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La première partie de ce travail démontre la pertinence d'utiliser un radar à sauts de fréquences pour déterminer la compacité. L'étude de plusieurs lois de mélange électromagnétiques a été réalisée et les modèles présentant les meilleurs résultats ont été sélectionnés. Cependant, ces techniques font face de nos jours à un problème majeur. En effet, l'utilisation de matériaux recyclés est de plus en plus fréquente pour la construction Résumé de nouvelles chaussées ce qui rend la détermination de la compacité encore plus difficile par des méthodes électromagnétiques. Par conséquent, plusieurs méthodologies ont été développées, et sont proposées pour déterminer la compacité d'une nouvelle autoroute qui comporte des matériaux recyclés.

La seconde partie de ces travaux de recherche porte sur la caractérisation diélectrique de plusieurs roches qui sont les éléments principaux d'une chaussée. Cette caractérisation est validée de basses à hautes fréquences mais aussi en fonction de la température. Les résultats montrent que à haute fréquence, la permittivité est principalement dépendante de la densité et de la composition chimique de la roche. En revanche, lorsque la fréquence d'investigation diminue et que la température varie, d'autres phénomènes apparaissent et changent dramatiquement le comportement diélectrique de la roche. Il a également été montré que l'eau joue un rôle majeur dans le comportement diélectrique à basse fréquence de la roche. Ces phénomènes se répercutent à "haute fréquence" par de très faibles variations qui pourraient expliquer les déviations obtenues par les méthodes électromagnétiques capacitives qui fonctionnent dans la région du MHz et qui sont également utilisées pour le contrôle de la compacité des chaussées neuves.

Summary

The control of new paved road is primordial to ensure its quality as well as its lifetime.

Thus, several physical properties need to be well calibrated and controlled in order to avoid early degradations and safety issues for the drivers. Furthermore, the coast associated to the road building and the road maintenance is significant which makes the implementation of asphalt pavement according to the standard even more important. Among the properties that need attentions, the compactness which is indicative of the air void concentration in the asphalt pavement is the one we are interested in.

Currently, only two methods in laboratory (in Europe) are considered as standards to assess the compactness. Nevertheless, these techniques are either nuclear or destructive which is a major hindrance. In the past couple decades, new electromagnetic (EM) techniques have emerged and proved their great utility for geophysics or civil engineering applications and more importantly for the compactness assessment.

However, these non-destructive and non-nuclear methods require many special precautions for the compactness assessment. First of all, they allow to measure the dielectric permittivity of the investigated material. Then to figure out the compactness, the use of EM mixing models is required. This leads to the accurate knowledge of every components constituting the asphalt pavement and their related properties (density and permittivity).

The first main part of this work spotlights the relevance of using a step frequency radar for the compactness assessment. The study of several EM mixing models is performed to select the most appropriate ones. Nowadays, one of the challenges to address for these techniques is that the use of recycled materials is more and more commonly implemented for new roads building. Indeed, as the knowledge of the component properties is required, this makes the compactness assessment even more difficult. As a consequence, several methods have been developed and are proposed to assess the compactness of a new paved highway containing recycled asphalt pavement.

Introduction

The implementation of asphalt pavements meets the expectation of certain specifications.

A few properties need to be well respected and well controlled in order to avoid an early degradation of the structure and to ensure the safety of the users. Roughness of the pavement, thickness layers or the air void content (related to the compactness) belong to the properties that need particular attentions. In this thesis, the study will be focus on the compactness assessment of asphalt pavements. In the present time, one of the challenges to address for the compactness assessment is the replacement of destructive or nuclear methods. Indeed, the deployment of nuclear devices requires many precautions regarding the nuclear sources in order to ensure the safety of the users and the environment.

It reveals that electromagnetic methods have a great potential to replace them. In the literature, many studies have shown the relevance of the ground penetrating radar GPR (electromagnetic method) for geophysics and civil engineering applications and for the compactness assessment of asphalt pavement as well. However the compactness assessment requires a very high accuracy of measurement to reach the mandatory deviation allowed from standard measurements (< 1 %). For now, most of the commercial GPR does not provide the sufficient stability of the wave amplitudes through long time experiments. An alternative to this issue is the Step Frequency Radar SFR (system used in this work) which leads to a very good stability through long time experiment allowing less deviation due to the system itself.

The SFR system allows to obtain the dielectric permittivity of the studied medium, herein, asphalt pavement. The compactness may be calculated from this measured permittivity with the help of electromagnetic mixing models which might be adapted to the civil engineering materials. Nevertheless, the application of such models requires a very good knowledge of the density, the weight content and the dielectric permittivity of the components which belong to the asphalt pavement. The asphalt pavement is a composite material composed of at least four phases: fillers, binder, aggregates and air. The aggre-Introduction gates originally bulk rocks which have been pounded are the main components (from 85 to 95 % in volume concentration) of the asphalt pavement.

As a consequence, using electromagnetic methods as well as electromagnetic mixing models induce the investigation of the rocks dielectric permittivity. The dielectric permittivity is usually dependent upon the frequency and the temperature of solicitation. Then, the dielectric investigations might be divided into two categories in this work: high frequency (>1 MHz) and low frequency (<1 MHz). Despite the dielectric behavior of the rock itself, a small amount of water into the rock may drastically disturbs the dielectric response according to the temperature and the frequency of solicitation. The manuscript is structured into four main chapters as follow:

The first chapter introduces the context of the work and gives some generalities about the asphalt pavement, the rock and the dielectric behavior of rocks.

The second chapter deals in one hand with the high frequency dielectric behavior of severals rocks. The dielectric permittivity is then discussed according to their densities and chemical compositions. In second hand, several electromagnetic mixing models have been selected from the literature and adapted to the asphalt pavement material. These models have been applied to asphalt laboratory slabs with controlled composition.

The third chapter challenges the models which showed the best results in the chapter two for an on-site application. In that specific case, the compactness assessment was performed on a new paved highway containing recycled asphalt pavement which makes the compactness assessment even more challenging as the properties of the recycled phase are completely unknown. In that matter, three methods have been developed to assess accurately the compactness. Finally, some of the results were out from the allowed limits, so, first leads concerning these deviations are provided and discussed.

The last chapter is focused on the dielectric characterization of a few rocks on a wide range of frequency (from 1 mHz to 1 MHz) and temperature (from -150 • C to 400 

Brief summary

An overall view of the thesis is given in this chapter. The aim is to give the basic generalities of the civil engineering context, the material of investigation and the dielectric behavior of the rocks.

Civil engineering Investigations

The conception of new paved road induces the effort of many workers and engines on-site. As a consequence, the safety, quality and life time of the road is a major issue in order to avoid additional costs due to a bad maintenance and deterioration of the road.

Asphalt pavement and its properties

A road is composed of several layers where each of them brings their own utilities and provides mechanical properties to the overall pavement. A 2D schematic view of a pavement is presented in the Fig. 1.1 [START_REF] Corte | [END_REF]].

The sub-grade which stands on the subsoil is first useful to protect the subsoil from the passage of the trucks during the construction phase. Second, this layer improves the mechanical properties and the homogeneity of the roadbed materials, also it brings a pro- • The aggregates from minerals origin (rock) are the main components of the asphalt concrete. They are selected according to their contribution to the mechanical properties of the asphalt concrete and they are usually taken from a quarry near to the • The binder (bitumen) is a hydrocarbon component. The role of the bitumen is to link the aggregates with each other in order to have a material with good performances.

• The fillers are generally limestone rock under the form of fine powder with a diameter lower than 2 µm. They are added to the formulation to fill the low diameter proportion of aggregates.

• The air void content is related to one of the properties that we are interested in: the compactness (or density). The air void content is a parameter which determines the lifetime of the road and depends on the application such as draining (high air void content) or high mechanical resistance (low air void content) pavement.

A few important properties need to be controlled in order to validate the specifications asked by the manufacturer which determine the good quality and the lifetime of the road.

First, the thickness of the layers must fit within the specifications for two mains reasons.

In one hand, if the thickness is higher than the requirement, it means that the cost will be much higher than expected. Considering the considerable costs of the road manufacturing, it is important to respect the higher thickness limit. In the other hand, the thickness of the pavement needs a minimum standard in order to respect the mechanical properties required. In that case, if the thickness is lower than expected, the degradation of the road will be faster and the safety conditions could be probably affected.

Second, the surface roughness of the road needs also to be controlled and well respected.

Indeed, a bad implementation of the asphalt pavement inducing a lower roughness may directly affect the adherence of the vehicle on the road which could be very dangerous for the users. At the opposite, a high roughness will have as consequence a sooner degradation of the road which is also undesired as it will induced higher cost of maintenance.

Last but not least is the air void content of the road or the compactness. Porous asphalt pavement requires a low compactness (in the range of 85 %). For this application, implementing a pavement with a higher compactness will have again consequences regarding the users safety. At the contrary, according to the high traffic flow which requires high mechanical resistances, if the compactness is too low, flow rutting may appears and degrades the road as well as affects the safety.

The non-compliance to the required specifications regarding these properties will increase considerably the cost due to the maintenance or worst, it could cause car accidents.

In this thesis, we are focused on the compactness assessment of asphalt pavements, more specifically with electromagnetic methods. In the following section, the current known methods to assess the compactness will be listed.

Control methods

Three main categories of methods may be used to assess the compactness either directly onsite or in laboratory: hydrostatic weighting, nuclear methods and electromagnetic methods.

The compactness is described by the ratio between the bulk density (including the air void content) and the maximum density (theoretical density of the asphalt pavement without air)

of the asphalt pavement. The manufacturer provides the weight content of every component as well as the density of the aggregates and the maximum density of the asphalt pavement.

Thus, it remains the bulk density left to know. Typically, the formulation given by the manufacturer before the implementation of the asphalt pavement may be as follow: 94.5 % in weight of aggregates (with various grade), 0.9 % in weight of fillers and 4.6 % of binder.

Hydrostatic weighting

As a matter of fact, the hydrostatic weighting is currently one of the two recognized standard method to assess the compactness in laboratory [NF EN 12697-6 2012, NF EN 12697-7 2003] (Fig. 1.3). However this method involves necessarily a core drilling into the new paved road. Once the core is extracted, the laboratory measurements may be performed. This method is relatively simple. It simply consists to measure the weight of the core in the air and then into the water. However, depending on the pores surface or inter-connected pores, the preparation of the sample for the measurement in water will be different.

For cores with a surface porosity practically inexistent, the sample is measured directly in water without specific condition (dry standard).

For cores with a surface porosity slightly apparent (very small amount), the sample is saturated in water beforehand and then the surface is dried with a leather cloth.

For cores with a distinct surface porosity or inter-connected pores, a paraffin coating is performed on the sample in order to be waterproof (SSD standard). The following equation allows to calculate the bulk density ρ (g/cm 3 ) according to the weight measured in air and in water:

ρ hydrostatic = m s 0.998V 1000 (1.1)
Where, V is the volume obtained by the weighting calculated with V = (m s -m h ) * 1000.

m s is the dry weight, m h is the weight measured in water and 0.998 corresponds to the density of the water at 20 • C.

Nuclear methods

The gamma-densimeter is based on the emission and reception of gamma radiations (λ ∼ 10 -11 m) with an energy lower than 1 MeV. The main sources of gamma radiations are often cobalt ( 60 Co), cesium ( 117 Cs) or radium ( 226 Ra) [START_REF] Baron | [END_REF]]. Basically, these methods are based on the counting of the diffused photons. For a given time, a material with high density will let go through less diffused photons than a material with lower density as it absorbs more gamma radiations. The gamma radiations interact with the mater according to two physical phenomena:

The photoelectric effect: a photon of gamma radiation interacts with the matter by transferring all of its energy to an electron which leads to the ejection of the electron from its atomic orbital and then becomes a photo-electron. This phenomenon occurs at energies below 50 keV [Feynman 1979].

Compton diffusion: a photon collide with an electron which is ejected at a certain speed. The photon still diffuse through the matter but with a lower energy and a different direction than the original photon. This is the main phenomenon which is used for the gamma-densimeters.

In civil engineering [Smith 2008, Romero 2003 

Apparatus based on the attenuation of gamma radiations

The first apparatus based on the absorption of the gamma radiations by the matter is the tip gamma-densimeter [START_REF] Davy | Détermination des masses vvolumiques en place par gamma densimètre à pointe type LPC[END_REF]] and it is applicable directly on-site. Multiple apparatus exist involving only one tip, one tip with adjustable depth or two tips. Basically, a source is placed into the layer at a well known depth and the apparatus measures the emitted gamma photons (specific energy) which have to go through the material without absorption or backscattering. This technique needs to be calibrated on materials with well known densities. Additionally, it requires to performed drilling into the road to put the tip.

Despites the drilling, this technique shows a good accuracy in the compactness assessment.

Civil engineering Investigations

The second is the gamma bench densimeter [NF EN 12697-7 2003] which is the second recognized standard laboratory measurement. In this case, gamma photons are emitted to go through the sample (cylindrical or slabs) and then received by the detector which is a photomultiplier which translates the energy of the photons in electrical impulsions.

By counting the photons that has been received from those which has been absorbed by the matter, the density may be figured out. However the knowledge of the thickness of the sample is required. This technique is used in the chapters 2 and 3 for reference compactnesses as well as hydrostatic weighting results.

Apparatus based on the backscattering

This technique is based on the backscattering which is related to the Compton diffusion [START_REF] Gallene | [END_REF]]. The advantage of this technique compared to the two described previously is that it is not necessary to drill the road. Additionally, this technique has a better efficiency as the emitter and the receiver are mobile. The penetration depth depends on the distance between the emitter and the receiver. Nevertheless, this technique is sensitive to the distance between the apparatus and the medium, the roughness of the surface, the density and the chemical composition of the material [START_REF] Gardner | [END_REF]]. Besides, these nuclear methods are not considered as standard in Europe.

Electromagnetic (EM) methods

The hydrostatic weighting is satisfying, however it needs necessarily to core the road and to perform laboratory measurements. The nuclear methods are either destructive or not and show good results in the compactness assessment. Nevertheless, these techniques remain dangerous and threatening for the users and a lot of cautions need to be undertaken for the users and the environment, particularly the storage and the transportation of the radioactive sources.

At the end of the 21 th century, the first electromagnetic techniques appear to assess the and water concentration assessment is not well described by the manufacturers and thus not truly known. However, these techniques are based on the measurement of the permittivity of the asphalt concrete with a capacitor composed of two electrodes (the asphalt pavement being the insulator). A study [START_REF] Megali | Assessing Reliability and Potentiality of Nonnuclear Portable Devices for Asphalt Mixture Density Measurement[END_REF] shows that for a frequency measurement around 1 MHz (assumed as it is not truly known), the technique is very sensitive to the water content and that the surface quality affects the results. Another disadvantage is that the depth of investigation is unknown. Others researchers [START_REF] Dashevsky | [END_REF] proposed alternative techniques while it is not entirely satisfying.

Many studies compared these capacitive methods with on-site nuclear methods and laboratory methods (hydrostatic weighting and gamma bench densimeter) [Smith 2008].

The conclusion is that the apparatus needs to be calibrate on well known material and needs to take into account the water content (not really known on-site) to give permissible results. They also states that the technique is very sensitive to water content, surface quality and also to coating which could be present of the road surface as well as that the depth investigation is unknown.

Thus it is not advised to use the capacitive methods for the compactness assessment.

Only laboratory methods such as hydrostatic weighting and gamma bench densimeter are advised. However the capacitive methods may be useful in order to give a local overall value of the compactness after a few calibrations on cores. Despites the compactness assessment, [START_REF] Dérobert | Use of capacitive and GPR techniques for the non-destructive evaluation of cover concrete[END_REF]] used capacitive methods for evaluating the cover concrete water content. Other applications of capacitive methods for investigations on concrete are performed by [Torres-Luque 2014], [Fares 2016] and [START_REF] Chetpattananondh | A self-calibration water level measurement using an interdigital ca-Bibliography 215 pacitive sensor[END_REF]].

All the previous techniques are well detailed in the PhD thesis of Bo Li [Bo 2012] who is my predecessor on this topic in our team. As the use of these techniques is not the main objective of this thesis, a brief historical of the techniques allowing to determine the compactness has been performed.

Civil engineering Investigations

More recently, new radar techniques appear which work at high frequency (GHz) such as ground penetrating radar (GPR) which shows many applications in civil engineering as well as for the compactness assessment [Daniels 2004, Scullion 1994[START_REF] Saarenketo | [END_REF], Maser 1991, Jol 2008, Benedetto 2017b]. [START_REF] Lai | [END_REF]] have recently performed an interesting review on the wide use of GPR for many applications in civil engineering. In civil engineering, [Henriques 2014] used GPR for embedded cables detection and [Qin 2016] have coupled GPR measurement with Bayesian inversion to identify weakness area in underground concrete structures. [START_REF] Zhang | [END_REF] proposed a new method for probing and predicting the diameter of underground pipelines by means of GPR measurements. Despites asphalt pavement investigations, GPR has been used for instance by [Leucci 2016] and [Malfitana 2015] in archaeological prospection.

In road building, GPR is often used as a non destructive technique to evaluate the layer thickness of asphalt pavement ( alternatively called Hot Mix Asphalt (HMA)) as the posed by [Plati 2014] using infrared thermography to assess HMA paving and compaction.

However these approaches lack accuracy to fit under the mandatory limits of 1 %: (the implemented HMA must fit the desired compactness within the 1% of error). Studies of [Benedetto 2017b] and [Fauchard 2015] show that the GPR itself has some troubles to deliver a stable signal as a function of time experiment leading to dispersion in the measured amplitude signals. This amplitude instability directly influences the calculated permittivity of the HMA and thus the compactness accuracy.

A powerful technique based on similar principles is the Step Frequency Radar (SFR) which enables transmitting and receiving monochromatic waves in a wide range of the microwave band. This system allows getting both (i) thin resolution of interface [START_REF] Dérobert | Step-frequency radar applied on thin road layers[END_REF] (by means of high frequencies) and (ii) greater depth of investigation than GPR, for the SFR signal to noise ratio is higher. Moreover, SFR has an excellent signal stability through long time experiment which automatically avoids compactness dispersions due to the sys-tem itself, allowing an initial calibration phase to be valuable all along the measurement time. [Fauchard 2015] successfully assessed asphalt pavement compactness by means of

Step Frequency Radar.

The physical principle of the GPR and SFR is well detailed in the next chapter. Briefly, for compactness assessment, these techniques allow to get the permittivity of the asphalt concrete by emitting and receiving electromagnetic waves at high frequency (from a few hundred MHz to 10 GHz). By applying electromagnetic mixing models (well detailed in the next chapters), the compactness can be calculated from the measured permittivity. However the use of such models needs a good knowledge of the permittivity of every components constituting the asphalt concrete (aggregates, binder and fillers) which induces a fortiori a good knowledge of the properties of the main component (rock).

Rock material

The surface layers of asphalt pavements are composite materials. Studying them with EM methods involves a good knowledge of the components constituting the material i.e. binder, filler and more specifically the rock as it is the main components. This section is devoted to the description of rocks and their generalities. Then, a few details on the minerals which can be found in rocks is provided.

Generalities

A rock is a mono or polycrystalline material composed of various minerals. In this thesis, all of the rocks presented are polycrystalline. According to their geological origin and process of transformations, they are divided into three main categories (schematic view is displayed in Fig. 1.4): 

Magmatic rocks

The magmatic rocks raise from the solidification of the magma at the surface (or near surface) of the earth through volcanic eruptions or tectonic shift. According the cooling depth of the magma, two categories of magmatic rock may be found.

The first is called simply volcanic rock (extrusive igneous rock) which have a "quick" solidification rate at the surface. They are formed usually from the surface to a depth of several kilometers. In this case, the rock may be completely glassy or partially crystallized in small crystals called microlith. The minerals formed may be some quartz, feldspar or micas for example. In this group, rocks such as rhyolite or basalt may be found.

The second is called the plutonic rocks (intrusive igneous rock) and they crystallize deeper (a few kilometers to a few dozen of kilometers) and at slower cooling rate (a few thousand years) than the volcanic rocks. In this case, the microstructure is composed mainly of phenocrysts (high grain size). The granite or the gabbro for example belong to this category.

An example of the chemical composition of a few rocks is given in the Tab. The Tab. 1.1 revealed that for the same geological origin and according to the depth of formation, the chemical composition of the rock may be drastically different. However, the chemical composition depends on the original chemical composition of the magma which then crystallized or vitrified to give raise to the rock. Indeed, the R and B samples highlight this point. They are both formed in surface or near surface and their silicon oxide 

Sedimentary rocks

The formation of the sedimentary rocks are due to the accumulation of different sediments followed by a process of diagenesis. According to the origin of the sediments, different rock nature will be formed. First of all, under the influence of different weather factors (rain, wind etc..), the erosion of magmatic, sedimentary or metamorphic rock occur and give raise to small particles which can be transported (by the rain, the wind or the ocean) to areas where the sedimentation takes place. These particles are deposited into layers of sediments.

Finally, the diagenesis takes place to form sedimentary rocks. Rocks such as quartz arenite, sandstone, gneiss or clay are originated from the diagenesis.

It is obvious that according to the sediments nature, the rock composition will be different from an area to another. Additionally, the sediments may come from other nature than the erosion of sedimentary, magmatic or metamorphic rocks. Indeed, the deposition of organic material such as corals for example at the bottom of the ocean may give raise to sedimentary rocks as well. In this case, the rock will be mainly constituted of calcium carbonate from its organic origin. This is the case of the limestone rocks which are constituted of about 50 % of calcium carbonate and others organic compounds. An example of limestone chemical composition is given in the Tab. 1.2. The Tab. 1.22 gives the chemical composition of some sedimentary rocks as an example. The S sample corresponds to a sandstone, the Gn to a gneiss, the Qa to a quartzite arenite, the L to a limestone and the Gs to a gneissic sandstone. The Fig. 1.6 are photographs of two sedimentary rocks which have been studied in this work. The Tab. 1.2 points out the fact that there is an important heterogeneity in the chemical composition of the different rocks according to the origin of their sediments and their location formations. Thus, the microstructure and the minerals composition are also different from a rock to another. 

Metamorphic rocks

The last category is the metamorphic rock. Under considerable pressure and temperature conditions (metamorphism) due to the tectonic shift for example, magmatic, sedimentary or also metamorphic rocks will found their chemical and mineral composition changed.

The change undergone by these rocks will vary according to the temperature, the pressure and the presence of external materials or minerals during the metamorphism. Quartzite, amphibolite or marble are a part of this family. Indeed, basalt, limestone and sand will give under metamorphism conditions, amphibolite, marble and quartzite respectively. As a consequence, their chemical and mineral composition will depend on the original rock that undergoes the metamorphism and on the metamorphism conditions (temperature and pressure). The Tab. 1.33 displays an example of the chemical composition of 3 quartzite samples (Q1, Q2 and Q3) and a amphibolite sample (A). The Fig. 1.7 are photographs of two metamorphic rocks which have been analyzed in this work.

It might be noted that according to the metamorphism conditions, again, the chemical composition may be drastically different from a metamorphic rock to another. However, the quartzite rocks have a high content of silicon oxide SiO 2 , usually higher than 96-97 % and remains in terms of chemical composition, the most homogeneous rock of these categories (with the limestone).

To summarize, rocks are very complex heterogeneous materials which contain a lot of different minerals as well as inclusions such as iron oxides or iron sulphides for example. It might be important to mention that the chemical composition doest not represent the microstructure of the rock, indeed, the rock is made mainly of complex ionic crystals (minerals) which are described below.

Rock material

Minerals

A list of the primary minerals which constitute the rocks with a few example of their chemical composition and crystalline structure is provided below. Three main minerals are frequently present in rocks [Boulliard 2016, Demange 2009]:

• Quartz: SiO 2 is present in most of the rocks whatever their origin. The crystalline structure is trigonal. However it can be found in multiple crystal habits such as 6-sided prism ending in 6-sided pyramid, drusy, fine-grained to microcrystalline, massive.

• Feldspar: KAlSi 3 O 8 , N aAlSi 3 O 8 or CaAl 2 Si 2 O 8 for potassium, sodium and calcic feldspar respectively. The latter two may also be called plagioclase feldspar.Its chemical composition (cation) may vary from one to another. It can be found in two crystalline system: triclinic and monoclinic. It is a part the tectosilicate group.

• Mica: K(M g, F e) 3 (OH, F ) 2 (Si 3 AlO 10 ) or KAl 2 (AlSi 3 O 10 )(OH, F ) 2 for black (biotite) and white (muscovite) mica respectively. Its chemical composition may vary as well and its crystalline structure is monoclinic. These minerals are a part of the silicate group.

During the lifetime of rocks, a weathering process may occur. This weathering processes are divided in two categories: the physical and chemical weathering. The physical weathering does not affect the chemical composition. It is due to deformations (expansion and contraction) or erosion of the rock which can be caused by the frost, the ocean waves, the pressure, the temperature for example. However, the chemical weathering may change the chemical composition of the rocks as well as the formation of new minerals which were not originally present in the petrography. The chemical weathering may cause the formation of carbonates, the hydration of minerals or even oxidation. The weathering of the biotite into chloritized biotite and to chlorite is an example. The balancing chemical equation of the hydrolyze of the biotite into kaolinite and geothite is provided below as an example:

Chapter 1. Overall view

2K(F e, M g) 3 AlSi 3 O 10 (OH) 2 (Biotite) = SiO 5 Al(2)(OH) 4 (Koalinite) + ... ... 6F eO(OH) (Geothite) + 4Si(OH) 4 + 2K + + 2OH - (1.2)
After having introduced the different geological origins of the rocks and their corresponding chemical composition and microstructure, the description of their physical properties are detailed in the next section regarding their dielectric behaviors while they are submitted to an external electric field.

