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Abstract  
This study is the beginning of a thesis dealing with the ability of electromagnetic methods 

based on waves propagation, to replace nuclear ones for measuring the compaction of 
bituminous mixtures. We study here the permittivity variation in function of compaction level 
of bituminous samples. For one part, a network analyzer with cylindrical cavities is used to 
obtain the permittivities of dry bituminous mixtures. These measurements are made with a 
controlled compaction between 0.88 and 0.96. For another part, each bituminous mixtures 
component (aggregates, binder, filler, air), their respective permittivity and their 
concentration are taken account in a permittivity model, based on the complex refractive 
index model (CRIM). The measurements of the mixtures are presented, discussed, and 
compared to their corresponding CRIM model. Further works are planned to improve the 
measurements quality.  

Résumé  
Des mesures réalisées à l'aide d'un analyseur de réseau et d'une cavité cylindrique sont 

effectuées sur des échantillons de bétons bitumineux, pour des compacités souhaitées allant 
de 0.88 à 0.96. Trois fréquences de résonance, variables selon les échantillons sont étudiées. 
Chaque constituant (granulats, liant bitumineux, filler), leur proportion et leur nature sont 
mesurés et pris en compte pour élaborer un modèle de permittivitté basé sur le modèle de 
CRIM (Complex Refractive Index Model). On note une faible influence de la fréquence de 
mesure, et une augmentation quasi-linéaire de la permittivité réelle avec la compacité. 

Ce travail initié en juillet 2008, est le début d'une thèse portant sur l'évaluation des 
méthodes basées sur la propagation des ondes électromagnétiques, pour remplacer les 
méthodes nucléaires, et de leur capacité à déterminer la compacité des enrobés bitumineux.  

Keywords  
Permittivity, compaction, electromagnetic methods, bituminous mixtures 

1 Introduction 
The compaction is one of the main physical parameters ensuring the durability of a given 

asphalt layer. The nuclear method is the most used technique to control this parameter during 
or after the implementation of road layers. For maintenance and security reasons, alternative 
methods, based on electromagnetic techniques, have been developed. A comparative study 
between nuclear and electromagnetic systems [1] has recently shown the high but restricting 
performances of nuclear systems, and the needs to improve the electromagnetic ones. 
Moreover, the compaction measurement of very thin asphalt layers remains an actual 
challenge. The ground-penetrating radar is a widely used electromagnetic method for non-
destructive testing on road materials [2]. It bases on the transmission and the reflection of an 
impulse electromagnetic wave in time domain, recorded above and along the road surface. 
The obtained result is called a B-scan, representing the dielectrical contrasts encountered in 
the road structures (mainly the interface between two layers) in function of time propagation 
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and distance. The implemented thickness of road layers, the delamination between two layers, 
and the water infiltration are frequently studied and characterized by an analysis of the 
reflected signals (multilayers inversion, spectral analysis…).  

Currently, the main limitation of the GPR systems is the limited emitted central frequency: 
between 2.5 GHz and 4GHz, depending of manufacturers. This limitation can't lead to the 
characterization of very thin asphalt layers, as wearing course less than 2 cm.  

Some researches in signal processing propose techniques based on deconvolution [3] or 
high-resolution algorithm [4] to improve the resolution. In our case the proposed solution is 
the used of higher frequencies with a step frequency radar [5]. Layer thickness between 1.5 
cm and 2 cm are easily measured, with basic signal processing (windowing and Wiener 
deconvolution). Thickness determination by this way is the first step for the estimation of the 
compaction of very thin asphalt layers. 

In order to purchase this goal, a primary study has begun in Jully 2008. It consists in 
measuring the permittivity of some bituminous mixture specimens in function of a controlled 
compaction. Two granularities of aggregates have been studied. The compaction band is 88 
% to 96 %. The complex permittivity of these bituminous mixtures has been measured in 
cylindrical cavity at resonant frequencies in function of the compaction. In parallel, a 
theoretical mixture model is proposed and takes account of all materials components, which 
are separately measured in cylindrical cavities when their permittivities are unknown. The 
sensibility of electromagnetic measurements to compaction variation is shown. The 
importance of each element, the frequency dependence and a-priori needed information on 
the studied materials are discussed. It settles the basic ideas to optimize the implementation 
of the step frequency radar techniques to use in the future for the in-situ estimation of 
compaction.  

2 Theoretical permittivity models for bituminous materials 
The bituminous mixture is a material mainly composed of aggregate particles whose size 

is 0 to D (mm), a hydrocarbon binder and some voids [6]. The fines (by definition, passing 
less than 63 µm) is a combination of added filler (for instance limestone filler) and fines 
aggregates. The binder is pure, modified or special bitumen. Additives could be added for 
improving some properties of the asphalt mixtures. 

