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The objective of this work is the characterization of heat and mechanical damage in the mortar by the nonlinear acoustic waves. The correlation between non-linear/linear acoustic parameters and damage in mortar is studied based on experiments and modelling.

Experimental measurements of non-linear acoustic parameters as a function of temperature and crack size were performed on mortar.

The velocities showed a decrease when increasing the degradation and the non-linear parameters showed an increase when increasing the damage.

For the heat damage, cylindrical specimens were prepared and were characterized by studying the porosity and saturation. Then, the temperature controls the degradation. Indeed, the linear acoustic (UPV) and non-linear acoustic (Higher harmonic generation) were applied to characterize the damage. The linear acoustic tests have shown that the longitudinal, transverse velocities and modulus of Young of the mortar decreases in function of the temperature. The non-linear acoustic tests have shown that beta increases in function of the temperature.

For the mechanical damage and the self-healing, an annular specimens were prepared and cracked by controlling the size of each crack. Then the self-healing phenomenon was characterized by the permeability and the acoustic tests. Indeed, the permeability tests have shown that the airflow and the crack size decreases quickly in the first month then slowly for the rest of the self-healing process. On the other hand, the non-linear acoustic tests shown that the alpha and beta decreases according to the self healing process which means that the nonlinear parameters are good indicators to characterize the self-healing. Moreover, the analysis of the experimental results indicates that the frequency resonant technique is more efficient to characterize the defects in the mortar than the higher harmonic generation.

From the experimental tests and to get a general result independent for our case study, the nonlinear parameters were related to a damage index. A polynomial correlations of a 2 nd degree was established between the nonlinear parameters and the index damage.

A numerical model based on the finite element volume was proposed to establish a correlation between the crack size and the airflow. The numerical results were compared with the results of the permeability tests and shown a good agreement.

The findings of this work should be most appropriate as a foundation for the study of the self healing by the nonlinear acoustic waves.
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Résumé

L'objectif de ce travail est la caractérisation de l'endommagement thermique et mécanique dans le mortier par les ondes acoustiques non linéaires. La corrélation entre les paramètres acoustiques linéaires et non-linéaires étudiée est basée sur les essais expérimentaux et la modélisation.

Des mesures expérimentales des paramètres acoustiques non linéaires en fonction de la taille de la fissure et la température ont été effectuées sur mortier.

Les vitesses ont montré une diminution et les paramètres non-linéaires ont montré une augmentation en augmentant le dégrée de fissuration.

Pour l'endommagement thermique, des éprouvettes cylindriques ont été préparées et ont été caractérisées par l'étude de la porosité et la saturation. Ensuite, la température contrôle la dégradation.

En effet, l'acoustique linéaire (UPV) et l'acoustique non linéaire (génération d'harmoniques) ont été appliqués afin de quantifier l'endommagement. Les essais acoustiques linéaires ont prouvé que les vitesses transversales, longitudinales et le module d'Young du mortier diminue en fonction de la température. Les essais acoustiques non linéaires ont montré l'augmentation du bêta fonction de la température.

Pour l'endommagement mécaniques et l'auto-cicatrisation, des anneaux de mortier ont été préparés et fissurés en contrôlant la taille de chaque fissure. Ensuite, le phénomène d'autocicatrisation est suivi par la perméabilité et les essais acoustiques. Les essais de perméabilité ont montré que le débit d'air et la taille de la fissure diminue rapidement au cours du premier mois, puis lentement durant le reste du processus d'auto-cicatrisation. D'autre part, les tests acoustiques non linéaires ont montré que « alpha » et « bêta » diminuent durant le processus de l'auto-cicatrisation qui signifie que les paramètres non linéaires sont un bon indicateur pour caractériser ce phénomène.

En outre, l'analyse des résultats expérimentaux indique que la technique de résonance de fréquence est plus efficace pour caractériser les défauts dans le mortier de la génération d'harmoniques plus élevés.

A partir des essais expérimentaux et dans le but d'obtenir un résultat plus général indépendant de notre cas d'étude, les paramètres non linéaires ont été liés à un index d'endommagement. Une corrélation polynomiale de 2ème degré a été établie entre les paramètres non linéaires et l'index d'endommagement.

Un modèle numérique basé sur la méthode des volumes finis a été proposé afin d'établir une corrélation entre la taille de la fissure et le flux d'air. Les résultats numériques ont été comparés avec les résultats des tests de perméabilité et montré un bon accord.