Dielectric characterization of rocks

In civil engineering, the widespread use of Ground Penetrating Radar (GPR) methods for non-destructive purposes [START_REF][END_REF], Benedetto 2013, Maierhofer 1998, Robert 1998, Hasar 2009] has led to the study of man-made materials dielectric properties. In geophysics, the EM methods for soil prospection require a good comprehension of EM waves interaction with soil, as well as an accurate knowledge of the dielectric properties of the observed materials. Dielectric measurements can help in various areas such as volcanic rock study [Gomaa. 2009], estimation of rock porosity in petroleum reservoirs [Tong 2008], new methods for oil shale extraction [START_REF] Lopatin | Investigation of the dielectric properties of oil shale[END_REF]], rock wettability and grain size, water and clay influences in soil [START_REF] Bona | [END_REF], Dobson 1985[START_REF] Hallikainen | [END_REF], Lesmes 2001], water-bearing rocks [Chelidze 1999a, Chelidze 1999b] or dry geological materials [START_REF] Saint-Amant | Dielectric properties of dry, geological materials[END_REF].

The rock is the main component of asphalt pavement, so for our purposes, it is important to know and understand its dielectric behavior while it is submitted to electromagnetic waves. The SFR system that we use to assess the compactness is focused around a few GHz. However, it appears that knowing the dielectric behavior at lower frequency than the GHz is also very interesting because others phenomena than the intrinsic of the rocks are observable. In that matter, the dielectric behavior has been studied at high frequency (from 500 MHz to 4 GHz) at room temperature through cylindrical cavities and also through dielectric relaxation spectroscopy from 1 mHz to 2 MHz with a temperature range from which can be adjusted. The coaxial transmission line needs also cylindrical shape sample with various dimensions according to the specific set-up. The DRS at high frequency needs specific shape which is harder to obtain for rock sample. Indeed, the sample must be disk shaped with 6 mm diameter and 1 mm height. These small dimensions lead to a better accuracy in the capacitance measurement.

In the literature, many studies on rock samples have been performed at high frequency [Topp 1980, Dobson 1985[START_REF] Olhoeft | [END_REF], Olhoeft 1975, Shutko 1982, Robertson 2004, Ulaby 1990, Campbell 1969]. Basically, the studies may be divided into two categories: the dry rocks and the wet rocks.

For dry rocks, the real part of the permittivity is comprised usually between 4 and 10.

In the microwave region, the rocks are considered low-loss dielectric as their loss tangent tanδ stand under the limit of 0.1. Some authors [Dobson 1985[START_REF] Olhoeft | [END_REF], Olhoeft 1975] conclude that the dielectric behavior is mainly governed by the density of the rock and its chemical composition as no other phenomenon is involved such as interfacial polarization for example. Several simple laws which linked the real part of the permittivity ε and density ρ may be found in the literature: ε = 1.93 ρ and ε = 1.96 ρ [Ulaby 1990, Olhoeft 1975]; Shutko 1982]; ε = (1.01 + 0.44ρ) 2 + 0.062 [Dobson 1985]. The chemical composition of the rock may be an indicator of high frequency permittivity of the rock.

ε = (1 + 0.5ρ) 2 [
Indeed, the contrast of the permittivity of the silicon oxide Sio 2 (ε = 4.5) and titanium oxide T iO 2 (ε = 110) highlights well this fact. A factor which can affect the permittivity of a rock independently of its chemical composition is the porosity. Indeed the air which replace the bulk rock will decrease the permittivity of the rock as the permittivity of the air is equal to 1.

The water in rock will affect the permittivity differently according to the frequency of solicitation. Indeed the pure water relaxation is centered around 10 GHz at 20 • C

[ Ellison 1996] (with a ε s = 80) which means that around this specific frequency, the effect of water could increase more or less importantly the overall permittivity. Additionally, the water is either free or/and bounded into the rock which also changes its contribution to the overall permittivity of the rock [Dobson 1985[START_REF] Mironov | [END_REF]]. Topp [Topp 1980] has developed an empirical models which can help to estimate the water content in soils. Other authors use the complex refractive index model ε α rock,wet = C water ε α water + C rock,dry ε α rock,dry (power law family with α = 0.5) to estimate the water concentration [Sihvola 1999, Shutko 1982, Dobson 1985].

Overall, the dielectric behavior of rocks at high frequencies may be well described by the Maxwell-Wagner-Bruggeman-Hanai (MWBH) theory [START_REF] Maxwell | A treatise on electrisity and magnetism[END_REF], Wagner 1914, Bruggeman 1935, Hanai 1968] which takes into account the bulk properties, the concentrations and configurations of the components.

Low-frequency dielectric permittivity

At lower frequency below 1 MHz basically, the dielectric/electric behavior of the water bearing rocks is much more complex than at high frequencies. Surface effects and clustering of the components bring their contributions to the overall dielectric polarization which is 1.3. Dielectric characterization of rocks not taken into account by the MWBH theory. Additionally, some parasite effects such as electrodes polarization (independent of the material) may appear at very low frequency and may dramatically increases the complex permittivity. The study of water bearing rocks is useful for different field such as petrology, geophysics and civil engineering [Roberts 1997] [Mogi 1985]. The first study in this area was performed by [Smith-Rose 1934] who has revealed a strong variation of the permittivity of water bearing rocks. Since then, many authors are interested about the effect of water in rocks at low frequency [Olhoeft 1981] [Glover 1996[START_REF] Knight | [END_REF]] [Ruffet 1993] [Keller 1982[START_REF] Revil | Effective conductivity and permittivity of unsaturated porous materials in the frequency range 1 mHz -1 GHz. Water resources research[END_REF]] [Silva 2014]. Chelidze and coworkers [Chelidze 1999a] [Chelidze 1999b] have performed a review on the effect of water on the dielectric properties of rocks and four surface polarization processes are listed which are also dependent on the water content.

Orientational polarization of bounded water: If the water is bounded (adsorbed layer) to the surface minerals, then the response of the water will be the orientational polarization. In that specific case, the water has an intermediate relaxation time between the bulk water and the ice.

Polarization of liquid films:

The physically adsorbed water may formed multilayers where the ions may migrate freely under an electric field. In that case, increase of the permittivity higher that those of the components are observed.

Polarization of rough fractal surfaces:

The grains are insulating in rocks, so when an electric field is applied in the Y-direction for example, the charges will have to diffuse along the X-direction to go further in the Y-direction. The polarization is dependent upon the rough surface and the tortuosity meaning the path that the charges have to follow for the diffusion.

Polarization of the electrical double layer:

The gigantic low frequency polarization is based on the electrical double layer (EDL) polarization at the solid liquid interface (intermediate layer between the solid and the liquid) i.e. rock/clay and electrolyte. The high polarization observed at low frequency is due to the migration of the ions between the EDL and the electrolyte and also to the diffusion of the charges into this EDL. The gradient of ions concentration in the EDL induced fluxes and polarizations which hugely affect the measured properties.

It might be important to have a look on the schemes proposed by Chelidze et al. to better understand the EDL processes. The Fig. 1.8 has been extracted directly from the review of [Chelidze 1999b] with the related caption.

Revil [START_REF] Revil | Effective conductivity and permittivity of unsaturated porous materials in the frequency range 1 mHz -1 GHz. Water resources research[END_REF] has recently developed a model on the effective conductivity and permittivity for unsaturated porous materials over a very broad range of frequency (from 1 mHz to 1 GHz). This model helps to predict the apparent conductivity and permittivity of a material as a function of the frequency and the clay mineralogy and content (i.e. surface specific area, cation exchange capacity and porosity).

Conclusion

This first chapter described the context of this work and presented the related topics.

First, a brief background was performed concerning the asphalt pavement and the methods used to investigate it either destructive, nuclear or electromagnetic. It might be noted that the electromagnetic methods and particularly the GPR and SFR have a great potential for civil engineering investigations. In that matter, SFR system is used in the chapter 2 and 3 to assess the compactness in laboratory conditions and directly on-site.

Second, the different rock origins and compositions were introduced. As the rock are very complex heterogeneous materials, it seems very interesting to study their dielectric behaviors. The investigation of the dielectric behavior at high frequency of rocks is performed in the chapter 2. An entire chapter ( 4) is devoted to the study of the dielectric behaviors of rocks at low frequency.

Finally, an overview on the dielectric behaviors at high and low frequency was presented.

The literature points out the real effect that water has on the dielectric properties of rocks, especially at low frequency. In that matter, the effect of water has been studied in the chapter 4 as well. 

Brief summary

The aim of this chapter is first to introduce the basics of the electromagnetic physics used for civil engineering applications in the high-frequency domain. Second the EM techniques used in this chapter are described. Third a few assumptions about asphalt mix and the description of the EM mixing models are presented. Then, the dielectric characterization at high frequency of several rocks is performed and the results are discussed according to the density and the chemical composition. Finally the electromagnetic mixing models used to translate the permittivity to the compactness are applied to laboratory slabs. These last two points were published partially in the journal Near Surface Geophysics (2016):

S.Araujo et al. [Araujo 2016]. This work was at first the key-point of this PhD thesis

Background

Electromagnetic field basic principle

The purpose of this section is to remind and to describe the physical basics of the electromagnetic methods in the microwave bands (from few hundreds MHz to a dozen GHz). The characterization of asphalt pavements is assessed through step frequency radar where the frequency band ranges mainly from 1.4 to 6 GHz. The dielectric characterization of several rocks is performed with the help of two cylindrical cavities allowing the measurement in the frequency range 0.5-4 GHz. These methods are based on the propagation of the EM waves thought the material. The property of interest obtained from these two methods is the dielectric permittivity (ε). In the following section, the physical basics which help understanding the dielectric permittivity are detailed from the fundamental laws to the appropriate formalism. (2.1, 2.2, 2.3 and2.4) are reminded for a harmonic electromagnetic field ( [Feynman 1979, Gardiol 1996, Lorrain 1979]).

∇ × E( r, t) = - ∂ ∂t B( r, t) (2.1) ∇ × H( r, t) = ∂ ∂t D( r, t) + J( r, t) (2.2) ∇ • B( r, t) = 0 (2.3) ∇ • D( r, t) = q( r, t) (2.4)
Where the curl operator ∇× is a measure of the field rotation. The divergence operator ∇• measures the flux outgoing from a spot. If there is no source on the spot, the divergence operator is zero. r = (x, y, z) is the vector of the coordinates of the observation spot into a coordinate system having the same source as origin. E (V/m) is the electric field and H (A/m) is the magnetic field. D (Cb/m 2 ) and B (T) are respectively the electric induction and the magnetic induction. J (A/m 2 ) is the density of applied electric current. Finally, q (Cb/m 3 ) is the density of free electric charges.

The equations 2.3 and 2.4 of the Maxwell's equations may be derived from equation 2.1 and 2.2 for a time-varying electromagnetic field. The divergence of 2.1 gives the equation 2.3 and taking the divergence of 2.2 combines with the continuity (or charge conservation law) equation 2.5 give 2.4.

∇ • J( r, t) + ∂ q( r, t) ∂t = 0 (2.5)
The Equation 2.1 was discovered by Micheal Faraday which is known as Faraday's law: 

Maxwell's equation in the frequency domain

Thanks to the Fourier transform [Dai 1997], the Maxwell's equations might be written in the frequency domain.

∇ × E( r, ω) = -jω B( r, ω) (2.6) ∇ × H( r, ω) = -jω D( r, ω) + J( r, ω) (2.7) ∇ • B( r, ω) = 0 (2.8) ∇ • D( r, ω) = q( r, ω) (2.9)
The charge conservation law may be written in the frequency domain as well:
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Constitutive relations

The constitutive relations make the link between the electric and magnetic fluxes and the electric and magnetic fields. In the frequency domain and for an anisotropic medium (function of the field direction), they have the form of:

D( r, ω) = ε * E( r, ω) (2.11) B( r, ω) = µ * H( r, ω) (2.12) J( r, ω) = σ * E( r, ω) (2.13)
In the current case, the medium is dispersive which means that the dielectric permittivity ε * , the magnetic permeability µ * and the conductivity σ * are frequency dependent. For instance, in free-space ε * = ε r ε 0 = 8.854.10 -12 F/m and µ = µ r µ 0 = 4π.10 -7 H/m with ε r = 1 and µ r = 1 respectively. The well-known velocity of light c which has been accurately measured since is related to these two parameters in free-space c = 1/ √ ε 0 µ 0 = 299, 792, 458 m/s.

The three parameters, dielectric permittivity (ε * ), magnetic permeability (µ * ) and conductivity(σ * ) describe the propagation of the waves within a medium. These parameters are complex and might be dependent of both the temperature and the frequency.

Chapter 2. Laboratory applications of electromagnetic methods

Dielectric permittivity

The complex dielectric permittivity characterize a non-conductive material. Basically, this property is related to the ability of the material to propagate EM waves while it is undergoing an electric field. According to the oscillation period (frequency) of the alternative sinusoidal electric field, the matter will not respond the same manner. Above a certain limit frequency, the matter do not conduct but store the electric energy submitted. Below this limit (very low frequency and high temperature), the matter, even electrically insulator, may slightly be conducting when the charge careers have enough energy or mobility to diffuse. Five main polarization processes are well-known by the scientific community which take place at specific frequency range ( [Guegen 1992], [Sihvola 1999]). These phenomena are displayed in the Fig. 2.1 and every polarization processes are described below: For instance, in one hand the water molecule, at room temperature, has a relaxation time around 9 GHz ( [Ellison 1996]). In the other hand, main relaxation polymers(orientational polarization of the dipolar moments present on the macromolecule) also called α-relaxation may occur from 10 -2 to 10 6 (even on a wider range of frequency) according to the temperature of observation ([Delpouve 2014], [START_REF] Rijal | [END_REF]).

Interfacial polarization happens to a certain extent around the same frequency range than orientational polarization. Although a heterogeneous material is defined as dielectric (non-conductive), ionic charges, defects or electrons may propagate into the material under the effect of an electric field. This is called charge hopping conductivity which get stuck at the boundaries of a crystalline material for instance as in rocks. This phenomenon may be visible also for material who are insulated but contain a priori conductive inclusions. These charges stuck at the boundaries (interface) act as polarisable macromolecules. This effect is also called Maxwell-Wagner-Sillar effect ([Maxwell 1904], [Wagner 1914]).The interfacial polarization is related to the propagation of charges, thus the temperature has an important effect on the charges mobility and so the relaxation time.

Conductivity takes place at very low frequency and is closely related to the orientational or interfacial polarization. Two kind of conductivity may be noted. The first is related -as explain in the description of the interfacial polarization -to the propagation of defects, electrons, or ionic charges into the material while they can not diffuse along the whole material. Indeed charge mobility is activated below 10 13 Hz ( [Szigeti 1949]). This type of conductivity is called AC-conductivity. Second, once the charges obtain enough energy or mobility to diffuse, the DC-conductivity takes place. Although, in some cases, charges need additional energy or mobility to overcome barriers that prevent them to dif-fuse freely within the matrix (boundaries for example). The latter, in practice, is thermally activated or in some cases, observable if extremely low frequency (continuous current) are applied for reaching this DC plateau.

N.B. In the chapter 4, both interfacial polarization and conductivity will be observed experimentally on rocks through dielectric relaxation spectroscopy.

The application of an electric field to a material induces a field D containing the electric dipole moment density term (or average polarization) P = χε 0 E which is not present in vacuum condition [Combes 1991]:

D = ε 0 E + P = ε * E (2.14)
Where χ is the electric susceptibility of the material and ε * , the complex dielectric permittivity defined:

ε * = ε -jε = ε 0 (ε r -jε r ) (2.15)
ε r represents the real part of the dielectric permittivity which is related to the storage energy. ε r is the imaginary part of the dielectric permittivity characterizing the dissipation energy. The charge conservation law takes the form of Eq. 2.16 where J D (A/m 2 ) is the displacement current of the bound charges:

J D = ε * ∂ E ∂t (2.16)
Nowadays, the notion of the effective permittivity is commonly employed in civil engineering ( [Daniels 1996], [Fauchard 2001], [Liu 2007]) which takes into account the complex conductivity into the complex dielectric permittivity term and reciprocally:

ε * e = ε e -jε e = ε + σ ω -j ε + σ ω (2.17) σ * e = σ e -jσ e = σ + ωε -j σ + ωε (2.18)
The total current in a material submitted to an electric field is the sum of the currents induced by the polarization phenomenon J D and the conduction currents J C :

J T = J D + J c = σ * E + ε * ∂ E ∂t (2.19)
With a harmonic field E = E 0 exp (jωt):

J D = σ * E = σ + ωε -j σ + ωε E (2.20) J C = ε * ∂ E ∂t = ε + σ ω -j ε + σ ω ∂ E ∂t (2.21)
The total current is complex. The real part, in phase with the applied current, represents the conduction and polarization phenomenon. The imaginary part, in quadrature-phase, is related to the conduction and charges losses. In radar investigation, the quantification of the effect of ε , ε , σ and σ individually is not possible, instead the effective parameters coupling the permittivity and the conductivity are measured. Nevertheless, there is no loss associated to the friction of the conductive particles for radar investigation which allows to neglect the imaginary part of the conductivity.

Dispersion and phase attenuation coefficient

A material is defined as dispersive when the effective permittivity is frequency dependent. This is usually the case when orientational, interfacial polarization or conductivity take place into the material. However for asphalt mix material, the presence of water is often neglected because the measurements either in laboratory or on-site are conducted in dry condition. Thus, they may be considered as non-dispersive at microwaves.

The loss tangent (tanδ) is a very good tool to classify a material as perfect dielectric (tanδ < 0.01), low-loss dielectric (0.01 < tanδ < 0.1) or lossy dielectric (tanδ > 0.1) [Harry 2009]. The loss tangent is calculated from the real and imaginary part of the effective permittivity, in other words, this is the ratio between the dissipated and stored energy:

tanδ = ε e ε e (2.22)
Generally speaking, the asphalt mix are mainly low-loss dielectrics. It might be important to know how much the EM waves are attenuated when they travel through the material.

The attenuation (α in Np/m) and phase (β in rad/m) coefficients are two parameters that quantify the energy attenuation and the field phase respectively. These coefficients are related to the wave vector k = β -jα. For a harmonic field in the frequency domain, these coefficients have the form of:

α = ω ε r ε 0 µ 0 2 1 + tan 2 δ -1 (2.23) β = ω ε r ε 0 µ 0 2 1 + tan 2 δ + 1 (2.24)
Perfect and low-loss dielectrics are convenient for radar investigations as they slightly dissipate energy while the waves travel through the material. Lower will be the loss tangent, greater will be the penetration depth. The equations 2.25 and 2.26 define the penetration depth d (m) of the waves for low-loss and lossy material respectively:
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where ω = 2πf is the angular frequency and f the central frequency of measurement.

Wave propagation speed

The propagation speed of every single frequency component and of the whole frequency components are necessary to characterize the wave propagation speed. The phase speed V p (rad/s) of an EM wave is defined by the following equation:

V p = ω e (k)
(2.27)

where k = ω 2 µε * -jωµσ * 1/2 is the wave number. By adding the losses to the equation:

V p = c ε r 2 1 + (tan δ) 2 + 1 (2.28)
where c is the speed of light in vacuum, tan δ the loss tangent. For perfect or low-loss dielectrics, the equation may be simplified according to:

V p (m/s) = c ε r (2.29)

Step frequency radar system

The Step frequency radar system (Fig. 2.2 extracted from [Beaucamp 2014]in the case of on-site measurement) is composed of a portable network analyzer (PNA, Agilent E8362B) with a mono-static ultra wideband antenna ETSA Vivaldi (Designed in the "Laboratoire d'électronique Antenne et Télécommunication (LEAT) Nice Sophia Antipolis) of bandpass [1.4-6 GHz] (central frequency 3.14 GHz) [START_REF] Guillanton | [END_REF]]. In laboratory, a semiautomatic bench allows the displacement of the antenna with well determined steps, and on-site the SFR system is embedded into a vehicle. The SFR system and the antenna are well detailed in the following works [Fauchard 2015, Fauchard 2013a, Bo 2012].

Figure 2.2: Step frequency radar system

The SFR allows to work directly in the frequency domain by emitting successive monochromatic waves at different frequencies with the same amplitude. Depending on the antenna, the frequency range varies from a few hundred MHz to 20 GHz. In the present case, the frequency range is defined by the smaller antenna of bandpass [1. [4][5][6]. The frequency of measurement depends on the waveband selected and the step (from 51 to 16101 for our apparatus). In mono-static configuration the antenna is both the emitter and the receiver.

When a wave is emitted towards the investigated medium, a part of the energy is reflected at dielectric contrasts (for instance between the air and the slab surface or the surface A noticeable advantage of this apparatus is that the SFR allows to work with a wide sweep of high frequencies, thus, the equivalent short time impulsion after inverse Fourier transform is narrower than any existing GPR. Additionally, every frequency may be processed independently from each others and the frequency window may be shorten to eliminate the high frequency for instance where undesirable effects may take place (such as backscattering of the waves). Finally thanks to the Fourier transform, the results might be read in the time or frequency domain.

The determination of the dielectric permittivity is based on the measurement of the reflection coefficient. The waves radiation is displayed in the Fig. 2.4 (electric transverse mode) from the polarization mode. The propagation of the electric and magnetic field in the medium can be described by the following Maxwell's equations:

∂ 2 E y ∂y 2 = ε * µ 0 ∂ 2 E y ∂t 2 + σ * µ 0 ∂E y ∂t (2.30) ∂ 2 H x ∂x 2 = ε * µ 0 ∂ 2 H y ∂t 2 + σ * µ 0 ∂H x ∂t (2.31) ∂ 2 H z ∂z 2 = ε * µ 0 ∂ 2 H z ∂t 2 + σ * µ 0 ∂H z ∂t (2.32)
The interaction of the wave propagation at the interface between two dielectric mediums is described by the Snell-Descartes laws (Fig. 2.5):

k 1 sin θ 1 = k 2 sin θ 2 (2.33)
k 1 and k 2 are the propagation vector norms (complex refractive index, k = ω √ µε * e ) in the mediums 1 and 2. The angles are defined in the Fig. 2.5 and the Snell-Descartes law take the form of k 1 sin θ

1 = k 1 sin θ 1 = k 2 sin θ 2 .
From the Snell-Descartes law and the conditions of the continuity tangent part, the reflection coefficient being the ratio between the amplitude of the incident radiation and 

R T E = √ ε 1 cos θ 1 - √ ε 2 cos θ 2 √ ε 1 cos θ 1 + √ ε 2 cos θ 2 (2.34)
In monostatic configuration, the wave propagation vector is perpendicular to the medium, thus the incidence and refraction angles are zero. The Eq. 2.34 becomes:

R T E = √ ε 1 - √ ε 2 √ ε 1 + √ ε 2 (2.35)
The dielectric permittivity is calculated according to the well-known calibration processing which consists of measuring the amplitude of the signal in total reflection -i.e. a metal plate is placed above the asphalt mix surface -and the amplitude of the reflected signal at the asphalt mix surface. An example of the signals obtained in this configuration is displayed in the Fig. 2.6.

The permittivity is then figured out with the Eq. 2.36. This permittivity is called surface permittivity and is calculated at the interface between the surface material and the air (ε air = 1). 

ε * r = 1 -R * 01 1 + R * 01 2 (2.36)
Where R * 01 = A * mat /A * met , A * mat and A * met are respectively the amplitude of the waves reflected at the surface of the material and on metal plate (total reflection).

Another way to calculate the permittivity is given by the Eq. 2.37: is that the knowledge of the layer thickness is required and may make it not suitable for in-situ investigation due to the lack of this primordial information. However, in the case of laboratory experiments on slabs, this equation offers a better accuracy on the dielectric permittivity because the reflected wave amplitude affected by the undesirable edge effects is not involved. The advantage of this equation is that the determination of the thickness of a surface course may be possible thanks to the permittivity calculated with the Eq. 2.36.

ε r = c∆t 2e 2 (2.
Indeed, the amplitude of the reflected wave is not really affected by the backscattering as the in-situ investigation are likely half-infinite medium. This means that both the permittivity and the thickness of the surface layer may be figured out for on-site investigation with the Eq. 2.36 and 2.37 respectively which is a considerable asset.

Cylindrical cavities

The cylindrical cavities allows the permittivity measurement of cylindrical shape material at discrete frequencies [Li 1981]. This technique is a resonant cavity. The cylindrical cavity is linked to a PNA (described above in the section 2.1.2) which generates electromagnetic waves (see Fig. During the frequency sweep, when the electric storage energy is equal to the magnetic storage energy, there is a resonance phenomenon at certain frequencies. These natural frequencies are measured with the parameters S12 and S21 and are related to the cavity dimensions (if the cavity is empty) and to the sample dimensions (in the case of measurement). The natural modes are tranverse magnetic kind T M mnp . The natural frequency are given by the following equation:

f mnp = c √ ε R [( u mn 2πR ) 2 + ( P 2h ) 2 ] 1 2 (2.38)
R is the cavity radius, h is the cavity height, P is the average lost power and u mn is the n th root of the m order Bessel function of the first kind. In the present case, the modes T M 010 , T M 020 and T M 030 are used. Thus depending on the cavity diameter -two cylindrical cavities of 200 and 400 mm diameters are used herein-and the exploitation mode, the resonance frequencies for an empty cavity may be calculated with Eq.2.39:

f mnp = c u 0n 2πR (2.39)
The resonance phenomena of the two cavities appear at 0.57 GHz, 1.32 GHz, 2.06 GHz and 1.15 GHz, 2.63 GHz, 4.13 GHz for the 200 mm and 400 mm diameters respectively.

These natural resonance modes are noted T E mnp and T M mnp .

The complex dielectric properties of the sample are figured out with the differences between the resonance frequencies when the cavity is empty and when it contains a cylindrical specimen and with the quality factor defined by the Eq. 2.40:

Q = 2π W a W = ω W a P ≥ 100 (2.40)
W a and W are respectively the storage energy and the dissipated energy into the cavity for a period of an electromagnetic signal. P describes the average lost power. ω is the angular pulsation of the wave. During the measurement of a dielectric material, various losses take place in the cavity which are additional: ohmic losses of the metallic edges, dielectric losses due to dissipation effect of the sample and finally, losses due to the coupling cavity/PNA.