The physical parameter, which characterizes the electromagnetic properties of waves 
propagation in materials, is the complex permittivity. It is given by:  

)tanj1(j '
m

"
m

'
m

*
m δεεεε −=−=         (1) 

where is the real part of the permittivity (polarization of dipolar moments), is the 
imaginary part of the permittivity (relaxation of polarization), 

'
mε "

mε
δtan  is the loss tangent and j 

equal to 1j −= .  
In a first approach, the bituminous mixture is considered as a dry material. The used 

bitumen has a complex formulation, but no organic-metallic compounds have been added, 
such as its dielectric properties are constant in the frequency band studied here (from 0.4 GHz 
to 4 GHz). The fillers, even if its content is low, have been considered too. Aggregates could 
be considered as perfect dielectric materials ( 01.0tan ≤δ ). The relative dielectric 
permititivity of air is . In such a context, one can consider in a first approach only the 
real part of the permittivity of the bituminous mixture. 

1'
air =ε

A classical permittivity model for mixture taking account of the volumetric concentrations 
C of each component is based on the Complex Refractive Index Model and is given by : 

'''''
airairbbffaam CCCC εεεεε +++=         (2) 
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where the letters a, f and b denote the aggregates, the limestone fillers and the binder. The 

concentrations are such as 1=+++ airbfa CCCC , and the relative compaction (the 
compaction is usually given in percentage) is given by: 

airC1c −=             (3) 
The relative external binder content (the binder content is usually given in percentage) in 

the French norm, is define as )( fabb mmmT +=  and the filler content is aff mmT = , 

where m is the mass of the element. Considering the density ρa of aggregates (we suppose ρa 
=ρf ) and ρb of the binder, with the constants babTh ρρ +=  and fTg += 1  the dielectric 
permittivity of the four phases mixture is given by: 
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fT is usually low, and if it’s neglected, equation (4) simplifies to: 
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Given all these parameters, the calculated permittivity with CRIM Model could be 
compared with the measured permittivity in cylindrical cavity.  

3 Measurements systems and materials setting 

3.1 Compacting system (compaction) and cylindrical cavity (permittivity) 
A specific gyratoring shear compacting press (GSCP, equipment of the Laboratoire 

Central des Ponts et Chaussées) is used for the implementation of road samples at the 
following typical compactions: 0.88, 0.90, 0.92, 0.94 and 0.96. For each compaction, a core 
with a radius of 16 cm and a height of 30 cm is obtained. Then a smaller core is drilled inside, 
and a maximum of three cylinders of a height of 2.52 cm and a diameter of 8 cm (Figure 1, a) 
are prepared for the permittivity measurement. Actually, after the GSCP process, a gradient 
of compaction exists in the core, and the obtained samples at a given compaction, have 
different density. The compaction is then controlled for each cylinder by measuring precisely 
their volume and their weight.  

The permittivity is measured in cylindrical cavities (figure 1, b). Its diameter is 400 mm or 
200 mm and when the cavities are empty, their three respective resonant frequencies (in GHz) 
are [0.57; 1.32, 2.06], and [1.15; 2.75, 4.13],. Li (1981) gives the complete formulation of 
permittivity calculation in cylindrical cavities: the complex permittivity of a material is 
estimated by the comparison of the S-parameters in transmission, with and without the 
sample under test. We use here a lossless formulation, accurate for a loss tangent less than 
0.5, which is the case in the studied media. The electromagnetic source is a portable network 
analyzer. This apparatus emits toward the cavity and receives after interaction with the 
material in cavity, monochromatic waves in a given frequency band (here, 1601 frequencies 
in the band [100 MHz, 4.5 GHz]. This system is pc-controlled and a specific interface under 
LabWindows CVI has been developed for conducting the permittity measurements in 
cylindrical cavities. 

3.2 Materials and dielectric properties  
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 Two bituminous mixtures have been used. Aggregates are extracted from a quartzite rock 

(Carrières des Vignats, France). The filler content (here, size aggregates less than 100 µm) is 
2% of total aggregates and is a mix of aggregates and a limestone powder (Carrières des 
Aucraies, France). The binder content, a basic asphalt formulation (no conductive additives), 
is 6.3 %. Its hardness is 35/50. The second type of bituminous mixture differs by the 
granularity (0/10), the binder content (5.7%) and its hardness (20/30). Further types of 
bituminous mixtures are on course, and their treatments will be shown later. 

 a) b) 

Network analyser
Cylindrical 

cavity 

Sample 

 
Figure 1. a) A O/6 quartzite road sample (Φ=8cm, h=2.52 cm) for permittivity 

measurement in b) cylindrical cavity (Φ=40cm) 

A rigorous approach might take account of the dielectrical properties of each element in 
the frequency domain concerned by the actual and further studies. Currently, the permittivity 
of the tested quartzite rock has not been measured, but is planned. Many references give an 
average value for the quartzite of  and a very low loss tangent (<0.01). In the 
same manner, the bulk density of quartzite and limestone are respectively is 

2.05.4'
a ±=ε

65.2=aρ  
(kg/dm3). and 6.2=bρ  (kg/dm3).  