Les résultats de ce travail représentent un bon départ pour étudier le phénomène de l'autocicatrisation par les ondes acoustiques non linéaires.

Mots clés: acoustique non linéaire, auto-cicatrisation, mortier, endommagement thermique, endommagement mécanique, acoustique linéaire, porosité, fréquence de résonance, génération d'harmoniques. (Argouges & Gagne,2009) .......... Fig. 10: Time required for full healing cracks according to their opening two hydraulic gradients [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF] [START_REF] Sutin | Nonlinear Elastic Wave Nde II. Nonlinear Wave Modulation Spectroscopy and Nonlinear Time Reversed Acoustics[END_REF] . 

General Introduction

In the areas of advanced industrial (nuclear, aerospace etc...), assessing the damage of the materials is the key to control the durability and reliability of materials in service. In this perspective, it is necessary not only to quantify the damage but also to identify the different responsible mechanisms. It is therefore essential to characterize the material and identify the most sensitive indicators of the damage presence to prevent their ruin and use them optimally. In order to resolve this problem, the acoustic methods seem to be interesting because of their non-destructive aspect and their sensitivity to damage. Thus, the ultrasonic linear acoustic methods have often shown their ability to characterize the damage through changes in velocity and attenuation of ultrasonic waves. However, several experiments have shown that linear acoustic methods are not sensitive enough to detect and localize the damage. Often, the first damage mechanisms are the precursors of final fracture, thus they are therefore very important to be identified. Faced with such difficulty, the nonlinear acoustic methods offer an important alternative that can detect and potentially characterize the weak or damage early, even localized or diffuse. Thus in recent years, nonlinear acoustics is becoming more like very promising new way in non-destructive evaluation and control of structural materials. Indeed, even if nonlinearities can be pertinent in heterogeneous materials such as rocks and cement-based materials, they increase significantly in presence of damage. Many potential applications exist in nonlinear acoustics for the characterization of both macroscopic localized cracks and diffuse damage assessment due to the presence of micro-cracks. In the latter case, because of their high sensitivity, nonlinear acoustic methods are particularly effective especially in the detection and characterization of early damage. The most known techniques in nonlinear acoustic are nonlinear elastic wave spectroscopy (NEWS) methods. These techniques (Shift resonance, higher harmonics generation...) are powerful, and present new tools in interrogation of damage in materials. Due to material nonlinearity, a wave can distort, creating accompanying harmonics, multiplication of waves of different frequencies, and, under resonance conditions, changes in resonance frequencies as a function of drive amplitude.

In other hand, for many concrete structures in the course of their lifetime, the assessment of durability is a key parameter needed in order to know whether safety is ensured or not. The presence of cracks, due to mechanical stresses or time dependent effects (shrinkage, creep…) is one of the major factors which can influence durability and serviceability of concrete structures in terms of resistance, permeability and transfer properties.

Self-healing of cracks is phenomenon acting positively in durability problems of cementbased materials. This process can take place only in presence of water (dissolved CO 2 is not always needed), and consists of chemical reactions of compounds exposed at the cracked surfaces. These reactions produce crystals, and the accretion of these from the opposite surfaces of a crack can re-establish the continuity of the material eventually. The essential requirement, with water, is the presence of compounds capable of further reaction. Thus, cement, hydrated or not, is the essential reactive element. There are two major assumptions regarding the reactions of healing: the hydration of unhydrated clinker available in the microstructure of hardened concrete (important for concrete with low water/cement ratio), or the precipitation of calcium carbonate CaCO 3 . Some studies carried out until now highlight the self-healing phenomenon by means of water permeability tests.

A diminution of the flow rate through cracked concrete is the main technique used to characterize self-healing of cracks.

The thesis is composed to 5 chapters as described below:

First chapter is contributed to a short bibliographical review about the performance approach and durability of cement based materials.

The second chapter introduces the self-healing phenomena: definition, the different techniques used to follow the self-healing process and it main advantages.

The third chapter focuses in the non-linear acoustic waves. First, the linear technique is exposed then the non-linear acoustic. Second, the main difference between both techniques is discussed. Finally, two non-linear techniques are presented: Higher Harmonic Generation and Shift resonance.

The fourth chapter is dedicated to the description of the objectives of this study with details in plus the experimental protocol adopted during this thesis.