The real and imaginary part of the permittivity are calculated with the Eq. 2.41 and 2.42 from the perturbation theory which are suitable for low permittivity value and small frequency shift:

ε p -1 = 2J 2 1 (x 01 ) δf f 0 R 2 0 /R 2 1
(2.41) [ Lukac 1968] developed another theory to calculate the real and imaginary part of the permittivity which is more accurate for the civil engineering materials:

ε p -1 = J 2 1 (x 01 )δ( 1 Q L )R 2 0 /R 2 1 (2.42) Where δf = f 0 -f s and δ(1/Q L ) = 1/Q LS -1/Q LO .
k 1 J 1 (k 1 R 1 ) J 0 (k 1 R 1 ) = F (k 0 , R 1 , R 0 ) (2.43)
And

F (k 0 , R 1 , R 0 ) = k 0 J 101 Y 000 -J 000 Y 101 J 001 Y 000 -J 000 Y 001 (2.44) Where k 0 = 2πf s √ ε 0 µ 0 and k 1 = √ ε 1 k 0 . J npq and Y npq represent J n (k p R q ) and
Y n (k p R q ), the Bessel function of the first and second kind, n=0 or 1, p=0 or 2 and q=0, 1 or2.

The last described theory will be applied to calculate the complex permittivity of several studied rocks in the next section.

2.1.4 Asphalt mix assumptions and EM mixing models In practice, it is accurate to consider that a very small content of binder is absorbed by the aggregates. However for the application of the EM mixing models, this new phase (absorbed asphalt binder) will have to be taken into account into the equations. As a matter of fact, the new phase will have a different density than aggregates as some of the porosity are filled by the binder instead of the air. Additionally the permittivity will be also different (ε binder (∼ 2.5) = ε air (= 1)).

From the point of view of the EM mixing models, it is not necessary to consider this small content of absorbed asphalt binder as another phase. To summarize for our future calculations of the compactness with the help of EM mixing models, binder and aggregates will be assumed to be two separate phases without intermediate phase.

In the case of laboratory experiments, annealing at 115 • C for 48 hours were performed in order to make the assumption that the water content is negligible and might not be considered in the EM mixing models. 

C = 1 -C air = ρ HM AS ρ HM AM (2.45)
Where ρ HM AM is the theoretical density of the HMA without air (namely maximum specific gravity).

It is the controlled parameter in France and other European countries.

All material contents are defined with respect to the total dry mass m s = m a +m b +m f .

The weight content is simply T i = m i ms . The volume fraction of the i th component is defined as below:

C i = C a T i =a ρ a ρ i =a (2.46)
And:

C a = C Z (2.

47)

Where: The basic concept of electromagnetic models are taken from [Sihvola 1999], [Sihvola 1988] and [Parkhomenko 1967]. HMA is assumed following two assumptions:

Z = 1 + ρ a T b ρ b T a + ρ a T f ρ f T a = 1 + C rb + C rf (2.
First, it is considered as a multiphase media composed of binder, filler, aggregate and air, where the permittivity and volume fraction of each component average the effective permittivity of the media. This first model family is called the Power Law (PL) model which does not differentiate host component from the guests.

Second, the HMA (Fig. 3(b)) is considered as several spherical inclusions immersed in a host matrix. In this work, the filler content is very low (about 1%) and the air is considered randomly distributed into the media. Hence, the host matrix can be either aggregate that presents the greater proportion in the mix or binder that encloses the remaining components. Under this assumption, the Unified Mixing Rules (UMR) can described the dielectric behavior of the mix. Models acronym are detailed in table 2.1.

Both dielectric approaches are presented in the Fig. 2.9. The PL model gives the HMA dielectric constant as a sum of each permittivity component weighted by their volume concentration. It is defined according to the following formula:

ε α HM A = i C i ε α i (2.49)
The parameter α is known in the literature to have several values: when α = 1/2, (2.49) gives the Complex Refractive Index Model, also called CRIM model or Birchak formula [Birchak 1974]. As explained by [START_REF] Sen | [END_REF]], this assumption can be seen as a 3Dgeneralization of the 1D-multilayered case of an EM field in normal incidence where the square root of the effective permittivity is the sum of the lineic concentration multiplied by the square root permittivity of each layer. If α = 1/3, (2.49) is the Looyenga formula [Looyenga 1965]. Both cases α = 1 and α = -1 can be explained by considering a circuit capacitors, respectively (i) parallel and (ii) series connected [Sihvola 1999]. Finally, for the limit α → 0, (2.49) is simply the [Lichtenecker 1931] approximation given by:

ln(ε HM A ) = i C i ln(ε i ) (2.50)
(2.50) is obtained by taking into account the first order term of the Taylor series of the exponential function e αln (ε) .

By combining the equations (2.45-2.49), the HMA compactness and density are calculated by the following relations:

C = (ε α HM A -1)Z ε α a + C rf ε α f + C rb ε α b -Z (2.51) ρ HM AS = (ε α HM A -1)Z ε α a + C rf ε α f + C rb ε α b -Z ρ HM AM (2.

52)

Unified mixing rule formula -4-phase material UMR allows writing the effective permittivity by considering a host matrix with guest inclusions [Sihvola 1999, Sihvola 1988].

ε HM A -ε m ε HM A + d m = i C i ε i -ε m ε i + d m (2.53)
Where ε m is the permittivity of the host matrix m and

d m = 2ε m + ν(ε HM A -ε m ).
After solving (2.53) by assuming that the matrix is the aggregate, Chapter 2. Laboratory applications of electromagnetic methods

C = ε HM A -εa ε HM A +da -1-εa 1+da 1 Z C rb ε b -εa ε b +da + 1 Z C rf ε f -εa ε f +da -1-εa 1+da
(2.54)

ρ HM AS = ε HM A -εa ε HM A +da -1-εa 1+da 1 Z C rb ε b -εa ε b +da + 1 Z C rf ε f -εa ε f +da -1-εa 1+da ρ HM AM (2.55)
Where

d a = 2ε a + ν(ε HM A -ε a ).
After solving (2.53) by assuming that the matrix is the binder,

C = ε HM A -ε b ε HM A +d b -1-ε b 1+d b 1 Z εa-ε b εa+d b + 1 Z C rf ε f -ε b ε f +d b -1-ε b 1+d b (2.56) ρ HM AS = ε HM A -ε b ε HM A +d b -1-ε b 1+d b 1 Z εa-ε b εa+d b + 1 Z C rf ε f -ε b ε f +d b -1-ε b 1+d b ρ HM AM (2.57)
Where

d b = 2ε b + ν(ε HM A -ε b ).
The factor ν is a dimensionless parameter: ν = 0 gives the Maxwell-Garnett rule also named Rayleigh model [Sihvola 1999]. ν = 2 gives the Polder-Van Santen [Polder 1946] formula or Böttcher formula [Böttcher 1974] and ν = 3 gives the Coherent potential approximation [START_REF] Sen | [END_REF]]. This formula is valuable for 3D inclusions meaning that they are assumed to be spherical. However, inclusions can also be in 2D such as disk shaped. According to [Wiener 1910] and [Yaghjian 1980], the difference between both shapes is the factor 2ε m for 3D inclusions at the denominators which becomes ε m for 2D inclusions.

These models are applied to laboratory slabs with well known compositions and the results are displayed and discussed further. In the following section, the complex permittivity of 24 magmatic, sedimentary and metamorphic rocks are measured in cylindrical cavities at 6 frequencies in the microwave region.

They have mainly been extracted from quarries providing road manufacturers in building materials. A discussion is proposed on the measured permittivity values and their dependency to the rock bulk density and their chemical composition.

Rock permittivity measurements

As a HMA mainly consists of 88% to 96% of rocks, the dielectric characterization of rocks is a major issue for the comprehension of HMA electromagnetic behavior Hence, the knowledge of dielectric properties of rocks in the frequency band used in civil engineering application has been undertaken. This study updates some results of a previous work on 11 rocks [Fauchard 2013b] and intends to test dielectric mixture models selected in the literature.

In order to evaluate the HMA density with radar methods, rocks extracted from various quarries for road manufacturing have been studied. The table 2.2 reports the name, the measurement date (2013 and 2015), the origin and the rock feature. Furthermore, other rocks that are not used for road manufacturing such as the volcanic basalt of the Piton de la Fournaise, or the limestone from Caen, are reported for knowledge purpose.

The complex permittivity measurement of 24 rocks were performed with the cylindrical cavities described in the section 2.1.3. A previous study carried out on 11 different rocks has reported the good repeatability of this method [Fauchard 2013b]. Indeed, the permittivity of each tested rocks was averaged on 10 to 15 cores for one single type of rock at six frequencies. However a substantial heterogeneity were observed in a given set of cores extracted from a single vein. Herein, just one cylindrical core by rock type is extracted and measured twice (side and upside down) at six frequencies. Hence, the standard deviation of the 2015 measurements is calculated from 12 permittivity values. The purpose is ...* The real (ε r ) and imaginary dielectric (ε " r ) constants, the loss tangent (tanδ) and the density (ρ2 ) are reported in the table 2.2. The real and imaginary part of the permittivity and the loss tangent are respectively shown in the Fig. 2.10(a), 2.10(b) and 2.10(c). The real dielectric permittivity ranges from 4 to 9 and these results are in accordance with the studies of [Ulaby 1990] and [Parkhomenko 1967]. There is no significant evidence of the values distribution of permittivity as a function of rock formation (sedimentary, magmatic of metamorphic).

The imaginary part of the permittivity exhibits strong standard deviation related, first, to the experimental system, and second, to the losses. According to [Li 1981], cylindrical cavity allows an accuracy of 1% on the real part of the permittivity and 2% for the imaginary part. This uncertainty may increase respectively from 1% to 2% and from 2% to 5% by taking into account the uncertainty measurement of sample dimensions.

The measurements highlight a slight dispersion on the real part of the permittivity which is negligible over the 6 used frequencies (less than 1%). However, a stronger dispersion is notable on the imaginary part. First, this could be due to water molecules which were not evaporated during the annealing (115 • C for 48h). This bounded water has its relaxation time shifted toward lower frequency depending on its interaction level with the environment ( [Benedetto 2010[START_REF] Kaden | [END_REF], Saltas 2008]), which is basically observable about 0.5 to 1

GHz and also at lower frequency. Second, other phenomena such as interfacial polarization between mineral structures should also be considered and will be undertaken in the future with petrography and chemical studies. By covering the frequency band 0.5 to 4 GHz, relaxation phenomena may occur and might explain such high dispersion. However, despite the variation of the imaginary part, the loss tangent ranges between 0.1 to 0.01, in such a manner that tested rocks can be considered as low-loss dielectrics.

Overall, the differences between the 2013 and 2015 measurements are about 0.2 for the real part of the permittivity which is close to the standard deviation of the measurement for a given rock. However four of them (rhyolite, gneiss, quartz arenite and amphibolite) highlight a higher difference probably related to the structure heterogeneity and segregation.

As a matter of fact, rhyolite and amphibolite are respectively (i) an igneous rock that exhibits a heterogeneous nodular structure composed of quartz and feldspar crystals, and

(ii) a metamorphic rock with amphibole and plagioclase feldspars weakly foliated. The distribution of these heterogeneities differs from sample to sample and could explain the measured difference. Gneiss and quartz arenite are respectively (i) a metamorphic rock with foliation and (ii) a sedimentary rock with micro-cracking filled with quartz. These horizontal structures are randomly oriented into the samples and according to the Hashin-Shtrikman bounds [START_REF] Brovelli | [END_REF]], affect the measured permittivity.

The dielectric properties of the rocks are discussed according to their densities in the following section.

Real part of the permittivity vs density

Relations between rock permittivity and bulk density are plotted in the Fig. 2.11. The three following empirical laws are studied:

ε = a ρ 1 (2.58)
The equation 2.58 is given by [Ulaby 1990] for terrestrial rocks and by [Olhoeft 1975] for lunar materials, where a 1 = 1.96 and a 1 = 1.93, respectively;

ε = (a 2 + a 3 ρ) 2 (2.59)
The equation 2.59 is given by [Shutko 1982] for dry soil, where a 2 = 1 and a 3 = 0.5;

ε = (a 4 + a 5 ρ) 2 -a 6 (2.60)
The equation 2.60 is given by [Dobson 1985] for soil having extremely low moisture content, where a 4 = 1.01, a 5 = 0.44 and a 6 = 0.062;

As it can be seen on the Fig. 2.11, none of the previous laws is adapted to the studied rocks. Thus, the parameters are adjusted to our means and give the following values :

a 1 = 1.88, a 2 = 3.1, a 3 = -2, a 4 = 3.1, a 5 = 0.89 and a 6 = 24.5. The Olhoeft's law does not fit correctly the data (the correlation coefficient is R=0.64) while the best-adjusted laws are given by both Stuko and Dobson (R=0.83). However, the same conclusion established by [Ulaby 1990] can be drawn, meaning that the variation in the density accounts for about 

Real part of the permittivity vs chemical composition

The chemical composition of every rocks except the rocks called limestone north region #22 and the basalt Rhône-Alpes region #23 are presented in the table 2.3. The measurements were performed by the CRPG (Centre de Recherches Pétrographiques et Géochimiques) of

Nancy with the help of an emission spectrometry (ICP-OES) Thermo Fisher ICap 6500.

The ignition losses were measured through gravimeter after calcination at 1000 • C. give an information about the influence of the molecules on the real part of the permittivity.

It is known in the literature that the real part of the permittivity varies as a function of the oxide type due to their own polarisability and dipole moment. The permittivity values given below are taken from [Webb 1986], [Robertson 2004], [START_REF] Ozdag | [END_REF]], [START_REF] Shannon | [END_REF]], [Chaudhury 1969], [START_REF] Young | [END_REF]], [START_REF] Nascimento | [END_REF]] and [Shackelford 2001].

• 

• Calcium carbonate CaCO 3 : ε = [6.1 -9.5] • Sodium oxide N a 2 O: ε = [22.1 -25.1] 1 • Potassium oxide K 2 O: ε = [12.9 -14.4] 2 • Titanium oxide T iO 2 : ε = [80 -110]
• Phosphorus pentoxide P 2 O 5 :

1 Pure N a2O value linearly extrapolated from SiO2 -N a2O blend for various N a2O content.

2 Pure K2O value linearly extrapolated from SiO2 -K2O blend for various K2O content.

Several molecules may be released during the calcination:

• Carbon dioxide CO 2 : ε = [1.6] • Magnesium carbonate M gCO 3 : ε = [5.03] • Calcium sulfate CaSO 4 : ε = [5.01 -5.6] • Water H 2 O: ε = [∼ 78]
According to the oxide type proportions, it is obvious that the permittivities of two different rocks may be drastically different according to the proportion of low permittivity oxides (silicone oxide for example) and high permittivity oxides (aluminum or iron oxides).

The most obvious example is to compare the chemical composition of the diorite (N2B1)

and the quartzite (QB) displayed in the Fig. 2.12 and 2.13 which have a permittivity of 8.64 and 4.31 respectively. The quartzite is mainly constituted of quartz ∼ 98% whereas the diorite contains only ∼ 52%. Additionally the diorite is rich in aluminium, iron and titanium oxides which have much greater permittivity values than silicone oxide.

It might be interesting to compare two plutonic rocks coming from the same magmatic line. The diorite N2B1 and the weathered granite GAF displayed in the Fig. 2.12 and 2.13 are selected for this comparison. Following the crystallization process of a magmatic line, the diorite crystallizes around 1000 • C whereas the granite crystallizes at lower temperature around 600-700 • C. The temperature of crystallization involves the formation of different minerals with different chemical composition. Pyroxene -present in the diorite and not in the granite -may contain cations which form oxides of high permittivity such as T iO 2 , F e 2 O 3 , Al 2 O 3 etc..., mainly ferromagnesian in our case. The proportion of quartz is more important in the granite (40%) than in the diorite (15%). These two rocks contain nearly the same amount of plagioclase and alkali feldspar. The full description of the petrography analysis of these two rocks will be presented in the chapter 4. These minerals induce several differences in the chemical composition of molecules having very different permittivity values. The proportion of iron (III) oxide, calcium oxide and titanium oxide is weaker for the weathered granite than the diorite. A difference of more than 20% of the silicon oxide is noticeable for the weathered granite. These differences highlight the lower permittivity of the weathered granite (ε = 5.36) compared to the diorite (ε = 8.64).

Another comparison may be worth to be discuss between a metamorphic rock (quartzite)

and a mature sedimentary rock (quartz arenite). The quartzite (QB #4) and the quartz arenite (GQRB #15) are pointed out in the Fig. 2.12 and 2.13. The quartzite is originated from the recrystallization of a sandstone or a quartz vein. Basically it mainly arises from the annealing of a sedimentary rock. The quartz arenite is a sandstone mainly composed of quartz which may be in some points similar to a quartzite. Actually, one is a metamorphic quartzite (metaquartzite) and the other is a sedimentary quartzite (orthoquartzite). The sample QB is mainly constituted of quartz (∼ 98%) with a small amount of aluminium oxide. It contains also some iron and potassium oxides in very small content (less than 0.5%) as well as some organic matter which was calcined during the annealing at 1000 • C.

For that reason, the permittivity of QB (ε = 4.31) nearly reach the permittivity of the silicon oxide (ε = 3.85). The quartz arenite (ε = 5.48), in contrast, is composed of ∼ 70% of quartz with a high amount of aluminium oxide (∼ 14%) and ∼ 5% of iron oxide. It may be noted that the content of ignition losses is more important for the GQRB sample (2.31%) which is characteristic of a sedimentary rock. This sample contains also various oxides in small proportions such as the titanium oxide which will climb the real part of the permittivity. This comparison highlights the effect of the metamorphism process which changes the mineralogy and the chemical composition of the rock and its influence on the dielectric properties.

The limestone of Caen (#17), sedimentary rock, is mainly constituted of calcium carbonate which has been decomposed in calcium oxide and carbon dioxide after the calcination. The amount of other oxides is very small or even inexistent. Then, its dielectric permittivity value may be directly attributed to the calcium carbonate permittivity.

Taking the example of the basalt Piton de la Fournaise (#18) and the diorite (#24) already described previously, another aspect influencing the dielectric properties may be pointed out. Indeed, these two magmatic rocks have approximately the same chemical Generally speaking, no obvious relation may be highlighted according the chemical composition and the rock nature (sedimentary, metamorphic or magmatic) except the sedimentary rocks (quartzite) that are mainly composed of quartz and poor in other elements.

The limestone is an exception to this remark while it is mainly composed of calcium carbonate and poor in other elements as well. Nevertheless, an interesting linear trend is observable for a few metamorphic rocks according the the silicone oxide content. These metamorphic rocks are plotted in the Fig. 2.14 independently from the other for clarity. These rocks come from the same geological area, the Massif Armoricain. According to the geologic mapping of this area, a granite pluton (temperature nearby 700 • C) was close to the area where the rocks were extracted. The original sediments (flysh briovévien) of these metamorphic rocks were then submitted to a thermo-metamorphism due to the granite pluton at high temperature. Depending of the nearness of the sediments to the granite pluton, the thermo-metamorphism do not occur at the same temperature. The temperature of annealing involves different diffusion mechanisms of the chemical elements and thus the recrystallization and formation of different minerals. Furthest will be the sediments from the granite pluton, higher will be the silicone oxide content and thus lower will be the real part of the permittivity. In this context, we may assume that the hornfels was nearer from the granite pluton than the gneiss and the quartzite. It is interesting to note herein that the temperature of thermo-metamorphism has a linear behavior on the real part of the permittivity and the silicone oxide content. Out of the scope of this PhD thesis,

this assumption would deserve additional investigations to check if the real part of the permittivity might potentially be an indicator of the thermal history of the metamorphic rocks formation.

Theoretical approach and application of EM mixing models to laboratory slabs

The EM mixing models (PL and UMR families) presented previously are applied to laboratory slabs assumed as 4-phase material (HMA) composed of aggregates, fillers, binder and air.

Theoretical models application to laboratory HMA slabs

Lab experiments were conducted on two 40*60*8 cm slabs with a SFR system described in the section 2.1.2. The Fig. 2.15 shows the laboratory bench used for the measurements. The tested slabs are mainly composed of basalt aggregates (0/10 mm) and the weight content, 2.3. Theoretical approach and application of EM mixing models to laboratory slabs 97 permittivity and density of each component are presented in the table 2.4. Binder and filler permittivities have been measured by means of cylindrical cavities. In order to analyze the behavior of the models described in section 2.1.4, the density and compactness are calculated for every models in a theoretical HMA permittivity range of [1-7], corresponding to air void content ranging between 100% to 0%. This application is performed for the basalt slab described in the column 1 of table 2.4 (air void content of 13%) and is presented in the Fig. 2.16(a). 
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A basic calculation proves that the compactness of UMR ν = 2 MA and UMR ν = 2 MB are strictly equal. Coherent potential approximation (UMR ν = 3 MA) for an aggregate matrix (blue dot line) exhibits a huge deviation of the calculated compactness for the HMA permittivity between 1 to 4. This deviation is explained by [Sihvola 1999] as the percolation point who pictures a huge change of the model behavior for a small variation of the permittivity. In the Fig. 2.16(a), the blue dot line below this percolation point is not represented. PL family shows a significant difference in the calculated compactness for a

given value of α. The CRIM model (PL α = 1/2) widely used by [Fauchard 2015] gives closest results with the Böttcher (UMR ν = 2 MA and MB) and Rayleigh (UMR ν = 0 MA).

The target air void content in civil engineering is usually comprised between 15% (such low compactness is usually used for porous asphalt) and 4%. The the HMA permittivity. For the studied slab with C = 87%, the difference of the calculated compactness can be expected to be larger than the slab with C = 95%.

Experimental models application to laboratory HMA slabs

In this section, the HMA permittivity is measured with a SFR system. The experimental system and the theoretical background of the HMA permittivity measurement have already been well described by [Fauchard 2015] and detailed in the section 2.1.2. In this work, the HMA permittivity ε HM A is assessed thanks to the two-way travel time ∆t of the EM wave into the slab and its thickness e according to the equation: ε HM A = ( c∆t 2e ) 2 . The SFR permittivity measurements on the slab surfaces were performed every 5 cm along ...* *... the x-axis, and every 1 cm along y-axis. In order to avoid the edge effects, a 40 cm*20 cm smaller surface is taken into account. Then, the compactness and the density of the slabs are calculated with the models PL α = 1/2 and UMR ν = [0; 2], MA and MB (with 2.51-2.52 and 2.54-2.57, respectively). UMR with 2D inclusions (disk shaped)

was also tested on the slabs, but systematic offsets were observed meaning that the disk shape inclusions are not adapted for this material. This case is not presented here. The compactness and the density obtained with a gamma bench is considered as the reference value [NF EN 12697-7 2003]. The result of the measurement is represented as a color map along x and y axis. The color scale represents the assessed compactness. The whole experiment was carried out on 4 slabs of various target air void contents (87%, 90%, 92% and 95%) both on top and bottom surfaces. In this paper, only the top surface 87% and 95% slabs results are presented in the Fig. 2.17 and 2.18. The challenge of the models is checked experimentally below.

Table 2.5: Compactness (C) and density (ρ) results on HMA slabs designed for an air void content of 13% and 5%. In red color, the reference gamma bench (γ) measurement.

Subsequent columns: PL model for α = 1/2 and UMR models for ν = 0 (Rayleigh) and ν = 2 (Böttcher), both for aggregate matrix (MA) and binder matrix (MB). First of all, a design flaw called rutting effect can be observed on the slabs especially for the 95% compactness slab. This is observable by a lower calculated compactness along the y-axis following two bands corresponding to the passage of the wheels during the compaction process. However this rutting effect is not observed on the gamma bench measurement, meaning that the slabs were implemented homogeneously. Hence, the explanation can only be attributed to the two-way travel time measured with the SFR that was already 2.3. Theoretical approach and application of EM mixing models to laboratory slabs 103 observed and explained by [Fauchard 2013b]. The table 2.3.2 summarizes the average compactness and the average density of each slabs according to the reference value (gamma bench) and the studied models. The compactness of the 87% designed slab is exactly as expected (87.2%). Withal, gamma bench measurement on the 95% designed slab exhibits a compactness of 92.6% due to a manufacturing constraint. The values obtained by gamma bench will be now considered as the true compactness. In the present results, for both slabs and every models, the calculated compactness is close to the reference value, except for the Rayleigh model (UMR ν = 0) with binder matrix. Indeed, the UMR ν = 0 MB overestimates the compactness from 3 to 6% depending on the selected slab and exhibits a systematic shift compared to the other models. However, the UMR ν = 0 MA calculation gives excellent results for both slabs -particularly for the 87% slab (from 0.003 to the reference value) -which suggests that aggregate matrix is the appropriate choice.

Slabs Gamma bench PL UMR UMR UMR UMR γ α = 1/2 ν = 0 MA ν = 0 MB ν = 2 MA ν = 2 MB C 87% 0.
The Böttcher model UMR ν = 2 MA and MB are strictly identical and as explained previously, a basic calculation of both models proves that 2.54-2.55 are equal to 2.56-2.57.

In that case, the matrix nature does not affect the calculation. UMR ν = 2 MA and MB point out excellent results as well, with a best-calculated compactness for the 95% slab (from 0.004 to the reference value).

As described earlier, the PL α = 1/2 model is a part of the group that exhibits excellent results. Consequently, CRIM model is very close to the gamma bench compactness (from 0.007 to 0.011). In that formalism, the PL does not distinguish the host matrix from guest inclusions. Previous works [Fauchard 2015] shown that PL α = 1/2 is a relevant model for HMA compactness assessment. As UMR ν=[0,2] MA are relatively similar to the reference value and the PL α = 1/2, it could suggest that aggregate as host matrix is a valid choice.

For the present lab experiment, the slabs were manufactured with basalt rock extracted from a single vein and controlled by means of cylindrical cavities. This leads to the assumption that the aggregate permittivity is constant into the whole slab, tacking into account the standard deviation of 2%. Following this consideration, the PL α = 1/2 and the UMR ν=[0,2] MA models might be considered as equivalent for the lab compactness/density assessment.