4 Discussion on permittivity measurements of binder, filler and 
bituminous mixture samples 

Filler and binder contents are both low, compared to the aggregates content. Nevertheless 
their permittivities have been measured in cavity. The results are given in figure 2-a) and in 
table b) and c) of the figure 2. Few works report permittivity characterization of asphalt 
binder in the frequency range of GPR or SFR systems: Saarenketo (2006, p.45) gives a value 
of 2.5 to 2.8. These results are very closed to those presented in table b) (2.48±0.02 for the 
binder 35/50, 2.52±0.02 for the binder 20/30). The complex part of both binders is such as 
their loss tangent is insignificant. The limestone filler permittivity has been measured at three 
compaction levels. The permittivity of this specific limestone is found by fitted these 
measured points with a curve based on a two phases CRIM model (air and limestone). The 
specific real permittivity corresponds to a compaction level of 1, and is found to be 

. The complex part of the limestone permittivity is of the order of 

. One can consider that the used filler is also a lossless material. 

2.02.7' ±=fε

005.001.0'' ±=fε
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 b) Fines limestone measurements permittivity results
(*) 

ρAPP/ρSPEC ε’R ε’’R 
0.36 2.70±0.2 0.0032±0.002 
0.46 3.10±0.05 0.0052±0.002 
0.6 4.05±0.04 0.0013±0.002 

(*) average on 3 frequencies 
 
c) Binder measurements permittivity 
 
TYPE F(GHZ) ε’R ε’’R 

0.54 2.50 0.0032 
1.17 2.47 0.0052 35/50 

0/6 1.85 2.47 0.0013 
  2.48±0.03 0.003±0.002 

0.54 2.54 0.0032 
1.17 2.51 0.0053 20/30 

0/10 1.85 2.51 0.0013 
  2.52±0.03 0.003±0.002 

 

a) Fines limestone permittivity and fitted curve 
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Figure 2. a) Average real permittivity of limestone filler measured at three resonant 
frequencies and the specific permittivity of limestone (up right) obtained by a two phases 
model. Measurements details of b) limestones filler and c) the two studied binders.  
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Figure 3. a) Real permittivity measurements in cylindrical cavities for a) the 0/6 quartzite 
mixture and b) the 0/10 quartzite mixture. For both, the 4-phases model(line)and the 3-
phases model (dash-dot line) are presented. 

The bituminous samples have been measured at the three resonant frequencies in the 400 
mm cavity, and two other resonant frequencies in the 200 mm cavity. Only three (1.03 GHz, 
1.7 GHz and 2.03 GHz) of those five frequencies are shown in the figure 3. Actually, a strong 
dispersion has been observed for the two lower frequencies (480 MHz and 730 MHz). The 
figure 3 shows the results for the a) 0/6 and b) 0/10 asphalt mixtures. The three phases and 
four phases CRIM model, calculated with the equations (4) and (5) are plotted. The effect of 
the limestone filler ( ), taken account in the four phases model, introduces an 
overestimation of about 2% compared to the three phases model. The measured permittivities 
follow the slope of the two models, and increase as the compaction level increases. No least 
square fitting of the data model has been made, because these measurements are not as good 
as expected compared, for instance to the work reported by Adous (8). Several reasons may 
be advanced. The first deals with the control of the implemented compaction. The used 

2.02.7' ±=fε
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system (GSCP) seems to introduce a gradient of compaction in the primary cores, and the 
extracted samples for cavity measurements present different compactions than the required 
ones. Even if the compaction is recalculated, it’s not perfectly well controlled. Moreover, a 
millimeter precision of the height of the cylinders (2.52 cm) is needed for the measurements 
in cavity: error measurements could be introduced by a bad sawing.  

Further measurements are planned. Different systems will be considered for the 
implementation of samples with better-controlled compacting, drilling and sawing. Another 
aspect of our future work will consider the residual water content, present in the mixture, by 
formulating a different model. 

5 Conclusions 
The permittivities of two kinds of bituminous mixtures specimens have been measured in 

cylindrical cavities, in function of their compaction level. A CRIM model in function of 
compaction could approximate the permittivity. A four phases model, tacking account of the 
filler content is proposed. Further experiments, with a more controlled implementation of 
core samples are needed, for better evaluating the compaction dependence on permittivity 
measurements. These works should lead to a methodology, allowing the in-situ estimation of 
compaction level of very thin asphalt layers, by the measurement of their thickness and 
permittivity with step frequency radar. 
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