appears to remain dependent on frequency even for low degrees of 

saturation. Once again, this variation of permittivity versus frequency is very significant below 500 

MHz. For this reason, in the following, as for cement paste and mortar, we will consider the mean of 

the values measured with the limited frequency range [500-1000 MHz]. 
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Figure 11: Real and imaginary parts of the permittivity measured on concrete for saturation  

degrees of 100% and 30% 

The variation of permittivity according to saturation degree is plotted in Figure 12. The error bars 

represent the standard deviation calculated from 18 measurements (one per face of the 9 available 

slices). The variation could be fitted by a linear relationship between 36% and 90%. But, as for cement 

pastes, the values measured for fully saturated samples cannot be predicted by this relationship. Due 

to the fairly low porosity of concrete, the variation remains between 6 and 10 for the real part of the 

permittivity and between 0.1 and 1.5 for the imaginary part. 
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Figure 12: Variation of real and imaginary part of permittivity (mean in  

the range 500-1000 MHz) versus saturation degree of the concrete 

5.3.4. Frequency dependence of permittivity 

The variation of real and imaginary permittivity between 100 and 1000 MHz normalized to the mean 

(normalized variation) is plotted versus the saturation degree for all the mixes in Figure 13. It can be 

considered that the higher the relative variation is, the higher is the frequency dependence of the mix. 

It is clear on the figure that the frequency dependence of real permittivity increases (almost linearly) 

with the saturation degree whatever the mix. The maximum variation of real permittivity is about 40%. 

Regarding the imaginary part, it can be concluded that there is an increasing trend between the relative 

variation and the saturation degree, with a maximum significantly higher than for the real part (about 

140% obtained for mortar and concrete at 100% saturation). The relative variation is higher for 

concrete than for mortar or for cement paste. So, a higher frequency dependence of the imaginary 

permittivity can be expected if the heterogeneity of the mix increases. This effect could be attributed 

to the presence of the aggregates, which could increase the losses due to interfacial effects. Moreover, 

the frequency dependence of the real permittivity vanishes for all mixes at the lower saturation 

degree, as already noted. This can also be observed for the imaginary part of cement paste and mortar 

but not for concrete, for which results are not available for saturation degree less than 35%. 

Measurements at lower moisture content should be performed to check whether the frequency 

dependence vanishes as for mortars and cement pastes. 
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Figure 13: Relative variation of real and imaginary permittivity versus saturation degree 

 

5.4. Relation between permittivity and moisture content 

 

Works can be found in the literature demonstrating that, in cementitious materials or soils, the best 

correlation between permittivity and moisture is obtained when volume water content is considered 

instead of the saturation degree [30], [37], [38]. The works involving cementitious materials generally 

focus on concrete, so the range of porosity is limited to 12 to 20%. In the present work, by involving 

mortars and cement pastes, we extend the range of porosity up to about 35%. Figures 14 and 15 

present the variation of real and imaginary parts of permittivity versus volume water content for all 

the mixes. In Figure 14, the 6 points corresponding to fully saturated cement pastes are seen to be 

outside the tendency. If these points are discarded, a single relationship can be drawn between the 

real part and volume water content for all the mixes, with an acceptable coefficient of determination. 

It is noteworthy that this relation is determined for quite a large range of moisture content, which is 

not usual in the literature, where the range is limited to the concrete porosity.  

Regarding the imaginary part (Figure 15) different tendencies can be observed. For mortar and 

concrete, a single tendency can be proposed but a specific relationship is required for cement paste. 

In this case, the relations are not linear and the best correlation is obtained with an exponential 

function. Two tendencies can be observed: one for mortar and concrete and the other for cement 

pastes. In the range [13%-35%] of water content, the imaginary part is higher for mortar than for 
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cement paste. So it can be concluded that the presence of the aggregates increases the dielectric losses 

for a given water content – possibly due to interfacial phenomena.  

 

Figure 14: Real part of permittivity versus volume water content for all the mixes 

 

Figure 15: Real part of permittivity versus volume water content for all the mixes 

6. Conclusions 

This study has focused on an open-ended coaxial probe for measuring the permittivity of different 

cementitious materials. The open-ended coaxial probe was connected to a portable Vector Network 
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Analyzer (VNA), Anritsu MS46121, operating at frequencies ranging from 1 MHz to 2 GHz. The 

measurement method has been described, together with the capacitive model used for measurement 

processing from the single reflection parameter S11. The different cementitious materials used were: 

cement pastes having three different water to cement ratios in order to significantly change the 

porosity, mortars with two different volumes of aggregates, and one concrete. All the mixes used the 

same cement and the same type of aggregates. The same probe geometry was able to characterize 

the three cementitious materials.  

The results confirm the dispersive behavior of cementitious materials, especially for high saturation 

degrees. For the real part of permittivity, the dispersive behavior was mainly observed for frequencies 

below 500 MHz, whatever the material. It was demonstrated that the frequency dependence of the 

real part, estimated by its coefficient of variation throughout the range of frequency, increased linearly 

with saturation degree whatever the material (cement paste, mortar or concrete). On the other hand, 

it was observed that the frequency dependence was significantly higher for the imaginary part of 

permittivity and was not clearly correlated to the saturation degree. Moreover, the dispersive behavior 

was globally higher for concrete and lower for cement paste, a characteristic that could be linked to 

the presence of aggregates.  

The results show that the variation rate of real and imaginary permittivity versus saturation degree is 

not the same over the whole range of moisture content, especially for cement pastes. Between 80 and 

100% saturation, the permittivity increased more significantly than in the range [30%-80%].  

On the other hand, a single linear relationship could be determined between real permittivity and 

volume water content in a range of 3% to 35%. Regarding the imaginary part of permittivity, two 

tendencies were determined, one for cement pastes and one for mortars and concrete.  

The coaxial probe presented in this study can be considered as a promising way to determine the 

permittivity of cementitious materials, and also their components [29], in a frequency range [100-1000 

MHz] and over a large range of porosity. As the device can be easily implemented on real sites, it could 

be used for the calibration of GPR measurements, for a better assessment of wave velocity, for 

instance.  

Future perspectives will concern the development of probes directly embedded in concrete structures 

to avoid the effects of an air gap between the sample and the probe. Such a probe could be used for 

monitoring moisture inside concrete structures.  
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