Chapter 2. Laboratory applications of electromagnetic methods

[Al-Qadi 2010] have shown for their on-site application that the Rayleigh model with binder matrix gave closest results from the reference value than the CRIM and Böttcher models. In another work, [START_REF] Leng | [END_REF]] concluded that the Böttcher model was the most accurate for their on-site case study. Finally, [Fauchard 2015] carried out on-site compactness assessment by using PL α = 1/2 in great accordance with standard nuclear and core testing. For all of these approaches, the aggregate permittivity was back-computed according to density calibration by core drilling. Due to the multiple parameters which could influence the accuracy of the HMA measured permittivity, the same conclusion can be drawn, i.e. the three aforementioned models can be usable for the in-situ compactness/density assessment.

Conclusion

The objective of this work has been first to characterize the dielectric properties of rocks used in pavement assessment in order to calculate the HMA compactness from electromagnetic mixing models. The dielectric investigation has shown that the studied rocks can be considered either as near perfect dielectric or low loss dielectric with a real permittivity ranges from 4 to 9. Application of [Olhoeft 1975], [Shutko 1982] and [Dobson 1985] fitting pointed out that the real permittivity is dependent upon the density and the chemical composition and the mineralogy of the rock. The chemical composition investigation has pointed out the influence of the minerals and the oxide type proportions on the real part of the permittivity. It has been shown with a good example of rocks having roughly the same chemical composition that the porosity has an important impact on the measured permittivity. Other interesting facts were observed revealing a potential interest of the EM properties on the thermal history of the metamorphic rocks. It could be of great interest to carry out the dielectric behavior on a wider frequency range so that the behavior of dry rocks at high frequencies could be better understood.

The comparison of the two electromagnetic mixing model families recently used for HMA assessment has been performed on laboratory slabs whose the permittivity of each Slabs were controlled by gamma bench measurement as standard for comparison with applied models. This investigation highlights that the PL α = 1/2 (CRIM), UMR ν=0 MA (Rayleigh) and UMR ν=2 MA (Böttcher) models gave excellent results in correlation with the reference compactness. Thereby, it was concluded that choosing aggregate as matrix for the UMR family is more appropriate than binder. In consideration of the uncertainties of radar measurement or permittivity measurement for both on site and lab experiments, the three models i.e. PL α = 1/2 (CRIM), UMR ν=0 MA (Rayleigh) and UMR ν=2 MA (Böttcher) can be considered as equivalent. These models deserve to be applied on different slab natures in order to study their deviation and further in-situ investigations should be undertaken for validation. 

Brief summary

This chapter is dedicated to the development of the EM mixing models to a 5-phase material and the application of our SFR system to an on-site investigation. The novelty of this work is that the new paved highway investigated here is composed of 38% in weight of recycled asphalt pavement. This additional phase makes the compactness assessment through EM method very challenging as its properties are unknown. In that matter, we have developed 

Context of the investigation

The models described previously in the chapter 2 dealt with known asphalt pavement composition without recycled materials. However, environmental requirements lead to an increasing use of recyclates in newly paved roads. The interesting point in this chapter is the presence of 38 % in weight of recycled aggregates on the new asphalt pavement composition. In the recent years, many efforts have been performed to improve the properties of HMA containing recycled materials. Many aspects have been studied such as the effect of recycled coarse aggregates on HMA properties [Qasrawi 2016]. [Mannan 2015] have performed long fatigue experiments on HMA containing recycled asphalt pavement. Tensile resilient modulus tests were performed by [Fatemi 2016] on recycled asphalt mixtures.

[ Modarres 2014] studied the effect of additives to improve the performance of emulsified recycled mixtures. A review was performed by [Moghaddam 2016] who highlighted that the age of the recycled bitumen is the main factor which affects the properties of HMA containing recycled materials. They proposed to use rejuvenating agents to restore the properties of recycled asphalt pavements.
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However, according to the literature, few papers deal with the compactness assessment through EM method for HMA containing recycled materials. This is the first and the main objective of this chapter to slightly contribute to this lack of information. As mentioned earlier, SFR enables to measure the permittivity of the studied HMA and EM mixing models are required to switch from the measured permittivity to the compactness/density. In this work, several models are applied to 5-phase material whose basics are mainly taken from [Sihvola 1999] and the adaption to civil engineering mixtures have been developed

by [Al-Qadi 2010], [Fauchard 2013b] and [Araujo 2016]. Usually applying these models requires a good knowledge of the dielectric properties of the studied material. As the properties of recycled aggregates are not known here, three methods have been developed and are proposed to assess the compactness and the thickness with the best possible accuracy.

Finally, a few critical parameters affecting the measurement are studied. The principle of the EM methods is based on the reflection of the waves at the interface between layers.

The perfect reflection of the waves may be disturbed if the roughness of the road is high [START_REF] Pinel | [END_REF]]. This backscattering phenomenon is amplified when the wavelength reaches the same order than the aggregate particle size (0/14 mm). This undesirable effect is studied herein. Another source of deviation may be the estimation of the properties of each component (density, permittivity and weight concentration) used in the electromagnetic mixing models. The influence of these parameters on the compactness calculation are detailed for this application.

On-site investigation description

Cerema has conducted in 2014 a compactness assessment benchmark on a newly paved highway (A35), located in Bas-Rhin (67) between north Strasbourg and south Colmar, France. More than thirty nuclear and electromagnetic capacitive apparatus, and our SFR system were tested and the results of all measurements will be published in 2017. The investigation area locates in the Sélestat deviation close to Haut-Koenigsbourg rest area in the direction of Strasbourg-Colmar. This is important to mention that the ...* 3.2. On-site investigation description 111 *... measurements were performed under dry and sunny conditions, meaning that the water content is negligible. Fig. 3.1(a) shows the highway investigated with two measurement areas called part 1 and part 2.

Twelve points accurately located (displayed in the Fig. 3.1(c)) were measured in part 1 with SFR system (static mode) and then cored for standard measurements. Gamma bench and hydrostatic weighting were performed on cores in laboratory. Compactness assessed for both techniques gave similar results, thus an average was performed for each static measurements (given in Tab. 3.1). Basically, the compactness is defined by the ratio between the HMA specific gravity and the HMA bulk gravity (this property will be well detailed forward). These compactness (denoted C ref erence in Tab. 3.1) will be used in this paper as reference measurements for comparison with the SFR results. The compactness value for point 9 was not provided by the manufacturer. Six profiles of 500 meters long were performed (dynamic mode) on the part 2 displayed in the Fig. 3.1(b). However, no destructive measurement was performed on this part. The HMA components informations provided by the manufacturer for both parts 1 and 2 are given in Tab. 3.2. The nature of the new aggregate is sand-lime with particle size ranging between 0-14 mm. Filler nature is limestone. The nature of the recycled asphalt pavement is unknown while particle size is ranged between 0-12 mm. Bitumen penetration grade is 50/70. The specifications of the manufacturer are (i) thickness HMA surface layer shall be 10 cm thick and (ii) the compactness must be ranged between 92 and 96 %. The properties of binder and filler are taken from a database: binder, ρ b = 1.040g/cm 3 and ε b = 2.52 ; filler, ρ f = 2.650g/cm 3 and ε f = 5.50. This database ( [Fauchard 2013b], [Araujo 2016]) has been built internally with multiple laboratory measurements over several selection of grade binder Chapter 3. New highway characterization containing recycled asphalt pavement and fillers. No correlation may be surely established between the material from the database and those of the manufacturer while some facts might simplified the use of the database.

First, concerning the binder, the measurements performed in laboratory have shown that the permittivity of binder with different grades is mostly constant (some differences may be observed when bio-binders are used which is not the case here). Second, the fillers in road-building are originated from two sources. The first source is the presence of very small particles of main aggregates which are not taking into account in this proportion but into the general proportion of aggregate. Then, the second source comes from external fillers which are basically limestone nature. Limestone are mainly made of calcium carbonate (more than 98%). The main parameter which influences the real part of the permittivity of limestone specimens is the rock porosity (air volume concentration). However, under the form of fillers, speaking of porosity is pointless which means that the permittivity is mainly governed by the calcium carbonate component. 

Step Frequency Radar (SFR) embedded in vehicle

As for laboratory investigations, the SFR system is composed of a portable network analyzer (PNA, Agilent E8362B) coupling to a mono-static ultra wide-band antenna of bandpass [1. [4][5][6] GHz] with a central frequency at 3.14 GHz. A complete description of our SFR system has been described by [Fauchard 2015]. Unlike the GPR system where the pulses
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are generated in the time domain, the SFR system allows to work directly in the frequency domain which leads to the emission of monochromatic waves of same amplitudes. In this study, the frequency band is defined by the bandpass of the antenna (1.4-6 GHz) and 801 frequencies were applied linearly distributed along the frequency band. First, one advantage of the SFR is the duration of the pulse which is shorter than the GPR offering a better measurement resolution. Second, the SFR system shows a relative signal stability lower than 0.5% on the wave amplitude reflected on a flat metal plate ensuring an uncertainty lower than 0.5% on the assessed compactness ( [Fauchard 2015]). However, the basic results obtained with SFR technique are strictly similar to GPR results.

Unlike laboratory investigations, where the antenna is fixed on a semi-automatic bench, the SFR system is embedded into a vehicle. A picture of the system in given in the Fig. 3.2.

The portable network analyzer is located into the vehicle and the antenna is kept parallel to the ground thanks to an in-house set-up. Secondly, in dynamic mode, the radar system moves forward to record radar signals along the profile at given pace. The result is called a B-scan (an example is given in Fig.

3.3(b)

) and represents in x-axis, the distance profile, in y-axis, the two-way travel time, and in grey scale, the reflected amplitude inside the HMA base course ( [Davis 1989]).

In this chapter, the compactness and thickness investigations are performed only for the first layer of the base course for both static and dynamic modes. For reminder, at the surface, the total reflection (metal) and HMA signals appear simultaneously in time with different amplitudes. Most of the following equations were already given is the chapter 2, however the notation is quite different as we separate the surface and volume permittivity in order to then calculate and compare the thickness of the surface layer. As a reminder and to clarify the notation used in this chapter, the equations are rewritten. The ratio between the amplitude of the complex S11 parameter at the surface allows the calculation of the reflection coefficient following Eq. (3.1).

R * 1 = - A * mat A * met (3.1)
Where A * mat and A * met are the S11 complex values at the maximum amplitude of the HMA surface reflection and in total reflection (metal), respectively.

From this complex reflection coefficient, the HMA complex permittivity (herein, the dielectric constant or the relative permittivity is called the permittivity) may be calculated from Eq. (3.2) and named here as "surface" ε * sHM A .

ε * sHM A = ε sHM A -iε sHM A = 1 -R * 1 1 + R * 1 2 (3.2) N.B.
It is not common in the literature to find the complex formalism of the reflection coefficient and the dielectric permittivity for radar investigation for one main reason. As already mentioned, the SFR system works with multiple-sinusoidal signals emitted and controlled in amplitude and phase. However, the GPR system works only with the real part of the signal. As most of the radar operators use the GPR system which is less expensive pavement than the SFR system, this formalism has not truly been studied. While mathematical transform developed by ([Hilbert 1953]) allows transforming the signal from real to complex form even if it is mainly for mathematical purposes. As a matter of fact, we propose in this work to use the complex formalism which have shown to be promising even knowing it will deserve to be deepen.

As noticed, this "surface" permittivity is obtained from the reflection at the surface of the HMA. It is known [START_REF] Gallene | [END_REF]] that a gradient of compactness might exists along the HMA top layer depth inducing a different "volume" permittivity ε vHM A . This "volume" permittivity might be calculated by knowing the thickness e (m) of the top layer and the two way travel time ∆t (s) of EM waves through it. ∆t can be directly obtained from Fig.

3.3(a) by measuring the difference in time between the maximum peak of both the surface reflection and the bottom layer reflection. Eq. ( 3.3) gives the real part of the average permittivity through the top layer.

ε vHM A = c∆t 2e 2 (3.3)
Where c is the speed of light in vacuum (3.10 8 m/s).

Besides, assuming that "surface"and "volume"permittivities are equal (ε sHM A = ε vHM A = ε HM A ), meaning that the compactness gradient is very small or negligible, the Eq. (3.4)

gives the thickness of the top layer.

e = c∆t 2 ε HM A (3.4)
From the complex permittivity of the material, the loss tangent may be figured out with Eq. (3.5):

tanδ = ε HM A ε HM A (3.5)
Which classifies a material as perfect dielectric (tanδ < 0.01), low-loss dielectric (0.01 < tanδ < 0.1) or lossy dielectric (tanδ > 0.1).

The real part of the complex permittivity ε HM A is related to the storage energy. The imaginary part defined by the well-known formula ε ef f = ε r + σ /(ωε 0 ), is related to dissipation energy associated to both relaxation process (ε r ) and conduction phenomena (σ , in S/m). ε 0 is the dielectric permittivity of vacuum (ε 0 = 8.85.10 -12 F/m). ω = 2 * π * f is the angular frequency (rad/s). However, the influence of water was assumed to be negligible, meaning that there is no dipolar moment in the HMA susceptible to induce dissipation energy by relaxation process in our frequency range. The imaginary part of the complex permittivity is then directly related to the dissipation energy induced by hopping conduction phenomena following ε HM A = σ /(ωε 0 ) = 1/(ρ Ω ωε 0 ), where ρ Ω is the resistivity (in Ω.m) of the HMA equal to 1/σ and σ the real part of the complex conductivity.

Perfect and low-loss dielectrics are convenient for radar investigations as they slightly dissipate energy while the waves travel through the material. Eq. (3.6) and (3.7) obtained from the basic Maxwell equations ( [START_REF] Orfanidis | [END_REF]]) define the penetration depth (also called skin depth) d (m) for low-loss and lossy material respectively.

d = ρ ε HM A 60π (3.6) d = 1 ω ε 0 ε HM A µ 0 2 √ 1 + tan 2 δ -1 (3.7)
where ω = 2πf is the angular frequency and f = 3.14 GHz the central frequency of measurement, µ 0 is the magnetic permeability of vacuum (µ 0 = 4π.10 -7 H/m).

The complex permittivity, loss tangent and the penetration depth were calculated fro this investigation according to Eq. (3.2-3.7) and summarized in Tab. 3.3 (section 3.5). pavement

In order to follow the recent outcoming standard of GPR measurements, the recent procedure described by [Benedetto 2017a] have been tested with our SFR to ensure a good signal quality and stability over long-time experiment. First, the ASTM standard [ASTM D6087-08 2008] recommend that the position of the antenna should be at its far distance approximately equal to the maximum dimension of antenna aperture above a square metal (1m*1m in our case) plate with a width antenna aperture minimum. The aperture of our antenna is equal to 14.6 cm and the antenna was placed 18 cm above the metal plate as recommended. The apparatus had to be turned on and warmed up for 20 minutes before starting the measurement (100 scans). Then the signal-to-Noise ratio (SNR)

is calculated according to the Eq. 3.8:

SN R = Signal Level(A S ) N oise Level(A N ) (3.8)
Where the noise voltage (A N ) is defined as the maximum amplitude occurring between the metal plate reflection and the region up to the 50% of the time window after the metal plate reflection, and the signal level(A S ) is defined as the amplitude of the echo from the metal plate. The ASTM standard recommends to perform the SNR test on each of the above 100 waveforms and to take the average signal-to-noise value of the 100 waveforms as reference signal-to-noise of the system. The Standard recommends the signal-to-noise ratio test results for the GPR unit to be greater than or equal to 20 (i.e., +26dB = 20.log 10 (20) ,

where the dB factors are computed for the power of the signals which are given in voltages into 1 Ω standard resistances). Our results show that our SFR system is in respect to the standard with a SNR value of 23.25 above the 20 value require.

Extension of the EM mixing models to 5 phases (recycled asphalt pavement)

For this investigation, the HMA is composed of 5 phases: binder, filler, aggregate, recyclate and air. Basic sketch of a HMA is depicted Fig. 3.4(a) which displays the useful properties 3.4. Extension of the EM mixing models to 5 phases (recycled asphalt pavement) 119

of each component for compactness (Eq. 3.9) assessment: for reminder the density ρ, weight content T , volume V and real part of the permittivity ε . The indexes b, f, a, rec and air are attributed respectively to binder, filler, aggregate, recyclate and air. All weight contents are provided by the road manufacturer for on-site control as well as aggregate and HMA specific densities. Those of recyclate, filler, binder and the air void content are unknown.

C = 1 -C air = ρ HM AS ρ HM AM (3.9)
Where ρ HM AM is the theoritical density of the HMA for an air volume concentration equal to 0 % (namely maximum specific gravity). Every HMA component contents are defined according to the total dry mass m s =

m a + m rec + m b + m f = m ar + m b + m f . The weight content is T i = m i ms .
The volume fraction of the i th component is defined as below for Power Law (PL) model family:

C i = C a T i =a ρ a ρ i =a (3.10)
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C a = C Z (3.11)
Where:

Z = 1 + ρ a T b ρ b T a + ρ a T f ρ f T a + ρ a T rec ρ rec T a = 1 + C rb + C rf + C rrec (3.12)
Where C ri [i = b, f, a, rec, air] is the relative concentration.

However, this formalism can not be longer applied for Unified Mixing Rules (UMR)

family. The volume concentrations must be calculated according to the matrix properties and not only aggregate. Thus, the following formalisms are obtained:

For binder matrix:

C i = C b T i =b ρ b ρ i =b (3.13)
And:

C b = C Z (3.14)
Where:

Z = 1 + ρ b T a ρ a T b + ρ b T f ρ f T b + ρ b T rec ρ rec T b = 1 + C ra + C rf + C rrec (3.15)
For aggregate matrix:

In this case, recyclate has to be considered as matrix as well to lean on the assumption that they remain the main component. Meaning that aggregate + recyclate (ar) must be written as a single phase. Then, 3.4. Extension of the EM mixing models to 5 phases (recycled asphalt pavement) 121

C i = C ar T i =ar ρ ar ρ i =ar (3.16)
And:

C ar = C Z (3.17)
Where:

Z = 1 + T b /ρ b T a /ρ a + T rec /ρ rec + T f /ρ f T a /ρ a + T rec /ρ rec = 1 + C rb + C rf (3.18)
For UMR models family, aggregate and recyclate (2-phase material) must be considered together as a single phase in order to allow the assumption of the greater proportion component relevant. For this new phase ar = a + rec, weight contents and volume concentrations have to be brought back to 1, then T nrec = Trec Trec+Ta and T na = Ta Trec+Ta . Indexes nrec and na refer respectively to the new proportion of recyclate and aggregate in the 2-phase material.

Thus V nT = V nrec + V na , so, C nrec + C na = 1
After converting weight content into volume concentration:

C nrec = Tnrec Tna ρa ρrec 1 + Tnrec Tna ρa ρrec (3.19)
Both dielectric approaches have already been developed and explained by [Araujo 2016] for 4-phase material. These models have now been developed as 5-phase material containing recycled components as follow.

Power Law 5-phase model

General formula of the Power Law family (Eq. 3.20) already presented in the section 2.1.4.2: 122 Chapter 3. New highway characterization containing recycled asphalt pavement , a, rec, air].

ε α HM A = i C i ε α i (3.20) With i = [b, f
For Power Law family, the specific equation after combining the Eq. (3.9-3.20) and

(3.10-3.12) is defined according to the following formula:

C = ε α HM A -1 1 Z ε α a + C rf Z ε α f + C rb Z ε α b + Crrec Z ε α rec -1 (3.21)
Where the parameter α may have several values according to different authors: CRIM model (Complex Refractive Index Model) or Birchak formula is defined when α = 1/2 [Birchak 1974], α = 1/3 for Looyenga formula [Looyenga 1965], α = 1 and α = -1 are given by [Sihvola 1999] and when α → 0, [Lichtenecker 1931] approximation is obtained.

With C ri is the relative volume concentration of the i th component and Z is a specific parameter involving weight contents and densities already described above.

Unified mixing rule formula 5-phase model

General formula of the Unified Mixing Rules family (Eq. 3.22) already presented in the section 2.1.4.2:

ε HM A -ε m ε HM A + d m = i C i ε i -ε m ε i + d m (3.22)
Where ε m is the permittivity of the host matrix m and

d m = 2ε m + ν(ε HM A -ε m ).
UMR allows writing the effective permittivity by considering a host matrix with guest inclusions [Sihvola 1999, Sihvola 1988] and after solving Eq. (3.22) with Eq. (3.13-3.15) by assuming that the matrix is the binder, HMA compactness is defined by: 3.4. Extension of the EM mixing models to 5 phases (recycled asphalt pavement) 123

C = ε HM A -ε b ε HM A +d b -1-ε b 1+d b Cra Z εa-ε b εa+d b + Crrec Z εrec-ε b εrec+d b + C rf Z ε f -ε b ε f +d b -1-ε b 1+d b (3.23) Where d b = 2ε b + ν(ε HM A -ε b ).
After combining Eq. (3.22) and Eq. (3.16-3.18) by assuming that the matrix is aggregate, HMA compactness is defined by:

C = ε HM A -εar ε HM A +dar -1-εar 1+dar C rb Z ε b -εar ε b +dar + C rf Z ε f -εar ε f +dar -1-εar 1+dar (3.24) Where d ar = 2ε ar + ν(ε HM A -ε ar ).
This formula is given for 3D inclusions (spherical shape). The dimensionless parameter ν has several values : According to [Sihvola 1999] ν = 0 gives the Maxwell-Garnett rule also named Rayleigh model, ν = 2 described the Polder-Van Santen [Polder 1946] formula or Böttcher formula [Böttcher 1974] and ν = 3 gives the Coherent potential approximation [START_REF] Sen | [END_REF]].

ε ar represents the dielectric constant of both aggregate and recyclate components.

Meaning that the dielectric constant has to be calculated according to the appropriate model for 2-phase material (aggregate+ recyclate). ε ar shall be representative of the new phase. Therefore, the dielectric constant ε ar is calculated regarding to the model in use.

Meaning for the application of the Rayleigh model, the permittivity of the 2-phase material will be figured out according to the same model.

For an overall view of the UMR model family, and assuming that aggregate is the matrix, the following equation is written:

ε ar -ε a ε ar + 2ε a + νε ar -νε a = C nrec ε rec -C nrec ε a ε rec + 2ε a + νε ar -νε a (3.25) pavement
After developing Eq. (3.25) and isolating ε ar :

ε 2 ar (ν) + ε ar (ε rec + 2ε a -2νε a -C nrec ε rec -νC nrec ε rec + C nrec ε a + νC nrec ε a ) + 2C nrec ε 2 a ... ... -ε a ε rec -2ε 2 a + νε 2 a -2C nrec ε rec ε g + νC nrec ε a ε rec -νC nrec ε 2 a = 0 (3.26)
For Rayleigh model (ν = 0), the solution of the equation is simply:

ε ar = ε a ε rec -2C nrec ε 2 a + 2ε 2 a + 2C nrec ε rec ε a ε rec + 2ε a -C nrec ε rec + C nrec ε a (3.27)
For Böttcher model and coherent potential formula, (ν = 2 and ν = 3 respectively), the solution of the quadratic equation is:

ε ar = -b + √ ∆ 2a
(3.28)

Where,

∆ = b 2 -4ac (3.29) With, a = ν (3.30) b = ε rec + 2ε a -2νε a -C nrec ε rec -νC nrec ε rec + C nrec ε a + νC nrec ε a (3.31) c = 2C nrec ε 2 a -ε a ε rec -2ε 2 a + νε 2 a -2C nrec ε rec ε g + νC nrec ε a ε rec -νC nrec ε 2 a (3.32)
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The compactness calculation were performed for every α for PL family and every ν values and for both binder and aggregate matrix for UMR family. However, in order to clarify the figures only the 3 models already selected as the best models to assess the compactness (CRIM, Rayleigh and Böttcher) by [Araujo 2016] are presented here. Concerning Rayleigh and Böttcher models, the matrix was assumed to be aggregate+recyclate.

3.5 SFR measurements and discussion: static and dynamic modes

Preliminary results

Complex permittivity, loss tangent and penetration depth were calculated at a central frequency of 3.14 GHz for static modes and summarize in Tab. 3.3. For most of the static measurements, the HMA may be considered as low-loss dielectric as its loss tangent does not exceed 0.1. However, only point 2 exhibits a tanδ slightly higher than 0.1, the low-loss dielectric limit. Owing to the value of point 2 and some of the points which are rather close to the limit, the calculation of the penetration depth was performed for both lossy and low-loss material. In Tab. 3.3, penetration depth values are given only for worst case i.e. lossy material. However, the difference between Eq. (3.6) and (3.7) is

Chapter 3. New highway characterization containing recycled asphalt pavement of the order of 0.1 cm which is negligible given the thickness of the base course top layer (about 10 cm) and the aggregate size (0/14 mm).

Besides, the advantage of SFR compared to GPR is that each wave frequency can be processed independently from each other. Which means that even knowing that the calculated penetration depth is lower than twice surface layer thickness (goings and comings), the signal will still be valuable thanks to lower frequency waves. It will be simply a matter of compromise between depth investigation and signal resolution.

In the following sections, different methods are developed from a simple analysis of the SFR measurements to a deeper analysis which leads to better compactness assessment accuracy. Every methods described below are based on the same SFR measurements and same permittivity values described above.

Concerning static measurements, compactness results of point 5, 8 and 9 will not be presented in the figures for the following reasons. Destructive reference measurement was not performed on point 9 by the manufacturer for unknown reason. As the SFR compactness can not be challenged, the result is not shown here. Reference measurement of point 5 is given at 7% of air void content, applying EM models to the measured permittivity by SFR highlights an air void content of 1%, which gives raise to a difference of 6% on the compactness. Concerning point 8, the reference is 6% of air void content and the SFR gives 12% which leads to a difference of 6% in the estimation of the compactness. The reason for this dispersion is not truly known while some artefacts could occur during the measurement or the calibration process. Nevertheless, a correlation can be made with the roughness measurement at these points which shows the highest values. As the roughness values are high, the signal processing based on reflection phenomena at perfectly plane interfaces is probably misadapted at the considered central frequency (3,14 GHz) and the backscattered energy should be taken into account. As a consequence, this phenomenon will decrease the surface amplitude and thus will under-estimate the compactness.
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Lab characterization of components might not be convenient for private users or for users who want quick results of their investigations. The first method developed leads to a rapid analysis of the results according to the manufacturer specifications.

Based on the data already existing in the literature, an estimation of the unknown properties of binder and filler may be possible. Indeed, their properties do not change a lot especially for binder and they have a small influence on the calculated compactness due to their low contents (see [Fauchard 2015] for a study of filler and binder contents on the assessed compactness). The first method (Fig. As a matter of validation, compactness results are compared to reference measurements detailed in section 3.2. Except point 1, every calculated compactness are in the range mandated by the specifications between 92 and 96 %. Fig. 3.6 highlights a certain dispersion on the implemented compactness. Difference up to 4 % is obtained for extremum points.

However, compared to the reference measurements, estimation of the compactness underestimates the average compactness about 2 %. If the HMA was implemented according to the manufacturer specifications, this method could have been relevant. Nevertheless, it is not the case for this application, average of the reference compactness gives 96.2 % (instead of 94 % for radar investigations). Consequently, based on the manufacturer specifications, the estimation of the compactness is not correct. The only contribution of this method, for an ill implementation of the HMA, is to preview the general trend of the compactness.

Moreover, it is seen that the trend of the calculated compactness follows the trend of the reference compactness.

Besides the compactness values themselves, CRIM, Rayleigh and Böttcher models as expected exhibit a small difference from each other. The reliability of these models for 3-phase material have already been shown by [Al-Qadi 2010] and [START_REF] Leng | [END_REF]] for Böttcher model, for 4-phase material by [Fauchard 2015] for CRIM model and for 4-phase material by [Araujo 2016] for the three investigated models. Details of the calculated compactness and their differences with reference measurements are given in Tab. 3.4.

Compactness assessment in static mode: method 2

The application of EM mixing models for compactness assessment requires a good knowledge of the component properties in order to increase the accuracy of the calculations. The previous method has shown that leaning on the calculations on the manufacturer specifications is not enough. One way to potentially increase the accuracy is to measure the permittivity of the aggregate provided by the manufacturer. Another potential information is to figure out the density and the permittivity of the recyclate. In the next part, the calculation of the recyclate density will be performed as well as the measurement of the aggregate permittivity. HMA maximum specific gravity and aggregate density are provided by the road manufacturer. Binder and filler densities taken from the database were measured according to the N F -EN 15326 + A1 and N F -EN 18545 standards respectively .

Without air and assuming that the components are not miscible with each other, the total volume of HMA follows

V T = V rec + V a + V b + V f
. By knowing every densities, the density of the unknown recycled component may be figured out.

m T ρ T = m rec ρ rec + m a ρ a + m b ρ b + m f ρ f (3.33)
Isolating ρ rec from Eq. (3.33):
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ρ rec = T rec 1 ρ T -Ta ρa -T b ρ b - T f ρ f (3.34)
After calculation, the density of the recycled material was found to be ρ rec = 2.475 g/cm 3 .

Permittivity measurements of aggregate are performed through two cylindrical cavities (φ = 400mm and φ = 200mm) coupled to a PNA described previously. This system allows the complex permittivity measurement of cylindrical specimens of 4-5 cm diameter and 2.52 cm-height at six frequencies (0.57 GHz, 1.32 GHz, 2.06 GHz and 1.15 GHz, 2.63

GHz and 4.13 GHz, respectively) [Li 1981]. Aggregate samples were provided by the road manufacturer. In the form of gravel, the experiments were performed for 3 different degrees of compaction shown in Fig. 3.7. As the density of the aggregate (ρ = 2.690g/cm 3 ) was provided beforehand, an extrapolation of the permittivity was performed using the Shutko's law. This law established by [Shutko 1982], ε = (a 1 +a 2 ρ) 2 (where a 1 and a 2 are two fitting parameters), and applied for 24 different rocks by [Araujo 2016], has proved to be relevant for this application. As now more that 60% are well known and according to the assumption performed, EM mixing models are applied with the same SFR measurements as the method 1. Results are displayed in Fig. 3.9.

The new calculation performed for the method 2 shows that the knowledge of the component properties has a critical impact on the compactness assessment accuracy. In average, the assessed compactness was about 2 % below the reference values for method 1.

Method 2 exhibits a difference from the reference values about 0.6 % in average. Higher deviation is observed for point 6 which is 1.6 % below the reference. Smaller deviation Chapter 3. New highway characterization containing recycled asphalt pavement which is practically equal to the reference is obtained for both points 2 and 7 (about 0.03 %). Consequently, knowing the density and the permittivity of the components increase drastically the accuracy of the compactness calculation with these electromagnetic mixing models. Once again, the difference between the models used in this paper are smaller than 0.2 %. 

Compactness assessment in static mode: method 3

From now, the two previous methods allowed to calculate the compactness without destructive or nuclear techniques. Only lab experiments were performed on raw materials of the HMA to fill the blanks in the electromagnetic mixing models (permittivity and density). For method 3, in addition to the lab experiments, the reference measurements (gamma bench and hydrostatic weighting) are included into the analysis. The only parameter which ...* .. is unknown in these models is the permittivity of the recycled component ε rec which was assumed to be equal to the permittivity of aggregate (ε = 4.69) in method 2. Now, a minimization of ε rec is performed by looking for the ε rec value which will bring the calculated compactness close to those of reference (given in Tab. 3.1). This procedure is a calibration of the SFR results according to the reference measurements. The mathematical treatment is performed on the whole compactness simultaneously. This gives ε rec = 4.71 ± 0.03 which is very close from the original assumption. Air void content is then calculated with the new value of ε rec and shown in the Fig. 3.11. The method 3 is summarized in the Fig. 3.10.

As a matter of fact, the minimization was not useful to improve the accuracy of the results. From 0.60 % (method 2) to 0.63 % (method 3) of difference compared to the reference results. Meaning that, for this specific on-site application, the SFR system assessed the compactness with an excellent accuracy (less than 1 % error) and thus destructive or nuclear would not be necessary for calibration.

Discussion on the three methods developed

In order to conclude on the three methods developed in this paper, the difference between the compactness assessed with SFR and reference measurements are summarized in Tab.

3.4.

The accuracy required for the validation of the SFR is ±1 % from the reference compactness. As explained earlier, the method 1 leans on the fact that the implemented HMA fits with the recommendations of the manufacturer. However, it was not the case for this study, the compactness ranges from 94-97 % instead of 92-96 % which leads to a bad assessment of the air void content. Method 2 and 3 gave excellent compactness estimation with most of the measurement below the required 1 % accuracy. However, one is based on laboratory experiments through cylindrical cavities and the other, needs both lab experiments and core drilling. As both methods gave very close results, the method 2 is proposed here to be the optimal analysis process to assess the compactness. Indeed, using method 2, the necessity to core the road is avoided which is the main advantage and the 3.5. SFR measurements and discussion: static and dynamic modes 135 first purpose of the SFR. It is important to notice that points 5 and 8 were far from the reference measurements and from the manufacturer specifications probably due to the high roughness of the road at these points inducing backscattered energy not taken into account in the basic reflection/refraction laws. 

Static |C ref -< C SF R > |(% ± 0.5%) measurement Method 1 Method 2 Method 3 1 3.2 1.0 1.2 2 2.2 0.1 0.

Thickness determination in static mode

Compactness assessed with the help of "reference measurements" described in section 3.2 are representative of the "volume" compactness of the HMA. Unlike the "surface" permittivity that is measured with the SFR which is a surface measurement. If the HMA is not correctly implemented, it may have a consequent gradient of compactness through the layer. This gradient may be overcome with SFR using the "volume" permittivity which is calculated using the ∆t corresponding to the time needed by the waves to go through twice the thickness top layer (Eq. (3.3)). However, this method requires the knowledge of the thickness layer with high accuracy. Core drilling were performed for each point and the thickness pavement was determined geometrically. The accuracy of the geometrical measurements are not good enough to calculate an accurate "volume" permittivity. Indeed the simple error of 5 mm due to aggregate diameter induces an error about 10% on the compactness assessment.

Nevertheless, knowing the "volume" compactness (obtained from reference measurement here), CRIM model can be applied to calculate the "volume" permittivity and then the thickness can be assessed with Eq. (3.4).

The thicknesses calculated from "surface" ε sHM A and "volume" ε vHM A are displayed in Fig. 3.12 and compared to those geometrically assessed.

Figure 3.12: Comparison of the thicknesses obtained from "surface" permittivity, "volume" permittivity and geometrically measured.

As the compactness assessed with SFR from "surface" ε sHM A were very close to those assessed from core drilling, ε vHM A , the expectations were that the thicknesses calculated from both permittivities will give similar results which is the case here. These results highlight the fact that the compactness was implemented homogeneously through the top layer depth meaning that the gradient of compactness should be negligible. The thickness accuracy from cores strongly depends on the aggregate particle size. Thus the thickness assessment from SFR gives an equivalent accuracy.
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Thickness and compactness assessment in dynamic mode

Unlike destructive methods, the SFR is able to perform measurements in dynamic at 7 km/h speed with the help of radar embedded in a car (similar to GPR). Dynamic measurements were performed upstream section of the static measurements. Unfortunately no reference measurement is available for this part of the highway as no core drilling was performed. In order that the SFR compactness and thickness assessment displayed in Fig. 3.13(b) and 3.13(c) will not be challenged. The discussion will focus on the results tendencies and the manufacturer specifications.

Profile 1 B-scan is displayed in Fig. 3.13(a) where the measurement started from 0 m and ended up to 500 m. Only profile 1 is presented here as the calculation will be developed exclusively for this profile while the calculations were performed on the 6 measured profiles which show similar results. Red lines in Fig. 3.13(a) represent areas where the measurements were disturbed. 60 m and 200 m perturbations are due to surface defects of the road which induced an instability of the antenna and thus a bad quality signal. Biggest one from 300 m to 425 m with very high signal perturbations comes from an external civil engineering structure (bridge). B-scan reveals the presence of 3 layers among the base course depth with an heterogeneous repartition of the layer thicknesses.

The perturbations observed on the B-scan (Fig. 3.13(a)) are also observable on the calculated properties. Especially for the compactness, 200 m and 300-400 m perturbations induced a huge increase and decrease of the compactness respectively. The thickness is strongly affected around 350-400 m by the perturbations. As for the static measurements, the compactness varies mostly from 94 to 97 % instead of 92-96 % mandated by the manufacturer. The three studied models give very close results less than 0.3 % difference. As the uncertainties of measurement are in the same range of the difference between the models, it makes them equivalent. The surface layer thickness was designed to be 10 cm. The thickness measured on static measurements for both SFR and core drilling show that the thickness implemented was in the range 10-11 cm. Dynamic measurements highlight that the surface layer is mostly 11cm depth with fluctuation between 10 to 12 cm. It might be noted that the signal appears very noisy along the whole distance surely due to the vibrations of the vehicle. These vibrations give raise to three undesirable movement of the antenna. The optimal position of the antenna is perfectly perpendicular to the road.

First, a translational movement appears which affects the high of the antenna compared to the road. However, this translational movement is easily corrected by calculating the travel time of the waves between the output of the antenna and the road surface thanks to Eq.

3.3 (in that case the medium is the air ε air = 1). The corresponding amplitude is corrected according to data calibration recorded on a flat metal plate on laboratory. Second, two angular movements of the antenna arise which affect the incident and reflected angles of the waves. These movements are not yet taken into account while it may be very important to be able to correct this undesirable effect. Nevertheless, to counter partially this effect, a 5 m running average is performed which slightly reduces the noise.

Additionally to the noise due to the vibrations of the vehicle, the dispersion observable over the distance may be partially caused by the heterogeneous spatial repartition of the recycled asphalt pavement component and the main aggregates. As a matter of fact, even aggregates themselves may present a heterogeneous chemical composition distribution inducing a fluctuation on the real part of the permittivity. This may be also effective for the recycled asphalt pavement component. These heterogeneities will result in an over or under estimation of the compactness as the real part of the permittivity of the new and recycled aggregates are assumed constant for the whole pavement in the EM mixing models.

Deviation and critical parameters

According to the table 3.4 and the Fig. 3.9, most of the static points measured are under the 1 % difference from the standard measurements. In average, the compactness is about 0.60 % from the reference. Both reference and SFR measurements highlight a heterogeneous implementation of the HMA inducing a dispersion in the compactness with 4 % difference for the extremums. Besides, the specifications were that the compactness should be implemented from 92 to 96 %. The Fig. 3.9 shows that the compactness ranges mainly from 94 to 98 %.

The points 5, 8 and 9 are not presented in this figure for the following reasons. In order to validate the results obtained with the SFR, the compactness needs to be challenged with standard measurements. The manufacturer did not provide the result of the gamma pavement bench and hydrostatic weighting for the point 9 for unknown reason. The SFR results for the points 5 and 8 gave a high difference of the compactness value (6 %) compared to the references. The reason for this dispersion is not truly known while some explanations will be given further.

The Fig. 3.14 shows the wavelength λ according to the emitted frequency wave. The wavelength is calculated according to λ = c/( √ ε HM A f ), where f (Hz) is the frequency applied and ε HM A is the measured permittivity of the HMA. To draw the Fig. 3.14, the permittivity was averaged over the twelve points measured. The Fig. 3.15 illustrates the backscattering phenomenon when emitting waves over a smooth surface and over a rough surface.

Figure 3.14: Representation of the wavelength (λ) according to the emitted frequency waves. Green curve correspond to λ, blue curve to λ/2 and purple curve to λ/4. The hatched area represents the limit when the wavelength becomes greater than the size of the aggregate particles (14 mm). The crossover between the hatched area and the curves may be theoretically an interaction waves/matter and a potential source of backscattering. The aggregate particles size is 0/14 mm. Under this size, a potential interaction between the wave and the material may occurred This limit is represented in the Fig. 3.14 by the hatched area. The crossover between the hatched area and the curves indicate that the interaction may occurred above 2.6 GHz if there is interaction in λ/4 and above 5.3 GHz for λ/2. Above these frequencies, the reflection of the waves at the HMA surface is not "perfect" inducing a loss in the received signal due to the backscattering energy. In a first approach, this effect may be observed by looking at the attenuation of the signal which is calculated by the ratio of the absolute value of the S11 parameter obtained on the surface material and in total reflection (metal plate) |S * 11 mat|/|S * 11 met|. The attenuation as a function of the frequency is displayed in the Fig. 3.16 for the twelves points measured in static mode. pavement The ratio of the S11 parameters exhibits a decrease up to 2 GHz due to the calibration losses at low frequencies. In this frequency range, the metal plate used for the calibration process is to small and induced losses in the signal. A second area is observed from 2 GHz to 4.5 GHz which is called here the zone of validation. In this range, the ratio is stable which means that there is no perturbation The central frequency of measurement (3.14 GHz) is located in this range. The attenuation exhibits a frequency dispersion after 4.5 GHz. Above this frequency the energy reflected to the antenna decreases because of the backscattered energy which is lost above the HMA surface due to the roughness of the pavement [START_REF] Sun | Road surface layers geometric parameters estimation by ground penetrating radar using estimation of signal parameters via rotational invariance techniques method[END_REF]]. The Fig. 3.17 shows the average texture depth (roughness) for every points. The points 1, 5, 8 and 9 exhibit the highest values of average texture depth. The ratio of the S11 parameter drastically decreases at high frequencies for the points 4, 5, 7 and 8 which is correlated with the high roughness of the points 5 and 8. The compactness value obtained through SFR for the point 1 is slightly different than the standards which may be explained by the highest roughness value. However, the compactness assessment of the points 4 and 7 was close to the reference measurements despite the decrease of the S11 parameter ratio.

Another source of deviation may be a heterogeneity in the properties of the different components. It is known that the aggregate extracted from a quarry can exhibit a certain heterogeneity in both the chemical composition and the microstructure and thus in the real part of the permittivity. The density may be also slightly affected by these changes. Finally, the composition of the road is not constant through the whole implementation. The effect of a change in the density, permittivity and weight concentration of each component on the calculated compactness were studied. An uncertainty of 2 % on the permittivity and 1 % on the density and on the weight concentration were taken into account to draw the Fig.

3.18.

The blue circles in the Fig. 3.18 are the references to evaluate the influence of each parameters. The references were calculated according to the properties described in the method 2 which helped to draw the Fig. 3.9. First, the SFR system uncertainty itself has an impact of only 0.5 % on the calculated compactness [Fauchard 2015]. Second, the weight concentration and the density of each component (binder, filler, recyclate and aggregate) have a low impact on the compactness calculation (less than 0.1 %). The permittivity of the binder and the filler exhibit also a small influence lower than 0.3 % pavement on the compactness assessment. Finally, The two paramaters with the highest influence on the compactness are the permittivities of the main components, i.e. aggregate and recycled material which represent 94.5 % in weight of the whole HMA. The aggregate and recyclate permittivities influence about 1.9 % and 1.4 % the compactness respectively. This influence is rather important as the limit for the deviation of the SFR has to be ± 1 % on the compactness. However, [Li 1981] ensures an uncertainty on the real part of the permittivity of ± 1 % through cylindrical cavities measurements. A recent study [Araujo 2016] shows that the cylindrical cavities measurements are repeatable and that the dispersion of the permittivities of 24 rocks at high frequency is not that important. These facts may suppose that the dispersion of the permittivity measurement of aggregate does not have such a high influence on the calculated compactness.
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Conclusion

The objective of this work has been to validate the use of SFR for the compactness assessment of newly paved road containing recycled asphalt pavement. Several aspects were treated in this chapter.

The comparison of several models used to switch from the measured permittivity to the compactness have shown that the CRIM, Rayleigh and Böttcher models remain relevant for 5-phase material containing recycled components. The calculation of the penetration depth and the loss tangent were performed in order to make sure that the signal obtained by SFR was valuable through the low-loss material (HMA top base course layer).

Three methods were developed using the same SFR measurements. The purpose of the first method was to assess the compactness in a non-binding way without the use of laboratory experiments and core drilling. The second and third methods were based on laboratory experiments (measurement of aggregate permittivity) and gamma bench/hydrostatic weighting respectively.

This study has shown that if the HMA is not correctly implemented according to the manufacturer specifications, the compactness can not be estimated properly following the method 1. However, adding a simple permittivity measurement of aggregate through cylindrical cavities (method 2) has highlighted an excellent compactness assessment accuracy without necessary using core drilling for calibration of the models (method 3).

The study of the effect of the roughness on the backscattered energy was performed.

A rather good correlation between the attenuation and the average texture depth were obtained for the points which exhibited the highest deviation compared to the standard measurements. The parametric study has shown that the real part of the permittivity of aggregate has the highest influence on the calculated compactness. This result shows that the knowledge of the aggregate permittivity is very important to drastically increase the accuracy of the compactness calculation and to avoid the calibration of the models with the help of core drilling.

Brief summary

The last chapter is devoted to the study of the dielectric behavior of geophysical and civil engineering materials (rocks). The dielectric relaxation spectroscopy (DRS) is introduced and its various advantages are highlighted for different applications such as civil engineering, geophysics, planetology or volcanology. Finally, the study of the dielectric behavior of several rocks over a wide range of frequency and temperature is presented and discussed. The ratio value between U 0 , I 0 and the phase angle ϕ are dependent upon the sample electric properties (conductivity ad permittivity) and its geometry. 

Z * = Z + iZ = U * I * (4.5) ε * (ω) = ε -iε = -i ωZ * (ω) 1 C 0 (4.6)
Where C 0 is the capacity of the empty sample capacitor. Then, the sample conductivity is related to the dielectric function by:

σ * = σ -iσ = i2πf ε 0 (ε * -1) (4.7)
The dielectric relaxation spectroscopy limits in terms of the temperature and frequency are given below:

• Temperature: from -150 to 400 • C

• Frequency: from 10 -1 to 2.10 6 Hz Several calibration measurements were performed for different thickness and diameter values of the material disk. The aim was to match the real part of the permittivity obtained through resonant cylindrical cavities and DRS at room temperature as the real part of the permittivity is relatively non-frequency-dependent at high frequency. The Fig. 4.4(a) highlights the deviation which was obtained for different temperatures (from 10 to 50 • C)

and for different measurement configurations such as: different electrode diameters (9, 20 and 30 mm), sample thicknesses (0.5 and 1 mm), with and without spring to apply a pressure on the upper electrode and with a gold coating (orange curves) on both upper and lower surface of the samples. For clarity the temperature range from 10 to 30 • C only is displayed herein. The measurements with the 9 mm diameter electrode is not displayed as the results were about 10 on the real part of the permittivity which is much higher that the current window. To clarify the graph, the colors orange, purple and red correspond respectively to the gold coating sample, the 20 mm diameter upper electrode and the 30 mm diameter upper electrode. Finally, the full curves correspond to a 1 mm thick sample disk and the dash curves to a 0.5 mm thick sample disk. The calibration measurements were performed on a quartzite sample.

Basically, the best correlation between the DRS results at high frequency and room temperature according to the resonant cylindrical cavities results was obtained for a thickness of 1 mm and a upper electrode diameter of 30 mm (red full curves). The lower (9 and 20 mm) electrode diameters induced edge effect which varies the measured permittivity. The surface gold coating increased the measured permittivity and drastically increased the intensity of the relaxation phenomena observed at low frequency. The high sample thicknesses (2 and 4 mm not displayed here) gave more deviations due to the measured capacitances which were much higher than recommended by the manufacturer for an optimal measurement accuracy. The Fig. 4.4(b) shows the good agreement obtained between the resonant cylindrical cavities results and those obtained from DRS fro a quartzite sample whit the couple 30 mm diameter and 1 mm thickness. As a consequence every measurements performed during this thesis were achieved with this configuration. It is important to mention the following points. An optimal contact between the electrodes and the sample was ensured in order to avoid deviations due to a bad contact. Also, despites the best capacitance obtained with the 30 mm diameter upper electrodes, a high diameter ensures a good measurement of the "overall behavior" of the rock as it is very heterogeneous material and small diameter electrodes might not be relevant for this purpose. Additionally, calibration of the apparatus itself was performed as recommended by the manufacturer and the performance was tested on a material provided by Novocontrol with a well known capacitance and loss tangent. Then, the results may be drawn either in isochronal or in isotherm representation.

Commonly, the data are fitted in isotherm representation. Several models can be found in the literature to fit the dielectric permittivity as a function of the frequency for different temperature. Historically, the first model (Eq. 4.8) was introduced by [Debye 1912] and then well recognized in the literature [Debye 1929] [Fröhlich 1958] [Böttcher 1978]:

ε * (ω) = ε ∞ + ∆ε 1 + iωτ D (4.8)
Where, ε ∞ = lim The Debye function considers the relaxation as symmetric and abrupt. A typical case of a Debye process is the water [Ellison 1996]. However in rare case Debye relaxation behaviors are observed. Instead, the relaxation is either asymmetric or broader or both.

The Cole-Cole equation established in 1941 (Eq. 4.9) describe a special case of the Debye relaxation where the peak observed in the imaginary part of the permittivity or the step in the real part is asymmetric and broader at high frequency [START_REF][END_REF]] [Cole 1942]:

ε * (ω) = ε ∞ + ∆ε (1 + iωτ D ) 1-α (4.9)
As for it, the Cole-Davidson equation established in 1950 (Eq. 4.10) describe a relaxation behavior when the peak or the step is symmetric but broader than the Debye function at high frequency [Davidson 1950] [Davidson 1951]: to generalize an asymmetric and broader relaxation process behavior [Havriliak 1966]. An exemple of fitting with the Havriliak-Negami equation describing every parameters is given in Fig. 4.6(a).

ε * (ω) = ε ∞ + ∆ε (1 + iωτ D ) β
ε * (ω) = ε ∞ + ∆ε (1 + iωτ D ) 1-α β (4.11)
Where α and β are shape parameters describing the symmetric and symmetric broadening of the complex dielectric function. A real data fitting is displayed in Fig. 4.6(b) as an example for a weathered granite at 300 • C. By adding multiple Havriliak-Negami function and a conductivity term (Eq. 4.12)

, the fitting of the curves corresponding to the real and imaginary part of the permittivity displayed in the Fig. 4.6(b) may be possible.

ε * = σ(iω) n iωε 0 + k ∆ε k 1 + (iωτ k ) (1-α k ) β k + ε ∞ (4.
12)

The principle of the data analysis is to perform the fit for every temperature. Then the relaxation time τ may be drawn as a function of the inverse temperature to obtain informations about the mechanism involved and the corresponding activation energy. This will be detailed further.

Experimental protocol

The measurements of relaxation dielectric spectroscopy were performed from 100 mHz to 2

MHz with a logarithmic step repartition of 1.4 which represents about 6 points per decade.

The temperature was ranged from -150 to 400 In order to explain the different dielectric behaviors observed on the 3D spectra for several studied rocks, different conditions of storage were managed (shown in Fig. 4.7).

The first set of measurement (first and second run) was performed on the raw material after the manufacturing. In this case, the sample has not undergone any storage condition.

The storage was performed at room conditions. This raw sample will be called R1 and R2

in the next sections. For the second set, the sample was placed into water for at least seven days and then measured. This set is called W1 and W2. The third set consists of putting the sample into a desiccator with dry environment, called D1 and D2. An important point should be mentioned: the same disk sample has been used for the entire procedure of investigation in order to avoid the influence of the heterogeneity of the rock itself on the results.

Rock petrography

The microstructure of four rocks is described in this section: weathered granite, amphibolite, rhyolite, quartzite. The microstructure is then correlated with the results obtained through DRS measurements. First, the microstructure is given for the raw material without thermal history (called R1). Second, in order to simulate the thermal history undergone by the samples during the DRS measurements, an annealing at 400 

Weathered granite (GAF)

The designation GAFR1, GAFR2 and GAFA correspond respectively to the weathered granite sample without thermal history (raw), annealed at 400 • C during 2 hours and annealed at 1000 • C during 2 hours.

The raw granite GAFR1 is composed of 40 % of quartz, 40 % of alkali feldspar (orthose)

and plagioclase (albite) as well as 10 % of black and white mica (muscovite and biotite)

and 10 % of opaque minerals.

Basically, the sample after annealing at 400 • C (GAFR2) presents nearly the same proportion of minerals while they are sometimes under different phases.

The annealing at 1000 • C (GAFA) hugely affects the sample microstructure. The quartz amount decreases up to 20%, the amount of feldspars and plagioclases increases up to 50%.

Finally, the colored minerals are relocated in bulk with a proportion of 25%.

The pictures 4.8 shows the grain size of the granite sample for the R1, R2 and A states.

It may be noted that the annealing at 1000 • C drastically changes the microstructure, the grain size is greater than those of R1 and R2 states. A small relocation of the colored minerals may be pointed out for the R2 sample while the microstructure remains nearly unchanged.

The pictures 4.9 show the minerals and the different phases presents in the raw granite sample. This granite is very weathered which is visible by the hydration and recrystallization of certain original magmatic minerals. Thus, there is the presence of fresh biotite and chlorite which comes from the recrystallization of the biotite supported by the accumulation of iron into the cleavages (magnetite and pyrite).

The crystals of feldspars and plagioclases have also undergone a recrystallization process which gives rise to weathered minerals elongated and flake forms. These minerals are clay flakes and thin inclusions of mica of metasomatic origin probably coming from a deformation accompanied with a fluid circulation.

The weathered and deformation processes have induced plastic deformations on some quartz minerals highlighted by undulated extinction and entangled grain boundaries. While the feldspar minerals have been relatively well preserved during the weathered process.

The granite annealed at 400 • C for 2 hours does not show significant change of the original paragenesis. Thus, despite an enrichment of iron with relocation, the R2 sample is quite similar to the sample R1. The biotite, chlorite and clay have been preserved (Fig.

4.10).

One of the consequence of the annealing at 1000 • C is the total disappearance of the clay. The relocation of the iron is more present in the GAFA sample probably due to the complete destabilization of the biotite and chlorite to give rise to another mineral (geothite) which goes between the crystals. The muscovite has been "corroded" which is unusual as it can not be weathered in surface condition (Fig. 4.11). However the plagioclase has been well preserve which is an indicator of a anhydrous heating. 

Amphibolite (AA)

The designation AAR1, AAR2 and AAA correspond respectively to the amphibolite sample without thermal history (raw), annealed at 400 • C during 2 hours and annealed at 1000

• C during 2 hours.

The raw amphibolite sample (AAR1) is mainly constituted of green hornblende (50%)

and plagioclase (30%), as well as 15% of quartz, 5% of biotite and about 1% of opaque minerals. The presence of these latter minerals into the paragenesis suggests an acid protolith source (granitic or granodioritic).

The annealing at 400 • C has for main effect the decrease of the amphibole content (30%) and the increase of the quartz content (30%).

The amphibolite sample annealed at 1000 • C is composed of 40% of brown hornblende, 40% of plagioclase and a huge decrease of the quartz content (5 to 10%) is noted. The Fig. 4.12 show that the annealing at 400 • C has already an effect on the microstructure and on the grain size. The presence of green and brown amphibole is well visible. The presence of others minerals may also be seen and will be detailed forward. The annealing at 1000 • C shows again changes into the microstructure with an increase of the grain size. The presence of only brown amphibole is well visible.

During its formation process, the amphibolite has undergone a retrograde metamor- A new mineral appears, the garnet which is a particular mineral as it indicates the transition of the biotite into garnet (Fig. 4.14(b)). The epodite minerals are numerously higher (pistachite) and new minerals like apatite appear.

The annealing at 1000 • C (Fig. 4.15) induces the total transformation of the green amphibole into brown amphibole. These brown amphibole are sometimes chloritized with relocation and accumulation of iron into the cleavage under the form of oxides and sulfurs.

The sample is now "out of the zone of garnet" which results in the vanishing of the garnets. The sample has undergone a weathered process visible by the hydration and recrystallization of some original minerals (Fig. 4.17). Then, the biotite is almost entirely recrystallized into chlorite and epodite (pistachite and zoisite). The iron is relocated then into the cleavages under the form of oxides and sulfurs. The weathered process also induces the crystallization of veining carbonates near to the quartz grains.

The weathered process has been supported by an intense distortion giving rise to the recrystallization of quartz and the plagioclase grains show a kink-band structure.

The annealing at 400 • C induces a relocation of the iron which transforms the chloritized biotite into iron chlorite. The veining carbonates are still near to the phenocrysts of quartz (Fig. 4.18).

The annealing at 1000 • C has induced a relocation of the iron between the phenocrysts of quartz and feldspar due to the entire destabilization of the biotite and chlorite (Fig. 

4.19).

Quartzite (QV)

The designation QVR1, QVR2 and QVA correspond respectively to the quartzite sample without thermal history (raw), annealed at 400 • C during 2 hours and annealed at 1000

• C during 2 hours.

The quartz sample (QVR1) is composed mainly of quartz (45%) and alkali feldspar (50%). The remaining 5% are composed by some biotite more or less chloritized and a few muscovite minerals (Fig. 4.21). Foliation orientations go through the sample composed of micrometer to millimeter grains of quartz (late crystallization).

The annealing at 400 • C and 1000 • C have almost any influence on the composition, only a few transformations are observed.

The Fig. 4.20 are quite similar to each other in term of microstructure and grain size.

The only difference might be that the grain boundaries are more visible after annealing due to the relocation of the iron. The sample has undergone important plastic deformations inducing a recrystallization.

Thus, the grain boundaries of quartz are highly entangled. The quartz minerals have undergone a severe syntectonic recrystallization, hence the presence of fine neoformed crystals.

The annealing at 400 • C barely affect the paragenesis. The only transformation is the total vanishing of the biotite followed by the accumulation of iron into the grain boundaries.

The annealing at 1000 • C induced the vanishing of the tourmaline grains. The muscovite has been corroded which is unusual. The Fig. 4.24 represents the results obtained for the weathered granite with the measurement protocol described in the section 4.1.3. The results are displayed with the imaginary This relaxation is obtained for both first and second run. This phenomenon is observed also for the 3 others rocks at least before annealing at 1000 • C (see . The analysis of this relaxation will be performed further. In the discussion part, this relaxation will be called the MWS relaxation: MWS relaxation is the acronym for Maxwell-Wagner-Sillars ([Maxwell 1891, Wagner 1914, Sillars 1937]). This phenomenon is observed for the 3 others rocks although for some rocks, the relaxation process is not present, only the increase of the permittivity with the frequency and the temperature is observed (see . 

Discussion

Relaxation processes

The relaxation processes may be fitted according to the Eq. 4.12 of Havriliak-Negami [Havriliak 1966] presented in the section 4.1.2. Once the fitting procedure is done at every useful temperatures, the plot of the relaxation time in log scale as a function of the inverse temperature may be done. The Fig. 4.32(a) and 4.32(b) represent the relaxation map of the processes described earlier for the weathered granite before and after annealing at 1000 • C respectively. For clarity, only the first and second run of the raw sample (i.e. GAFR1/GAFR2 and GAFHTR1/GAFHTR2) are shown here. As a matter of fact, the relaxations are similar for the following measurements: GAFW1 looks like the GAFR1. GAFD1, GAFD2 and GAFW2 are similar to GAFR2. GAFHTW1, GAFHTW2, GAFHTD1 and GAFHTD2 are comparable to GAFHTR2. Finally, the GAFHTR1 is the only result after annealing showing a relaxation process in the surrounding area of the room temperature.

Most of the relaxation processes displayed in the relaxation maps have a linear behavior.

A linear variation of the relaxation time as a function of the inverse temperature means that the activation energy of the involved process is constant, it does not vary according to the temperature. That is called an Arrhenius behavior which may be fitted by the well known Arrhenius equation (Eq. 4.13) [START_REF] Delpouve | [END_REF]] [Kremer 2003].

τ = τ 0 exp -E a RT (4.13)
Where τ 0 is a pre-exponential factor which corresponds to the theoretical relaxation time of a phonon [Angell 1985]. R (8.314 J/(mol.K)) is the gas constant and E a the activation energy of the process. However, a non-linear behavior means that the activation energy of the process does change as a function of the temperature. This non-Arrhenius behavior is obtained for example for the low temperature relaxation on the GAFR2 sample (Fig.

4.31(a)

). In that specific case, the activation energy which is temperature dependent is calculated according to the absolute reaction rate theory [Chelidze 1977] (Eq. 4.14).

1 τ = kT h exp ∆F RT (4.14)
Where k (1.38.10 -23 J/K) is the Boltzmann constant, h is the Planck constant (6.62.10 -34 m 2 kg/s) and ∆F is the activation energy.

Maxwell-Wagner-Sillars interfacial polarization

The MWS (Maxwell-Wagner-Sillars [Maxwell 1891] [Wagner 1914] [Sillars 1937]) phenomenon may have also different names in the literature according to the different field of application. The MWS relaxation, as explained in the section 2.1.1.4, is probably an interfacial polarization which is caused by the accumulation of charges at the interface of the grain boundaries while applying an electric field [START_REF] Saint-Amant | Dielectric properties of dry, geological materials[END_REF]. It may be seen in the petrography section that the rocks are very heterogeneous material with different minerals and different chemical composition which make it a complex material. Even for a single material, heterogeneities may be observed in the microstructure and the chemical composition. Thus it is not surprising to observe an interfacial polarization in these temperature ranges. Besides, even if the grains are dielectrics, it remains a lot of impurities and free ions which can participate to the polarization. The petrography analysis has revealed that even minerals may be destabilized by the temperature which probably can participate to the interfacial polarization. This change of chemical composition is seen for the biotite of the weathered granite and even for the amphibolite sample where the green amphiboles turn to brown. This is probably the cause which may explained the difference of activation energy between the first and the second heating before annealing at 1000 • C (GAFR1 and GAFR2). However the activation energies between the first and second heating of the GAF sample after annealing at 1000 • C remains nearly unchanged.

Additionally, there is almost a decade of difference between the permittivity values regarding the interfacial polarization of the GAF sample before and after annealing. This can be explained by the difference of grain size which have been dramatically affected by the annealing at 1000 • C. The petrography (Fig. 4.8) images show that the microstructure is barely affected by an annealing at 400 • C (which could also explained the small variation of the activation energy between the GAFR1 and GAFR2 results), unlike the GAFA which shows massive changes on the grain sizes and repartitions. As a matter of fact, smaller grains implied more grain boundaries, bigger grains reduce the amount of grain boundaries. Thus, the GAFA sample showing bigger grains exhibits a lower permittivity value compared to the GAFR1 and GAFR2 regarding the interfacial polarization [Silva 2014]. 4.33(b). However, the increase on the real part of the permittivity is not due to the conductivity phenomenon but to the undesirable effect of electrodes polarization which involved also a decrease on the real part of the conductivity after and during the DC plateau [Sen 1984] [Sengwa 2004]. As a matter of fact, this is the case for the weathered granite sample while as shown in the Fig. 4.44 in section 4.4 for the basalt sample, the DC plateau is well visible. It may be noticed that the plateau starts at higher frequency for the GAFHTR1 sample which may be a consequence of the bigger grain sizes and an easier tortuosity.

Room temperature relaxation

Many theories exist in the literature concerning the role of the water in rocks at room temperature for different saturation degrees. Polarization of the electrical double layer for saturated rocks in electrolyte is a famous theory which have attracted the attention of many researchers and many factors influencing the measured permittivity have been studied [START_REF] Chelidze | [END_REF]] [Chelidze 1999b] [Dukhin 1974[START_REF] Revil | Effective conductivity and permittivity of unsaturated porous materials in the frequency range 1 mHz -1 GHz. Water resources research[END_REF]]. The most probable case in our study is the adsorbed water at the surface of the minerals which plays an important role on the measured permittivity [START_REF] Mccafferty | [END_REF]] [Adamson 1982[START_REF] Ebert | [END_REF]] [Silva 2014] [Chelidze 1999b]. This theory assumed that the adsorbed water forms polylayer at the surface of minerals. If the water is strongly bounded to the surface, then the orientational polarization of water or the reversible hopping of the H ions are the most probable process.

If the water is not strongly bounded or free, then they could probably migrate under an electrical field [Chelidze 1971[START_REF] Chelidze | [END_REF]] [Glover 1994]. Both cases are presumably obtained in the weathered granite.

The relaxation in the surrounding area of the room temperature is probably due to the adsorbed water which is not enough bounded to the surface to respond as orientational polarization. As a matter of fact this orientational polarization is also obtained and appears at lower temperature (or higher frequency at room temperature) and will be discussed further. Then, the water (OH and H ions) which is not enough bounded and free may probably migrate through the materials under the application of an electrical field. However as obtained at higher temperature (MWS relaxation of others charge careers), the ions are trapped and act as macro-dipoles with a relaxation response around the room temperature.

This could be actually another MWS relaxation as the permittivity value of this peak are of the order of the high temperature MWS relaxation. Reaching a critical temperature which is about 40-50 • C, the peak starts to decrease and the relaxation goes back to slower relaxation time. Probably due to the evaporation of the less bounded water (polylayer).

As the temperature increases, it remains the water more bounded which needs more time to relax. After 100 • C the relaxation is not visible anymore which coincide with the evaporation temperature of the water. The activation energy of this process is lower than the MWS observed at high temperature which means that the involved ions have more mobility to respond at room temperature than those at high temperature.

The biotite minerals have a significant affinity with water as well as chlorite minerals [Silva 2014]. The petrography revealed that these minerals are still present after annealing at 400 • C which could explain the reversibility of the relaxation after water storage and why the peak is not obtained after dry storage. After annealing at 1000 • C the biotite and chlorite have been completely destabilized. Nevertheless, the muscovite has been unusually

weathered and now could have potentially an affinity with water. It could explain the similar but lower relaxation obtained at room temperature with a similar behavior. Surprisingly, the relaxation has not been reproduced after water storage. It is worth mentioning that several measurements with water storage after annealing at 1000 • C were performed to confirm this result. Aside from the relaxation, a slight increase of the permittivity is visible at the same temperature range even after dry storage which is probably because the sample has time to absorb a very small amount of water during the passage from the desiccator to the cryostat.

Low temperature relaxation

The water strongly bounded to the surface minerals is present in the material while it is hidden by the relaxation at room temperature during the first run. However after the first run, the relaxation at low temperature starting at -70 However, after annealing at 1000 • C it seems that either the water has been released (as there is no such relaxation anymore) or the water has no interaction with the surrounding minerals anymore. Indeed, another relaxation shows up with fast relaxation times at very low temperature. This relaxation is called very low temperature relaxation on the relaxation map displayed in the Fig. 4.32(b). According to the literature, the relaxation time and the temperature range of the relaxation fit well with the response of ice [Lorek 2013] [Swenson 2002]. This could means that the water was probably interacting before annealing at 1000 • C with minerals which have affinity with it. As the biotite and chlorite minerals (also clay and carbonates) have vanished due to the annealing, the water has no interaction with the structure and may normally freeze.

In addition, water vapor dynamic sorption (WVDS) measurements were performed on the weathered granite before and after annealing at 1000 • C. The aim of these measurements is to check the ability of the sample to release or to absorb water in order to ...* The principle remains simple. Basically, the weight of the sample is recorded as a function of time while applying a dry atmosphere or an atmosphere with a controlled water activity a H 2 O (relative humidity). When dry atmosphere (a H 2 O = 0) is applied, the sample will release water until reaching a plateau. The dry weight m 0 of the sample is taken at this plateau. The equilibrium weight m eq is obtained during the sorption with a water activity of 0.038 in the present case. Then, the concentration of water C H 2 O in mmol/g is calculated according to the Eq. 4.15: Meaning that the GAF sample before annealing is able to absorb water again after the first desorption. The first desorption also shows that the sample contains water initially.

C H 2 O = 1000(m eq -m 0 ) M W H 2 O m 0 ( 4 
This coincides with the peak surrounding the room temperature which disappears after the first run et reappears after the water storage. Unlikely, the GAF after annealing at 1000

• C exhibits a different behavior than before annealing. The first desorption shows a loss of mass due to the release of water but the sample is not able anymore to absorb water or at least in much lower proportion almost insignificant compared to the first desorption.

Additionally, the second desorption exhibits a plateau which means that no water has been released. This also coincides with the DRS results of the GAF sample after annealing at 1000 • C. Indeed, the peak was obtained for the first run. After water storage the peak was not present which leads to a non-reversibility of the water absorption which is confirmed by the WVDS results. Nevertheless a very small amount is still noted which could explained the very tiny peak observed after dry and water storage of the GAF after annealing at 1000

• C.

4.3.2 Amphibolite, rhyolite and quartzite: brief description

Amphibolite

The Fig. 4.35 and 4.36 represent the DRS measurements performed on the amphibolite sample before and after annealing at 1000 • C respectively. As for the weathered granite, the protocol of water and dry storage have been performed.

A MWS interfacial polarization is observable at high temperature which begins around 250 • C (before annealing at 1000 • C). As explained earlier, this is due to the accumulation of charges at the grain interfaces which have not yet enough energy to diffuse freely within the matrix. This relaxation is similar for every run before inducing massive changes into the microstructure (annealing at 1000 • C, see Fig. 4.35). However, after annealing at 1000

• C this interfacial relaxation is not well visible. Indeed, it still takes place but it is not well defined compared to the set of measurement before annealing. This is mainly due to the huge changes induced by the annealing at 1000 • C which has for consequences the decrease of the quartz minerals and the total transformation of the green amphibole into brown as well as changes in the grain size distribution. Unlike weathered granite sample, the peak taking place around the room temperature does not exhibit a "relaxation-like" phenomenon. Only an increase followed by a decrease of the permittivity is observed in that case. The AAR1 result shows that this peak is broader than the one observed for the AAW1 sample. There is no discontinuity between the room temperature peak and the interfacial polarization which is surprising because this is not observed for the granite sample. This could be probably due to the fact that water (not trapped into the pore sample) at the origin of this peak needed higher temperature to be After annealing at 1000 • C (Fig. 4.36), the AAHTR1 result exhibits a small peak around 0 • C, still no relaxation like phenomenon is obtained. This could be the response of the free water which moves from the solid to liquid state. The AAHTW1 exhibits a similar peak with less intensity and the AAHTD1 sample does not have such peak. The vanishing of the peak after the first run and after dry storage makes the assumption that the water is responsible for this peak pretty relevant, this includes the peak observed before annealing at 1000 • C as well.

Finally, the same relaxation at low temperature which was attributed to the water trapped into the pore sample which behaves as supercooled water up to -70 • C is also observed for this material before annealing at 1000 • C (Fig. 4.35). As for the granite, this relaxation has completely vanished after annealing which means that the trapped water has been well released (Fig. 4.36).

Rhyolite

The DRS results obtained for the rhyolite sample before and after annealing are displayed in the Fig. 4.37 and 4.38 respectively.

As for the previous materials, three main phenomenon are observed. The interfacial polarization is well visible at high temperature (starting temperature at 150 • C) for the set of measurements before annealing at 1000 • C. After annealing (1000 • C), the interfacial polarization has been shifted to lower temperatures and begins just below 100 • C. However, progressively the relaxation tends to be less visible as the protocol of measurement is performed i.e. successive measurements and water and dry storage. This could reveal the fact that there is an irreversible change into the microstructure after successive increase of the temperature at 400 • C (and after annealing at 1000 • C). Either the ions are less blocked by the microstructure or the conductivity takes over the interfacial polarization.

Either case results in the fact that the mobility of the ions to diffuse into the material is increased after successive measurements.

temperature. In the RAMHTR1 result, the peak shaped from a double relaxation to a single relaxation after annealing. The phenomena has also disappeared after the first heating (RAMHTR2) and it is obviously not reversible as only a slight increase of the permittivity around 0 • C is visible after water storage (RAMHTW1). However it has been seen that the interfacial polarization changed as the protocol was performed which means that the peak surrounding the room temperature is affected also by the increase of the temperature and the induced changes on the microstructure. Unfortunately, the images through optical microscopy has not been managed for these conditions. Finally, the second runs (RAMHTR2, RAMHTW2 and RAMHTD2) highlight the fact that the water trapped into the pores was released by the annealing at 1000 • C since no relaxation is observable.

Quartzite

The last sample measured in DRS and shown in Fig Once again, the quartzite sample is a particular case concerning the phenomenon surrounding the room temperature and for its behavior at low temperature after annealing at 1000 • C which will be discussed forward. Indeed, looking at the QVR1 spectra, the permittivity increases up to 50 • C, then slightly decreases up to the interfacial polarization:

no relaxation like phenomenon is obtained. However there is not a clear discontinuity between the peak surrounding the room temperature and the interfacial polarization probably related to the difficulty to remove water (as for the amphibolite). As expected, the peak vanished after the first run (QVR2). After water storage (QVW1), the peak reappears with a different shape. Instead of reaching its maximum at 50 • C, this value is reached around moves on. After annealing at 1000 • C, the permittivity slightly increases up to 0-10 • C to finally decreases after 30-40 • C. As expected, this increase is not obtained during the second run. However this increases is notable also after dry storage (QVHTD1) which means that the sample has probably captured water from the room environment between the storage and the measurement revealing its hygroscopic aspect. This has been observed for the weathered granite sample after annealing at 1000 • C and after dry storage. In both case, This is similar to the response of the supercooled water. This means that the annealing has not release all the water which was trapped into the pores. This is intriguing as this signature was not obtained for the other samples after annealing. However it is known that the quartzite has very low porosity and obviously the heat treatment does not expand enough the material to allow the evaporation of the total trapped bounded water into the pores. Besides, the relaxation peak is broader than before annealing which is an illustration of the distribution of the bound energy water. The second signature is intriguing as not such response was obtained for the other samples before and after annealing. the relaxation starts at -110 • C at a frequency of 10 -1 Hz. The weathered granite shown a relaxation at very low frequency starting at -150 • C at a frequency of 10 2 Hz which involves a process much faster that the one obtained for the quartzite. Moreover, the relaxation of the GAF sample is broader than the QV sample. The DC-conductivity plateau can be assimilated to the stationary regime obtained with electrical measurements and the resistivity can be calculated with ρ = 1/σ .These values of conductivity could be potentially incorporated into the analysis of such investigation. As a matter of fact, the effect of the temperature on the material could be taken into account and then, only the effect of the water could be attributed in the variation of the electrical resistivity.

In planetology for exemple, EM radars are increasingly used for the exploration of other planets or satellites. In the work of [Foss 2017], they performed several 3D images (one is given in the Fig. 4.45) of an area of Mars thanks to a EM radar called SHARAD.

Herein, the knowledge of the dielectric permittivity behavior at low temperature could be interesting. 

Conclusion

The objective of this chapter was to study the dielectric behavior of rocks coming from local geological locations as well as other rocks provided by our team during their various expeditions such as the basalt of the "Piton de la Fournaise". The main objective was to give an explanation concerning the deviation obtained by the electromagnetic techniques used in civil engineering which work at low frequency such as the pavement quality indicator device. The measurements through dielectric relaxation spectroscopy over a wide range of frequency (10 -1 Hz to 10 6 Hz) and temperature (from -150 • C to 400 • C) showed that the dielectric behavior of the rocks is very complex and depends at room temperature essentially on the water concentration and the petrology.
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Three main phenomena were observed depending on the temperature of investigation.

In order to better understand the phenomena observed on our measurements, different storage conditions (water and dry) were managed as well as different heat treatments (400

• C and 1000 • C). Several assumptions were performed on the phenomena that we observed with the help of a petrography analysis of our samples and the literature.

First, at high temperature, the relaxation is probably an interfacial polarization Maxwell-Wagner which is due to the diffusion of charges under an electrical field which follow the grain boundaries as conduction path. Depending on the tortuosity of the path and the grain sizes (differences between the results after annealing at 400 • C and 1000 • C), the process which is thermally activated may take place at different temperatures.

Second, a peak or/and relaxation was obtained in the area surrounding the room temperature which disappears after a first thermal solicitation up to 400 • C. Several protocols were managed to check the reversibility of this process. The results were the following: (1)

The phenomenon starts decreasing after 30-40 • C to be (for most of the measurements) completely vanished after 100 • C which is coherent with the thermal water behavior (evaporation temperature).

(2) The phenomenon was reversible after water storage of the sample.

(3) After dry storage, the phenomenon was no longer obtained while some very weak peaks (for some samples) were obtained probably due to capture of water of the sample during the transition between the desiccator and the cryostat. ( 4) The annealing at 1000 • C reduces hugely the intensity of the peak and the reversibility was not obtained after water storage.

The assumption concerning this phenomena is the response of the adsorbed multilayers water which according to the physical bounding and the solicitation frequency give raise to a potential interfacial polarization and a migration of the concerning ions.

Third, a weak intensity relaxation is obtained at low temperature (before annealing at 1000 • C) started at -70 • C. According to the literature, this phenomena could be related to the orientational polarization of bounded water which is trapped into the pores of the material. This supercooled water can not be released after an increase at 400 • C as it was observed also for the second runs. However after an annealing at 1000 • C, a fast relaxation occurs at low temperature (from 150 • C to 0 • C) which is coherent in the literature with the dielectric response of the ice, probably due to water that has not been released nevertheless has no longer interaction with its surrounding environment.

To conclude, water has a dramatic effect on the dielectric measurements of rocks. According to the frequency and temperature of solicitation as well as the physical state of the water, the dielectric constant may be much higher that the permittivity of the components. This point could explain why deviations are obtained by the EM methods that work at low frequency especially the capacitive methods used in civil engineering to assess the compactness.

Conclusion and prospects

In the past decades, many efforts have been performed by the researchers in order to find an alternative to the destructive or nuclear devices used to assess the compactness of asphalt pavements. One way to this aim is the use of electromagnetic (EM) methods which are promising for geophysics and civil engineering applications. The most used method remains the ground penetrating radar (GPR) as the cost of the devices remains relatively affordable for product industrialization. However for the specific case of compactness assessment, this technique lacks stability in the measured signals and leads to the use of step-frequency radar (SFR) which is more accurate for this aim. Despite the main advantage that these techniques are non-destructive and non-nuclear, one considerable constraint need to be carefully undertaken. Indeed, electromagnetic models need to be use in order to translate the measured permittivity into the compactness. This leads to the good knowledge of the component properties constituting the asphalt pavement. The most important property which needs to be studied is the permittivity of the main component i.e. rock.

In order to spotlight the use of the SFR system for compactness assessment, several EM mixing models were selected and challenged to asphalt laboratory slabs with controlled composition. It turns out that three models (CRIM, Rayleigh and Böttcher) were selected for an optimal accuracy of the compactness assessment. This investigation highlights the fact that for slab measurements, the knowledge of the slab thickness is required to increase drastically the accuracy of the compactness assessment. Indeed due to mainly edge effect, the permittivity measurement with the surface reflection method is not appropriate in laboratory. Basically, this investigation has shown that in laboratory conditions, the compactness might be well assessed with the SFR system, the appropriate EM mixing models, a good knowledge of the slab thickness and component properties.

Since the SFR system was tested in laboratory conditions, it was important to test it directly on site. In that purpose, an investigation was performed on a new highway (asphalt pavement) containing recycled asphalt pavement. The use of recycled materials for road building is more and more commonly implemented for green purposes. In order to make the compactness assessment valuable, three methods were developed. The work has highlighted that the compactness may be assessed accurately without the use of destructive or nuclear devices in exchange of some assumptions and some laboratory measurements of the main component i.e. the aggregates. This result is very important as it shows that EM methods may be used even for new paved road with recycled component. However, we still recommend to the manufacturer to provide to the SFR user some samples of the components constituting the road for laboratory characterization in order to increase drastically the accuracy of the compactness assessment.

The laboratory cautions for compactness assessment are mainly focused on the permittivity measurements of the aggregates as they are the main components. Thus, the study of the high frequency permittivity (a few hundred MHz to a few GHz) of several rocks was performed. The results point out that the high frequency permittivity is mainly governed by the chemical composition (oxides nature and content) and the density. No extrinsic phenomenon is sufficiently important to affect the dielectric behavior of the rock. The water has a small impact on the dielectric behavior at high frequency. Indeed, the use of EM mixing models is sufficient to consider the impact of the water on the dielectric behavior.

However, as the frequency of investigation decreases, these facts are no longer true.

Indeed, the motions of the free charges such as ions or charge carriers occur and affect the measured permittivity. With the addition of the temperature in the measurement, even interfacial polarization relaxation may appear. The investigation of the permittivity at low frequency (from 1 mHz to 1 MHz) has highlighted the fact that the motions of ions and the effect of water are primordial into the overall dielectric behavior of the rock. Additionally, regarding the temperature of measurement, different relaxation mechanisms occur and affect differently the complex dielectric permittivity. According to the temperature, frequency and the water content, the permittivity may vary of several decades and also may exceed the intrinsic permittivity value of the components constituting the material.

These results may be a lead for the deviations observed with pavement quality indicator

Conclusion and prospects

209 which works at lower frequency than the GPR and the SFR systems.

The SFR system has shown its relevance for the compactness assessment of asphalt pavement. However, it remains too expensive for product industrialization. Indeed, the coast of the SFR system is about 4 to 5 times higher than the GPR system. So in terms of advance in this area, it could be very important to perform a study to reduce drastically the coast of the SFR system while keeping the good stability of the system.

Additionally, it could be important to develop new complementary EM methods to the SFR system. For instance, it could be interesting to adapt the old nuclear bench to EM bench in order to evaluate in transmission the permittivity and the thickness of asphalt slabs or cores. Another development might be valuable regarding the thickness assessment of new asphalt pavement directly on site by measuring the permittivity of the asphalt pavement with different distances and angles of waves emission. These two points are currently studied in our team but would deserve more attention and financial support. It could really help the SFR system for replacing the destructive and nuclear devices.

The dielectric characterization at high frequency was performed on rocks which mainly come from local area of the Normandie region. It could be important for the quarry to expand this database with the addition of more rocks and why not expand it to the whole country. Indeed, it will simplify the work of the SFR user to have directly access to the permittivity of the aggregates that have been used to build the asphalt pavement for the compactness assessment through EM methods.

Finally, in order to better understand the dielectric behavior of the rocks studied in this work and to apply some models available in the literature, it could be interesting to figure out the cation exchange capacity, the specific surface area and the porosity of the rocks.

Additionally, it is not common in the literature to see such 3D spectra of the permittivity (and the conductivity) on a wide range of frequency and temperature (as performed in this work) while it could be very useful for other fields in geophysics for example. The study of the complex conductivity of volcano rocks for example might be very useful to take into account the temperature dependence of this property.
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  C) through dielectric relaxation spectroscopy. A protocol has been developed to study the effect of the water on the overall dielectric behavior of the rocks. The results are then discussed according to the literature and the petrography of the rocks. This work is partially the continuation of the work done by Bo Li during his PhD thesis performed in the Cerema (Centre d'études et d'expertise sur les risques, l'environnement, la mobilité et l'aménagement) in 2012. He was mainly focused on the determination of the compactness with one electromagnetic mixing model on laboratory slabs with well known composition and thickness.This thesis has been financially supported by the Normandy Region and the "Union des Syndicats de l'Industrie Routière Française" USIRF. The research has been conducted in two locations: The "Groupe de Physique des Matériaux" GPM mainly for the dielectric characterization of the studied materials and the Cerema for the civil engineering investigations through electromagnetic methods.
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 1 Figure 1.1: 2D schematic view of a multi-layer asphalt pavement.

  Typical volume concentration of the asphat concrete components.
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 1 Figure 1.2: Formulation of an asphalt concrete.

Figure 1 . 3 :

 13 Figure 1.3: Photograph of a hydrostatic weighting tool. (MATEST Material Testing Equipement)

  ], the nuclear methods are based on the absorption of the gamma radiations [ASTM D2950M 2011, ASTM D6938 -10 2010]. However the methods may be divided into two categories. The methods based on the backscattering of the radiations and the others based on the attenuation of the radiations.

Chapter 1 .

 1 Overall view compactness and the water concentration of asphalt concrete. The most common apparatus are proposed by the society Trans-Tech-Inc (Pavement Quality Indicator or PQI) and by Troxler Electronics Lab (Pave Tracker) in 1998. The physical principal of the compactness

  interface condition between layers ([Spagnolini 1997]). More recently, techniques based on GPR principle have been proposed by several authors ([AL-Qadi 2005, Plati 2013, Al-Qadi 2010, Leng 2011]) to assess HMA compactness/density. Another method is pro-
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 14 Figure 1.4: Formation processes of the rocks (www.cstc.be)

Sio 2

 2 Figure 1.5: Photographs of 2 magnatic rocks (granite and rhyolite).
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 1 Figure 1.6: Photographs of 2 sedimentary rocks (gneissic sandstone and limestone).

Figure 1 . 7 :

 17 Figure 1.7: Photographs of 2 metamorphic rocks (quartzite).

  Figure 1.8: Polarization processes of the Electrical Double Layer (EDL) viewed by Chelidze et al. [Chelidze 1999b]. Model of evolution of EDL polarization for a negatively charged spherical particle of radius a under an electric field E. The particle is immersed in the electrolyte and EDL is present on its surface. (a) Tangential fluxes of positive (I + s ) and negative (I - s ) ions in the double layer result in an asymmetric charge distribution within the EDL. (b) Normal fluxed of anions and cations (i + n , i - n ) between the EDL and the bulk electrolyte result in high-and low-concentration areas or diffuse charged clouds on both sides of a particle in the bulk electrolyte. Electroneutrality is not achieved at this stage. (c) Electroneutrality is achieved within a short time interval because the time constant τ dl = 1/κ 2 D e in both diffuse clouds. (d) Concentration differences and electrical potential differences between areas (1) and (2) generates both diffusion (i + d , i - d ) and migration (i + e , i - e ) fluxes of anions and cations which lag behind the applied field E. The time constant of this process is large, τ = a 2 /D.

  's equations in the time domainThe propagation of the EM waves is described by the equations of Maxwell-Lorentz established in 1873. These fundamental differential equations

2. 1

 1 indicates that a time-varying magnetic flux generates an electric field with rotation. The equation 2.2 without the term ∂D/∂t or the displacement current term is known as the Ampere's law: 2.2 indicates that a current or a time-varying electric flux (or displacement current) generates a magnetic field with rotation. The equation 2.3 illustrates that the divergence of the magnetic flux is always zero. The equation 2.4 states that the divergence of the electric flux at a point is proportional to the positive charge density present at the spot. The two last equations are the consequence of the Gauss's law which is a statement of the conservation of flux[START_REF] Chew | Waves and fields in inhomogeneous media[END_REF]].

Figure 2

 2 Figure 2.1: Polarization processes

  returns to the receiver. The wave amplitude, proportional to the dielectric strength is recorded as a function of the two way travel time. The result recorded by the apparatus is called the parameter S (S11 in our case) in phase and modulus. A schematic of the waves reflection in mono-static configuration is given in the Fig.2.3: please note that the multiple reflections between layers are not presented in the figure for greater clarity.
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 23 Figure 2.3: Waves reflection in mono-static configuration
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 24 Figure 2.4: Wave radiation in TE mode

Figure 2

 2 Figure 2.5: Propagation of the EM wave at the interface between 2 mediums

Figure 2

 2 Figure 2.6: Typical S11 parameter signal obtained over a metal plate (left picture) and over an asphalt pavement (right picture).

  37) where ∆t (s) is the two way travel time of the EM waves through the investigated layer, e (m) being the thickness of the investigated layer. The Fig. 2.6 helps to visualize how these parameters are obtained from the S11 parameter. The inconvenience of this equation 2.1. Background 73

  2.7).

  Figure 2.7: Cylindrical cavity and samples.

  f 0 and f s are respectively the resonance frequencies without and with sample into the cavity. Q LO and Q LS are respectively the quality factors without and with sample. R 0 and R 1 are respectively the radius of the cavity and the sample. x 01 is the first root of J 0 (x) = 0 and ε p and ε p are the real and imaginary part of the permittivity.

  2.1.4.1 Presentation of the asphalt mixThis part of the chapter is dedicated to the description of the composition of the surface course of a road and the description of the EM mixing models used. The surface course is composed of a hot asphalt mix assumed as 4 phases materials. First, the main component are the aggregates which are made of rocks and according to the porosity of the surface course, represents from 88 to 96% in weight of the whole asphalt mix. Second, the bitumen acts as binder to ensure a certain cohesion between the aggregates. Its content is usually comprised between 4 to 6% in weight. Third, fillers are both small size particle coming from main aggregates (diameter weaker than 63 µm) and added fillers which for most of the case the nature is limestone. In particular case, it may be cement, fly ash, slates etc. Commonly the proportion of added fillers does not reach more than 1% in weight. Finally the fourth component is the air with a volume concentration which varies from 4% for compact HMA (Hot Mix Asphalt or also asphalt pavement) to 12-14% for high porosity HMA.The volume distribution of each component into the asphalt mix may be described according to two standards. Basically, the first one considers that a part of the binder content is absorbed by the aggregates([NF EN 13108-1 2007]). Second, the binder is not absorbed by the aggregates. Both volume distributions of each components are displayed in the Fig.2.8(a) and 2.8(b). Each component of the asphalt mix have their own properties (permittivity ε and density ρ). The specific HMA density ρ HM AS corresponds to the density of the asphalt mix considering the air and the maximum HMA density ρ HM AM for a theoretical content of air zero.

  Figure 2.8: Asphalt mix viewed by the 2 standards

  2.1.4.2 Development of the 4-phase EM mixing modelsDensity and compactness HMA have already been studied by[Al-Qadi 2010],[START_REF] Leng | [END_REF] for 3-phase mixture and by[Fauchard 2013b, Fauchard 2015] for 4-phase mixture. Herein, the development of two models family will be performed for 4-phase mixture. Density ρ, weight content T , volume V and real part of the permittivity ε of each component are depicted in the Fig.2.8(b). The indexes b, f, a, and air refer respectively to binder, filler, aggregate and air. All densities and weight contents are provided by the road manufacturer for on site control, except the air void content that determines the mechanical objective of the road construction. In Europe, aggregates and filler densities are measured according to the NF-EN 18545 standard. The bitumen density is measured according to the NF-EN 15326+A1 standard. The HMA formulation is controlled (I) in laboratory, every year by an independent organism, and (ii) on site, by cores sampling every time a road is manufactured.Permittivity of each component are measured in laboratory. The related critical parameters to assess on newly-paved roads are (i) the density of the mix including air (namely bulk specific gravity) ρ HM AS or (ii) the compactness C 1 of the HMA, related to each other by the following relation:

  Figure 2.9: Asphalt mix viewed by the 2 models family
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 2 Rock permittivity characterization at high frequency [0.5-4 GHz]. 83 2.2 Rock permittivity characterization at high frequency [0.5-4 GHz].

  Figure 2.10: Dielectric characterization of 24 rocks obtained by means of cylindrical cavities at 0.57 GHz, 1 GHz, 1.7 GHz, 1.15 GHz, 2.63 GHz and 4.13 GHz. Rock details are given in the table 2.2.

Figure 2 .

 2 Figure 2.11: Real part of the permittivity as a function of the density according to Olhoeft, Shutko and Dobson laws (dashed lines) and then adjusted (solid lines).

Figure 2 .

 2 Figure 2.12: Part 1: Real part of the permittivity versus chemical composition for several oxides. Rock numbers are not displayed for clarity issue. Green, red and blue dots correspond respectively to sedimentary, magmatic and metamorphic rocks. The chemical compositions are detailed in the table 2.3. The acronyms in the figures correspond to several rocks listed in the table 2.3: quartzite QB (#4), weathered granite GAF (#14), quartz arenite GQRB (#15), limestone CC (#17) , diorite N2B1 (#24).

Figure 2 .

 2 Figure 2.13: Part 2: Real part of the permittivity versus chemical composition for several oxides. Rock numbers are not displayed for clarity issue. Green, red and blue dots correspond respectively to sedimentary, magmatic and metamorphic rocks. The chemical compositions are detailed in the table 2.3. The acronyms in the figures correspond to sev-

  Silicone dioxide SiO 2 : ε = [3.85 -4.637] • Aluminium oxide Al 2 O 3 : ε = [9 -12.66] • Iron(III) oxide F e 2 O 3 : ε = [12 -16.8] • Manganese(II) oxide MnO: ε = [18 -22] • Magnesium oxide MgO: ε = [9.38 -9.8]• Calcium oxide 

2. 2 .

 2 Rock permittivity characterization at high frequency. 95 composition. However, a difference of almost 3 points on the real part of the permittivity is noted. The real part of the permittivity of the basalt Piton de la Fournaise is equal to ε = 5.82 while the diorite has a permittivity equal to ε = 8.64. The diorite has a very low porosity (<1%) while the porosity of the basalt ranges from 30 to 40% in the present case. The rocks with high porosity -in an electromagnetic point of view -may be seen as a multiphase material (2 phases) composed of air and rock. The air has the lowest permittivity (without considering the vacuum permittivity) which is equal to ε = 1. As a consequence the porosity is another aspect which drastically decreases the real part of the permittivity that can not be revealed by the chemical composition. However the density of the rock may be a good indicator of this aspect (ρ Basalt = 2.094 and ρ Diorite = 2.951).

Figure 2 .

 2 Figure 2.14: Real part of the permittivity as a function of the silicone oxide content for severals samples: Hornfels #16, Gneiss #8 and several quartzites (#2, #3 and #4)

Figure 2 .

 2 Figure 2.15: Step frequency radar bench

  (a) HMA model behaviour from 100% to 0% air void content. (b) HMA model behaviour in the investigation area.

Figure 2 .

 2 Figure 2.16: Bulk specific gravity/compactness as a function of the real part of HMA permittivity (87% basalt slab): the red lines refer to the Power Law model, the blue lines to the Unified Mixing Rule with aggregate matrix and the green lines to Unified Mixing Rule with binder matrix.

  Fig. 2.16(b) is a zoom of the Fig. 2.16(a) in the investigated compactness area. As it is seen, the PL α = 1/2 and the Böttcher (UMR ν = 2 MA and MB) models are very closed from each other. The Coherent potential approximation (UMR ν = 3 MA) and Rayleigh (UMR ν = 0 MA) models have a slight deviation from both sides of the three previous models. However, Rayleigh (UMR ν = 0 MB), Lichetenecker-Rother (PL α = 0) and Silberstein (PL α = 1) models exhibit a huge deviation from the five other models. The highest the compactness, the closest is

  Figure 2.17: Assessed compactness on the 87% slab by means of SFR system obtained with a) the reference gamma bench system, b) the CRIM model (PL α = 1/2), c) the Rayleigh model with aggregate matrix ([UMR ν = 0 MA), d) the Rayleigh model with binder matrix ([UMR ν = 0 MB) and e) the Böttcher model with aggregate and binder matrix (UMR ν = 2 MA and MB).

  Figure 2.18: Assessed compactness on the 95% slab by means of SFR system obtained with a) the reference gamma bench system, b) the CRIM model (PL α = 1/2), c) the Rayleigh model with aggregate matrix ([UMR ν = 0 MA), d) the Rayleigh model with binder matrix (UMR ν = 0 MB) and e) the Böttcher model with aggregate and binder matrix (UMR ν = 2 MA and MB).

  by means of cylindrical cavities (binder, filler and aggregate).
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  three methods to assess the compactness and the results are discussed. A recommendation for new asphalt pavement manufacturing is proposed in conclusion. These results have been published in the journal Construction and Building Materials (2017): S.Araujo et al.[Araujo 2017a] and in the International Conference Proceedings IEEEXplore related to the IWAGPR 2017 event in Edinburgh, Scotland: S. Araujo et al.[Araujo 2017b].

  Figure 3.1: (a) Aerial view of the highway A35 with location of the part 1 and the part 2. (b) Sketch of the profiles performed in dynamic mode on the part 2. (c) Sketch of the measurements performed in static mode on the part 1.

Figure 3

 3 Figure 3.2: On-site step frequency radar system with flat metal plate for calibration phase.

  (a) Normalized S11 real part: example of signals obtained in static mode. Signal recorded without (red curve) and with (black curve) a flat metal plate at the HMA surface. (b) An example of B-scan obtained in dynamic mode along the profile 1.

Figure 3

 3 Figure 3.3: (a) Normalized S11 real part: example of signals obtained for static mode. (b) An example of B-scan obtained in dynamic mode.

  Figure 3.4: (a) Composition and properties of HMA, representing a multilayered medium view by the Power Law family. (b) Dielectric 5-phase mixture view by Unified Mixing Rules theory where the matrix permittivity ε m can be either aggregate+recyclate or binder.

  3.5) presented here does not differentiate new aggregate from recycled aggregate. Hence the HMA is considered here as 4-phase material. Specifications of the newly paved road contain the targeted compactness ranges between 92 and 96%. Applying EM models is performed by converging the compactness of each point with the targeted specifications (< C >= 94%) by adjusting the permittivity of the aggregate in the least square sense (here, ε a = ε rec = 4.83 ± 0.03). The results of this method are shown in Fig. 3.6.
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 3 Figure 3.5: organization chart describing the method 1.
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 37 Figure 3.7: Aggregate real part of the permittivity (black squares) as a function of different levels of compaction extrapolated to its density with Shutko's law (blue line).
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 5 SFR measurements and discussion: static and dynamic modes 131 Cylindrical cavities measurements and extrapolation with the help of Shutko's law give an aggregate permittivity ε a = 4.69±0.09. Unfortunately, the manufacturer did not provide recyclate samples. Consequently an assumption is performed here. The permittivity of the recycled component will be considered equal to the permittivity of aggregate. An argument might reinforced this assumption. When recycled materials are used for building newly paved road, they are usually extracted from the same region, meaning that the aggregate of the recycled material should not be so much different from the new aggregate extracted from the career. The Fig.3.8 summarizes the method 2.

Figure 3

 3 Figure 3.8: organization chart describing the method 2.
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 39 Figure 3.9: Method 2, compactness results in static mode (part 1) after measurement of aggregate permittivity by means of cylindrical cavities. The recyclate permittivity is considered equal to the aggregate. Recyclate density was calculated, the binder and filler properties were taken from a database. Red squares are the reference values (gamma bench and hydrostatic weighting). Colored circles are the compactness values calculated for CRIM model (dark yellow), Rayleigh model (blue) and Böttcher model (purple).

Figure 3 .

 3 Figure 3.10: organization chart describing the method 3.

Figure 3 .

 3 Figure 3.11: Method 3, compactness results in static mode (part 1) after back calculation of recyclate permittivity for SFR calibration. Red squares are the reference values (gamma bench and hydrostatic weighting). Colored circles are the compactness values calculated before calibration for CRIM model (dark yellow), Rayleigh model (blue) and Böttcher model (purple). Colored triangles are the compactness values calculated after calibration.
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 3 Figure 3.13: Measurement results in dynamic mode with the Step Frequency Radar, profile 1, part 2: (a) B-scan of the profile. (b) first layer compactness according to CRIM, Rayleigh and Böttcher models. (c) first layer thickness
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 3 Figure 3.15: Illustration of the backscattering phenomenon.

Figure 3 .

 3 Figure 3.16: Ratio of the absolute value of the S11 parameter of the reflection at the surface material and the metal as a function of the frequency. The colored curves correspond to each static measurement performed in this investigation numbered from 1 to 12.

Figure 3 .

 3 Figure 3.17: Average texture depth highlighting the roughness of the pavement for every points measured in static. The green curve represents the targeted texture depth of the pavement and the red curve is the norm minima.

Figure 3 .

 3 Figure 3.18: Parametric study of the influence of the uncertainty of each properties on the compactness as a function of the measured permittivity. The blue circles represent the compactness calculated for a permittivity ranging from 4.0 to 4.3 with the properties described in the method 2. The black curves are the compactness calculated for different values of permittivity (±2%), density (±1%) and weight concentration (± 1 %) for each component.

4. 1

 1 Dielectric Relaxation Spectroscopy (DRS) 4.1.1 Experimental description Dielectric relaxation spectroscopy (DRS in Fig. 4.1(a)) is used in this work to obtain the dielectric permittivity and the conductivity of several rock samples. DRS is a powerfull tool to perform accurate measurement of relaxation phenomena, conduction mechanisms or interfacial polarization. A sketch taken from Novocontrol's manual [Novocontrol 2010] describing the basic principle of DRS measurement is displayed in the Fig. 4.1(b).

Figure 4 .

 4 Figure 4.1: Dielectric relaxation sectroscopy Novocontrol

Figure 4 . 2 :

 42 Figure 4.2: Saw used to manufacture the rock samples for DRS measurements

Figure 4 . 3 :

 43 Figure 4.3: Relation of the amplitude and phase between the voltage and the induced current of a sample capacitor during DRS measurement

U

  (t) = U 0 cos(ωt) = Re(U * e (iωt) ) (4.1) I(t) = I 0 cos(ωt + ϕ) = Re(I * e (iωt) I + iI ; I 0 = I 2 + I 2 ; tan(ϕelectromagnetic response, the measured impedance of the sample capacitor given in Eq. 4.5 is connected to the dielectric function of the sample material (Eq. 4.6):

  (a) Isothermal curves from 10 to 30 • C of the real part of the permittivity. Influence of the upper electrode diameter, sample thicknesses and various others parameters on the measured permittivity. (b) Superimposition of the results obtained from DRS measurements and from resonant cylindrical cavities for a quartzite sample with the correct couple of electrode diameter and sample thickness (30 mm and 1 mm respectively). The black dash curve is a guide to the eyes.

Figure 4 . 4 :

 44 Figure 4.4: Calibration and matching procedure between DRS and resonant cylindrical cavities.

  processing (a) Real part of the permittivity (b) Imaginary part of the permittivity (c) Real part of the conductivity equivalent to the electrical resistivity (σ = 1/ρ)

Figure 4 . 5 :

 45 Figure 4.5: Example of 3D spectra obtained through DRS measurement (weathered granite sample) displaying -(a) the real part of the permittivity (b) the imaginary part of the permittivity (c) the real part of the conductivity -as a function of the frequency (from 10 -1 to 2.10 6 Hz) and the temperature (-150 to 400 • C.)

  ω→∞ ε (ω) and ε s = lim ω→0 ε (ω), ∆ε = ε s -ε ∞ is the dielectric strength related to the step in the real part of the permittivity of the relaxation process and τ D is the Debye relaxation time.

  in 1966, The Havriliak-Negami equation (Eq. 4.11) has been developed in order 4.1. Dielectric Relaxation Spectroscopy (DRS) 157

  Multiple contributions with an additional conductivity term to fit as good as possible the experimental curves obtained from DRS measurement.

Figure 4 . 6 :

 46 Figure 4.6: Experimental fitting procedure of the real and imaginary part of the permittivity thanks to the Havriliak-Negami function.

  • C with a frequency sweep measurement every 10 • C. The temperature control was performed under a continuous nitrogen flow which ensures in the meantime a neutral atmosphere. First the disk sample was placed between the parallel electrodes into the sample cell. The sample cell was then placed into the cryostat at about 20 • C and cooled down to -150 • C in order to start the measurement at low temperature which means that the measurement was performed from low temperature to high temperature. Right after the first measurement, the sample was cooled down directly to -150 • C in order to perform a second measurement, meaning that the sample during the second measurement has undergone a thermal history beforehand (heating to 400• C). The aim of the second measurement is to check the repeatability of the measurement and to check the influence of the first heating at 400 • C on the dielectric response.The experimental protocol is displayed in the Fig.4.7. 

Figure 4 .

 4 Figure 4.7: Experimental protocol performed for the DRS measurements

Figure 4 . 8 :

 48 Figure 4.8: Thin blade cartography of the weathered granite sample (R1, R2 and A).

Figure 4 .

 4 Figure 4.9: Images of the raw weathered granite sample (GAFR1).

Figure 4 .

 4 Figure 4.10: Images of the weathered granite sample annealed at 400 • C for 2 hours (GAFR2).

Figure 4 .

 4 Figure 4.11: Images of the weathered granite sample annealed at 1000 • C for 2 hours (GAFA).

Figure 4 .

 4 Figure 4.12: Thin blade cartography of the amphibolite sample (R1, R2 and A).

Figure 4 .

 4 Figure 4.14: Images of the amphibolite sample annealed at 400 • C for 2 hours (AAR2).

Figure 4 .

 4 Figure 4.16: Thin blade cartography of the rhyolite sample (R1, R2 and A).

Figure 4 .

 4 Figure 4.17: Images of the raw rhyolite sample (RAMR1).

Figure 4 .

 4 Figure 4.18: Images of the rhyolite sample annealed at 400 • C for 2 hours (RAMR2).

Figure 4 .

 4 Figure 4.19: Images of the rhyolite sample annealed at 1000 • C for 2 hours (RAMA).

Figure 4 .

 4 Figure 4.20: Thin blade cartography of the quartzite sample (R1, R2 and A).

Figure 4 .

 4 Figure 4.21: Images of the raw quartzite sample (QVR1).

Figure 4 .

 4 Figure 4.22: Images of the quartzite sample annealed at 400 • C for 2 hours (QVR2).

Figure 4 .

 4 Figure 4.23: Image of the quartzite sample annealed at 1000 • C for 2 hours (QVA LPAx20).

4. 3

 3 Low-frequency dielectric behavior of rocks: results and discussionDielectric relaxation spectroscopy measurements have been performed on the four rocks presented previously on the section 4.2 rock petrography. The results under the form of 3D spectra representing the imaginary part of the permittivity as a function of the temperature and the frequency are displayed for every materials. However a detailed discussion is performed for the weathered granite sample while a brief description of the three others samples is performed. It should be important to mention that the assumptions performed in the following have been established according to the similarity and the differences between the results and the petrography of the three others rocks (amphibolite, rhyolite and quartzite) as well. before annealing at 1000 • C

  (a) Real part of the permittivity (b) Imaginary part of the permittivity

Figure 4 .

 4 Figure 4.25: Experimental curves from 200 • C to 400 • C of the GAFR1 measurement. These curves highlight the relaxation obtained at high temperature.

  (a) Real part of the permittivity (b) Imaginary part

Figure 4 .

 4 Figure 4.26: Experimental curves from -20 • C to 100 • C of the GAFR1 measurement which shows the huge increase and decrease of the permittivity surrounding the room temperature.

  (a) Real part of the permittivity (b) Imaginary part of the permittivity

Figure 4 .

 4 Figure 4.27: Experimental curves from -70 • C to 50 • C obtained for the GAFR2 measurements showing the relaxation at low temperature revealed after the first run.

Chapter 4 .

 4 Low-frequency dielectric characterization of rocks when it has undergone an annealing at 1000 • C. First, the relaxation at high temperature (MWS relaxation) still takes place. However, as shown in the Fig. 4.29, the relaxation starts at lower temperature (around 100 • C) and the induced permittivity is lower than before annealing at 1000 • C.

  (a) Real part of the permittivity (b) Imaginary part of the permittivity

Figure 4 .

 4 Figure 4.29: Experimental curves from 100 • C to 400 • C of the GAFHTR1 measurement.

  (a) Real part of the permittivity (b) Imaginary part of the permittivity

Figure 4 .

 4 Figure 4.30: Experimental curves from -30 • C to 40 • C of the GAFHTR1 measurement.

4. 3 .

 3 Low-frequency dielectric behavior of rocks: results and discussion 179 Finally, a really fast relaxation is obtained at very low temperature. On the Fig.4.31, the relaxation is observed at a frequency of about 10 2 Hz at -150 • C to finally be out of our measurement window at 0 • C. This phenomenon is obtained for both first and second run for every storage conditions. This process will be called very low temperature relaxation in the discussion part.

  (a) Real part of the permittivity (b) Imaginary part of the permittivity

Figure 4 .

 4 Figure 4.31: Experimental curves from -150 • C to -40 • C of the GAFHTR1 measurement.

  (a) Weathered granite before annealing at 1000 • C. (b) Weathered granite after annealing at 1000 • C.

Figure 4 .

 4 Figure 4.32: Relaxation map representing the relaxation time in log scale as a function of the inverse temperature.

Figure 4 .

 4 Figure 4.33: (a) Schematic view of the conduction path under an electrical field for a polycrystalline rock. (b) Real part of the conductivity as a function of the frequency for the GAFR1 and GAFHTR1 samples from 300 to 400 • C

  C is actually the response of the orientational polarization of the water. The remaining water which has not been released during the first run (increase at 400 • C) is indeed trapped into the pores of the rock. This supercooled water phase trapped into the pore relaxes up to a critical temperature (Tc = -70 • C) to finally freeze [Silva 2014] [Chelidze 1971] [Chelidze 1963]. Besides the relaxation times of this relaxation (f ∼ 10 4 -10 5 Hz) at room temperature shown in the Fig. 4.27 coincide with the literature. This relaxation is obtained for every run before annealing at 1000 • C.

( a )

 a Raw GAF desorption 1. (b) Raw GAF sorption 3.8%.(c) Raw GAF desorption 2. (d) GAF annealed at 1000 • C desorption 1.

Figure 4 .

 4 Figure 4.34: Desorption and Adsorption capability of the weathered granite before and after annealing at 1000 • C

  .15) Where M W H 2 O is the molar mass of the water (18.01 g/mol). The measurements were performed at fixed temperature of 40 • C which coincides approximately with the temperature where the peak starts decreasing in the dielectric spectra. The Fig. 4.34(a) 4.34(b) 4.34(c) correspond to the WVDS results for the GAF before annealing. The three others (Fig. 4.34(d) 4.34(e) 4.34(f)) correspond to the GAF after annealing at 1000 • C. Forboth samples, a first desorption with a water activity of 0 was performed. Then, a water activity of 0.038 (i.e. relative humidity of 3.8 %) was applied for the sorption. Finally, a later desorption was performed to release the water absorbed during the sorption.First of all, the water activity imposed during the isotherms is called Langmuir isotherm or type II isotherm[Soto Puente 2015]. In that specific case, the molecules are absorbed in specific locations at the microcavity surfaces, also called Langmuir sites. The WVDS results correlate with the different storage conditions performed for the DRS investigation.

Figure 4 .

 4 Figure 4.35: 3D dielectric spectra showing the imaginary part of the permittivity as a function of the frequency and the temperature for the different states explained in the subsection 4.1.3 experimental protocol. Top left (R1): raw sample 1 st run, bottom left (R2): raw sample 2 nd run, top middle (W1): after water storage 1 st run, bottom middle (W2): after water storage 2 nd run, top right (D1): after dry storage 1 st run and bottom right (D2): after dry storage 2 nd run. This set of data relates of the amphibolite before annealing at 1000 • C.

. 4 .

 4 39 and 4.40 was a quartzite. Three main phenomena are listed. The interfacial polarization occurs from 250 • C up to the last temperature of measurement. This relaxation is well defined and is similar for every measurements before annealing at 1000 • C (Fig.4.39). The annealing at 1000 • C did not impact this relaxation as it can be seen in the Fig.4.40. Besides, the petrography investigation has shown that the annealing at 1000 • C did not change the main microstructure.

Figure 4 .

 4 Figure 4.40: 3D dielectric spectra showing the imaginary part of the permittivity as a function of the frequency and the temperature for the different states explained in the subsection 4.1.3 experimental protocol.Top left (HTR1): raw sample 1 st run, bottom left (HTR2): raw sample 2 nd run, top middle (HTW1): after water storage 1 st run, bottom middle (HTW2): after water storage 2 nd run, top right (HTD1): after dry storage 1 st run and bottom right (HTD2): after dry storage 2 nd run. This set of data relates of the quartzite after annealing at 1000 • C.

4. 4 .

 4 Link from DRS to sub-surface field 197 the petrography points out that an unusual weathering of the muscovite has been induced by the annealing at 1000 • C which could be a first lead.As for the other samples, the signature of the supercooled liquid water is visible for the quartzite sample before annealing at 1000 • C. However after annealing, two signatures arise. The first starts around -70 • C and takes place over a wide range of temperature.

4. 4

 4 Link from DRS to sub-surface fieldIt has been shown in the previous chapters that the knowledge of the permittivity of the aggregates (rocks) is necessary to incorporate these values into the EM mixing models and thus increase drastically the accuracy of the compactness assessment. The Fig.4.41 displays the real part of the permittivity obtained for a weathered granite at room temperature by means of resonant cylindrical cavities basically used in our analysis methods.It might be observed in the Fig.4.41 that the real part of the permittivity is relatively constant over the frequency range used with the SFR system [0.5 -3 GHz] at room temperature. Basically at this temperature and at this frequency range, the real part of the

Figure 4 .

 4 Figure 4.41: Real part of the permittivity as a function of the frequency obtained from resonant cylindrical cavities at 25 • C for a weathered granite sample.

Figure 4 .

 4 Figure 4.42: Real part of the permittivity as a function of the temperature obtained from DRS at a frequency of 100 kHz for a weathered granite sample.

Figure 4 .

 4 Figure 4.43: Electrical resistivity tomography of the Stromboli island in the direction NE-SW. The picture is taken from the PhD thesis of Cécile Mézon[Mézon 2017[START_REF] Finizola | [END_REF] 

  (a) Real part of the conductivity as a function of the frequency for different temperatures. (b) Description of the different phenomena observable on the real part of the conductivity.

Figure 4 .

 4 Figure 4.44: Description of the behavior of the real part of the conductivity related to the electrical resistivity.

4. 4 .

 4 Link from DRS to sub-surface field 201

Figure 4 .

 4 Figure 4.45: SHARAD 3D image of Planum Australe, the south polar cap of Mars. The picture is taken from [Foss 2017].

Figure 4 .

 4 Figure 4.46: Real part of the permittivity as a function of the temperature obtained from DRS at a frequency of 100 mHz for a weathered granite sample.
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Table 1

 1 

		.2: Chemical composition (% in weight) of some sedimentary rocks. PF represents
	the ignition losses during an annealing at 1000 • C.						
	#	SiO2 Al2O3 F e2O3 MnO MgO CaO N a2O K2O T iO2 P2O5	PF	Tot
	S -	85.52	7.28	0.93	0	0.72	0.56	1.91	2.14	0.06	0	1.12	100.24
	Gn -79.80	11.86	1.24	0	0.16	0.58	5.90	0.40	0.08	0	0.21	100.23
	Qa -70.14	13.88	4.85	0.04	1.68	0.67	3.27	2.85	0.62	0.16	2.31	100.47
	L -	0.52	0.17	0.09	0	0.35	54.80	0	0	0	0	43.38	99.30
	Gs -61.11	17.12	7.32	0.08	2.83	0.81	3.08	3.04	0.86	0.21	3.01	99.45

Table 1

 1 

		.3: Chemical composition (% in weight) of some metamorphic rocks. PF represents
	the ignition losses during an annealing at 1000 • C.						
	#	SiO2 Al2O3 F e2O3 MnO MgO CaO N a2O K2O T iO2 P2O5	PF	Tot
	Q1 -97.74	1.12	0.89	0	0.04	0.06	0.03	0.19	0.14	0	0.41	100.61
	Q2 -97.94	0.72	1.65	0	0.03	0.04	0.02	0.14	0.09	0	-0.10 100.54
	Q3 -98.02	1.32	0.45	0	0.05	0.03	0	0.36	0.18	0	0.45	100.85
	A -	55.57	14.04	9.06	0.16	6.70	8.81	2.69	0.80	0.74	0.11	0.73	99.39

Table 2

 2 

		.1: Models description	
	Acronym	Name (Authors)	Family	Parameter
	PL α = 0	Lichtenecker-Rother formula	Power law model	α = 0
		or logarithmyc law		
	PL α = 1/3	Looyenga formula	Power Law model	α = 1/3
	PL α = 1/2	CRIM model or Birchak	Power Law model	α = 1/2
	PL α = 1	Silberstein formula	Power Law model	α = 1
		or linear law		
	UMR ν = 0	Rayleigh model or	Unified Mixing Rule ν = 0
		Maxwell Garnett rule	3D	
	UMR ν = 2	Böttcher model or	Unified Mixing Rule ν = 2
		Polder-van Santen	3D	
	UMR ν = 3	Coherent potential	Unified Mixing Rule ν = 3
		approximation	3D	
	Power Law model -4-phase material		

Table 2 .

 2 2: First column: the rock number (x-axis in Fig.2.10(a), 2.10(b) and 2.10(c)), the name, the measurement date(2013 and 2015), the quarry and the rock feature -subsequent columns: real and imaginary part of the permittivity measured at 0.57 GHz, 1 GHz, 1.7 GHz, 1.15 GHz, 2.63 GHz and 4.13 GHz in cylindrical cavities, corresponding loss tangent tanδ and density ρ.

	Rock number -nature (quarry, date, feature)	ε r	ε r	tanδ	ρ
	1a -Sandstone quartzite (Montebourg, 2015)	4.27±0.16 0.07±0.02	0.017±0.003	2.641
	1b -Sandstone quartzite (Montebourg, 2013)	4.52±0.05 0.03±0.02	0.006±0.005	2.641
	2 -Quartzite (Vignats, 2015, pink)	4.29±0.16 0.01±0.01	0.003±0.002	2.577
	3a -Quartzite (Vignats, 2015, white)	4.31±0.14 0.03±0.02	0.007±0.005	2.629
	3b -Quartzite (Vignats, 2013, white)	4.56±0.13 0.03±0.02	0.008±0.005	2.629
	4a -Quartzite (Barenton, 2015)	4.31±0.17 0.02±0.01	0.004±0.003	2.681
	4b -Quartzite (Barenton, 2013)	4.50±0.10 0.05±0.04	0.010±0.008	2.681
	5a -Sandstone (Challoué, 2015)	4.34±0.13 0.01±0.01	0.003±0.002	2.623
	5b -Sandstone (Challoué, 2013)	4.52±0.05 0.03±0.02	0.006±0.005	2.623
	6a -Rhyolite (Averton Mayenne, 2015)	4.84±0.23 0.06±0.02	0.039±0.032	2.641
	6b -Rhyolite (Averton Mayenne, 2013)	5.70±0.09 0.14±0.11	0.025±0.019	2.641
	7a -Sandstone (Muneville-Le-Bingard, 2015)	4.89±0.06 0.10±0.07	0.019±0.014	2.676
	7b -Sandstone (Muneville-Le-Bingard, 2013)	5.14±0.04 0.25±0.12	0.048±0.024	2.676
	8a -Gneiss (Tinchebray, 2015)	4.91±0.16 0.01±0.01	0.002±0.001	2.695
	8b -Gneiss (Tinchebray, 2013)	5.50±0.09 0.06±0.05	0.011±0.009	2.695
	9 -Granite (Bonottières, 2015)	5.03±0.18 0.05±0.05	0.011±0.012	2.652
	10 -Granite (Mouzière, 2015, microcrystalline)	5.06±0.18 0.09±0.06	0.016±0.012	2.735
	11 -Quartzite (Vignats, 2015, red)	5.15±0.07 0.11±0.08	0.022±0.015	2.534
	12 -Diorite (Noubleau, 2015, large grained)	5.31±0.26 0.04±0.03	0.008±0.005	2.680
	13 -Granite (Gouraudière 2015, fine grained)	5.34±0.13 0.11±0.08	0.021±0.015	2.669
	14a -Weathered granite (Ferrières, 2015)	5.36±0.08 0.03±0.01	0.005±0.003	2.742
	14b -Weathered granite (Ferrières 2013)	5.41±0.07 0.08±0.06	0.015±0.011	2.742
	15a -Quartz arenite (Roche Blain, 2015)	5.48±0.09 0.13±0.08	0.023±0.014	2.701
	15b -Quartz arenite (Roche Blain, 2013)	5.91±0.04 0.22±0.17	0.037±0.029	2.701
	16a -Hornfels (Saint-Honorine-Plafond, 2015)	5.64±0.11 0.04±0.02	0.007±0.004	2.728
	16b -Hornfels (Saint-Honorine-Plafond, 2013)	5.72±0.15 0.10±0.06	0.017±0.012	2.728
	17 -Limestone (Caen, 2015)	5.73±0.07 0.03±0.02	0.005±0.003	2.230
	18 -Basalt (Piton de la Fournaise, 2015)	5.82±0.07 0.31±0.12	0.053±0.021	2.094
	19a -Amphibolite (Arvieux, 2015)	5.92±0.12 0.03±0.02	0.006±0.004	2.905
	19b -Amphibolite (Arvieux, 2013)	6.57±0.25 0.07±0.05	0.010±0.008	2.905
	20a -Gneissic sandstone (Vaubadon, 2015)	6.53±0.08 0.12±0.07	0.018±0.012	2.761
	20b -Gneissic sandstone (Vaubadon, 2013)	6.68±0.09 0.18±0.14	0.028±0.021	2.761
	21 -Diorite (Gouraudière, 2015, microcrystalline)	6.59±0.23 0.11±0.05	0.017±0.008	2.812
	22 -Limestone (North region, 2013)	7.47±0.11 0.11±0.09	0.020±0.010	2.755
	23 -Basalt (Rhône-Alpes region)	7.71±0.18 0.13±0.05 0.017±0.0050 2.907
	24 -Diorite (Noubleau, 2015, medium grained)	8.64±0.16 0.18±0.09	0.021±0.011	2.951

85

*... to record a high frequency reference permittivity that will be used for further works in the low frequency domain. Rocks were dried 48h at 115 • C in oven before measurement.

Table 2 .

 2 3: Chemical composition (% in weight) of the rocks detailed in the table 2.2

	#	SiO2 Al2O3 F e2O3 MnO MgO CaO N a2O K2O T iO2 P2O5	PF	Tot
	-	95.44	3.07	0.49	0	0.07	0.04	0	0.89	0.08	0	0.66	100.74
	-	97.74	1.12	0.89	0	0.04	0.06	0.03	0.19	0.14	0	0.41	100.61
	-	97.94	0.72	1.65	0	0.03	0.04	0.02	0.14	0.09	0	-0.10 100.54
	-	98.02	1.32	0.45	0	0.05	0.03	0	0.36	0.18	0	0.45	100.85
	-	96.87	1.54	0.63	0	0.05	0.03	0.03	0.48	0.07	0	0.54	100.23
	-	72.15	13.69	3.33	0.04	0.53	0.50	4.14	3.90	0.38	0.14	0.87	99.66
	-	85.52	7.28	0.93	0	0.72	0.56	1.91	2.14	0.06	0	1.12	100.24
	-	79.80	11.86	1.24	0	0.16	0.58	5.90	0.40	0.08	0	0.21	100.23
	-	72.52	14.62	1.30	0	0.26	1.24	3.64	5.05	0.24	0.28	0.32	99.46
	-71.01	13.43	3.64	0.05	0.19	1.05	3.45	5.42	0.23	0	0.92	99.40
	-73.55	12.83	3.08	0.02	1.61	0.39	4.05	1.73	0.55	0.16	2.05	99.98
	-68.51	15.19	3.59	0.05	1.47	2.35	3.48	4.08	0.44	0.19	0.40	99.75
	-76.29	12.61	1.61	0.02	0.19	0.64	3.63	4.79	0.17	0	0.29	100.32
	-73.66	12.53	4.97	0.04	1.55	0.37	2.18	2.09	0.65	0	1.49	99.53
	-70.14	13.88	4.85	0.04	1.68	0.67	3.27	2.85	0.62	0.16	2.31	100.47
	-64.47	15.95	6.78	0.05	2.25	0.82	2.55	4.52	0.65	0.14	1.80	99.97
	-	0.52	0.17	0.09	0	0.35	54.80	0	0	0	0	43.38	99.30
	-47.94	13.90	12.81	0.18	7.58	11.79	2.52	0.76	2.66	0.29	-0.85	99.56
	-55.57	14.04	9.06	0.16	6.70	8.81	2.69	0.80	0.74	0.11	0.73	99.39
	-61.11	17.12	7.32	0.08	2.83	0.81	3.08	3.04	0.86	0.21	3.01	99.45
	-64.30	12.11	9.69	0.14	2.11	3.00	3.45	2.35	1.32	0.30	1.27	100.05
	-51.95	13.69	14.83	0.23	3.09	6.66	3.22	1.35	2.98	0.68	0.33	98.98

  Fig. 2.12 and 2.13 displayed the real part of the permittivity versus the percentage in weight of several oxides (SiO 2 , Al 2 O 3 , F e 2 O 3 , MnO, MgO, CaO, N a 2 O, K 2 O, T iO 2 , P 2 O 5 and the ignition losses). The table 2.3 gives the chemical composition under the form of oxides. However, oxides are minority into the material (except for the quartz SiO 2 ). Complex form of ionic crystals (minerals) -such as Feldspar ([Si 3 AlO 8 ]K, [Si 2 Al 2 O 8 Ca]), Mica ([Si 3 AlO 10 |(OH) 2 ]K(F e, M g) 3 ) , chloride ([(Si, Al) 8 O 20 (OH) 16 ](M g, Al, F e) 12 ) and others... -mainly constitute the rock. However, the chemical composition content may still

	The

table 2.3. The acronyms in the figures correspond to several rocks listed in the table 2.3: quartzite QB (#4), weathered granite GAF (#14), quartz arenite GQRB (#15), limestone CC (#17) , diorite N2B1 (#24).

Table 2 . 4 :

 24 Mix design of the studied HMA slabs

	Aggregates	Basalt (0/10)	Basalt (0/10)
	Designed compaction	0.87	0.95
	T a	0.927	0.932
	T b	0.056	0.058
	T f	0.017	0.01
	ε a	(7.71±0.20)-j(0.13±0.08)	(7.71±0.20)-j(0.13±0.08)
	ε b	(2.50±0.02)-j(0.003±0.002) (2.50±0.02)-j(0.003±0.002)
	ε f	(7.2±0.02)-j(0.01±0.005)	(7.2±0.02)-j(0.01±0.005)
	ρ a (g/cm 3 )	2.890	2.890
	ρ b (g/cm 3 )	1.030	1.030
	ρ f (g/cm 3 )	2.635	2.635

Table 3

 3 

	Point	1	2	3	4	5	6	7	8	9	10	11	12
	C ref erence (%) 94.9 96.4 95.6 97.5 92.9 94.9 95.7 94.2 / 95.9 98.1 97.2

.1: Reference compactness (C ref erence ) averaged from gamma bench and hydrostatic weighting for static measurements.

Table 3

 3 

	Component w (%) ρ (g/cm 3 )
	Aggregate	56.5	2.690
	Recyclate	38.0	/
	Filler	0.9	2.650
	Binder	4.6	1.040
	HMA		2.431

.2: Investigated asphalt pavement composition. w (%) is the weight concentration and ρ (g/cm 3 ) is the density

Table 3

 3 

	Point	1	2	3	4	5	6	7	8	9	10	11	12
	ε * HM A	4.14	4.19	4.26	4.34	4.36	4.25	4.23	3.92	4.17	4.21	4.32	4.27
		-0.24i -0.77i -0.12i -0.03i -0.22i -0.37i -0.13i -0.27i -0.16i -0.20i -0.01i -0.29i
	tanδ	0.06	0.19	0.03	0.01	0.05	0.09	0.03	0.07	0.04	0.05	0.01	0.07
	d (cm)	30.4	8.2	55.9	252	28.8	17.8	78.7	74.3	143	31.4	511	22.9

.3: Complex permittivity, loss tangent and penetration depth at f=3.14 GHz from SFR static mode. Uncertainties are given at 0.2% of the property value (

[Fauchard 2015]

).

  • C during 2 hours was performed on a different disk sample (called R2). Third, an annealing at 1000 • C during 2 hours was performed on another sample as well (called A). The annealing were performed with ambient atmosphere The images were performed with different lights: non-analyzed polarized light (LPNA), analyzed polarized light (LPA) and with reflected light (LR). The petrography analysis has been performed in collaboration by Karine de Maury -Pistre at the Georessources laboratory from the University of Lorraine [de MauryPistre 2017] 

The chemical composition measurements have been performed by the "service d'analyse des roches et minéraux, CNRS, CRPG, Nancy, France" for the aim of this PhD thesis.

The chemical composition measurements have been performed by the "service d'analyse des roches et minéraux, CNRS, CRPG, Nancy, France" for the aim of this PhD thesis.

The chemical composition measurements have been performed by the "service d'analyse des roches et minéraux, CNRS, CRPG, Nancy, France" for the aim of this PhD thesis.

Compactness can be expressed from 0 to 1 (unitless) or from 0 to 100 %.

For rocks, the relative density ρ/ρwater is named density with ρwater = 1g/cm

at

• C
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Chapter 3. New highway characterization containing recycled asphalt pavement

The authors recommend for the future on-site experiment to perform permittivity measurements on every components which belong to the HMA in order to drastically increase the accuracy of the compactness assessed with the SFR. This paper has shown that the SFR is able to assess correctly the compactness of newly paved road containing 38% in weight of recycled material, and that the use of nuclear or destructive methods would not have been necessary for this application. Thickness was estimated from static measurements and have shown that the "volume" and "surface" permittivities gave similar results close to cores. Compactness and thickness assessment were performed for dynamic measurements and highlight a similar trend from the results obtained for static measurements. For this on-site application, the SFR was able to assess simultaneously the compactness and the thickness at 7 km/h speed of a newly-paved road containing recycled asphalt pavement with an acceptable accuracy. The method 2 deserves to be applied on several additional on-site measurements for validation.

Chapter 4

Low-frequency dielectric characterization of rocks Contents phism under weak gradient conditions (area of green schist and area of biotite and chlorite).

The sample contains carbonates, epodite and chlorite (Fig. 4.13). The weathered of the hornblende into chlorite and epodite is well visible in the Fig. 4.13(b). 

Rhyolite (RAM)

The designation RAMR1, RAMR2 and RAMA correspond respectively to the rhyolite sample without thermal history (raw), annealed at 400 • C during 2 hours and annealed at 1000 • C during 2 hours.

The raw rhyolite sample (RAMR1) is composed of phenocrysts of quartz (5 to 10 %) and feldspar (25%) immersed in a microlithic matrix (60%) composed of fine grains of quartz and feldspar (Fig. 4.17). The remaining 5 % are mainly mica and carbonates. The feldspar minerals are mainly sanidine and sodium plagioclase. The phenocrysts of quartz contains many foreign inclusions.

The samples RAMR2 and RAMA are composed basically of the same minerals content than the RAMR1 sample. The only main difference is pointed out by a plenty of iron phase (5%). The phenomena surrounding the room temperature is very surprising for this material.

Indeed, the two materials previously analyzed showed only an increase of the permittivity followed by a decrease or additionally a "relaxation-like" phenomena. Obviously, the rhyolite sample exhibits a tiny increase of the permittivity and two relaxation like phenomenon. One