The fifth chapter presents and evaluates the results of acoustic testing for the mortar sample before and after the heat damage. The longitudinal, shear velocities and modulus of Young obtained by the linear acoustic wave are compared to the non-linear parameter beta measured by the higher harmonic generation. These results were discussed with the already published and correlated to the porosity, water cement ratio and temperature…

The sixth chapter is contributed to the self-healing. The evolution of the air flows and cracks size measured by the permeability tests and the non-linear acoustic parameters alpha and beta are analysed which helps to characterize the self-healing process.

The last chapter is a numerical study designed to model the permeability test done in the sixth chapter. The variation of the airflow with crack size obtained numerically is compared to the experimental results.

Chapter 1: Performance approach and durability of cement-based materials

Introduction

Currently, in various countries, considerable research is devoted to development of new approaches to durability, to increase the lifetime of reinforced concrete structures at the lowest cost. These new approaches are based on selecting durability indicators, the definition of adequate performance-criteria on these indicators and evaluation of the life of the structure subject to predictive models.

The objective of this approach is to design concrete resistant to internal hazards (Alkali-reaction, reinforcement corrosion...) and external (sulphated environments, ocean ...) for a given lifetime.

From a practical standpoint, the predictive approach can be applied, first phase design of structures and secondly for the monitoring of existing structures (degraded or not).

The performance approach requires the use of models more or less sophisticated. It offers the engineer and the designer a complete methodology for the assessment and prediction of the durability of structures, with greater freedom and technical / economic benefits (Fig. 1, 

Course of the performance-approach

The performance-approach [START_REF] Baroghel-Bouny | Nouvelle approche performantielle et prédictive fondée sur les indicateurs de durabilité (Club Régional ouvrages d'Art[END_REF] proceeds in general as follows:

Defining the category of structure by determining its economic importance and strategic and particularly in selecting the requisite life; 

Indicators of the durability

The application of performance-approach in the design phase requires, first time, a census of durability indicators. These indicators are chosen in function of their importance by the durability characteristics of structure and its environment and choice of structural arrangements (coating...). They are simple but relevant parameters to quantify the phenomena and to develop predictive tools.

General indicators of durability

Durability indicators general, listed below, are the first order parameters to assessing and predicting durability. They are essential to prevent the corrosion and alkali reaction. The number of these parameters is very small and they are complementary and are not routinely required to each case study.

These indicators are:

-Porosity accessible to water (NT BUILD 443, 1995) (Fig. 3) -Diffusion coefficient (effective or actual) of chloride ions (NT BUILD 443, 1998;NT BUILD 492, 1999) (Fig. 4) -Permeability to liquid water and gas (AFPC-AFREM ,1998;NF EN 12390-8,2001) -Content of portlandite (Ca (OH) 2 ) (Baroghel-Bouny v.,2004) -Carbonation test (Fig. 5) The additional parameters previously defined indicators are required when the predictive model uses as input data or to assist in the interpretation of durability. The choice of these parameters is often subjected to prior to the probation of the owner. -Diffusion coefficient of water vapor, -Heat of hydration, -Tensile Strength.

Classes and limit values for indicators of durability

Durability indicators (General and Substitution) used primarily for definition of classes depending on the potential durability of the level "very low" to rated "very high". These classes will be used for a qualitative or quantitative Durability "potential" in terms of the material. The limits associated with indicators (Tab.1) are relative to measurements made in laboratories, according methods described in the standards guides (design of concrete for a given lifetime of works) applied on specimens or molded concrete cores stored in laboratories.

Performance evaluation of a given concrete can be achieved by comparing values of durability indicators that have been obtained for the formula to be considered corresponding classes offered (Table 1). This table is a simple tool that can be used by the designer to select the concrete on the basis of predefined criteria, and / or to optimize the formulation or to control the quality of the material. (Baroghel-Bouny V.,2004). 

Tab 1: Summary of classes and limit values (indicative) for indicators of durability General (G) or Substitution (S): porosity, electrical resistivity, coefficient of diffusion and permeability

Classes and limit values

Potential durability

Conclusion

The performance approach is now an indispensable tool. It allows you to specify the design phase, especially for large projects, performance-very relevant criteria and objectives for sustainability. The identification of sustainability indicators requires the completion of studies relatively long because of the importance of the duration of the tests recommended.

These indicators must be taken into account before constructing. The application of this approach will provide performance-formulas regional references taking into account the sustainability indicators. These are determined by the characteristics of local materials, the rate of aggressive medium and the required lifetime.

Introduction

The aging of infrastructure generates significant investment because of the so large number of structures damaged and very high costs of repair. Indeed, there is an explosion in the budget to repair these structures in order to ensure the reclamation and maintenance of its quality.

The life of a cement-based structure is very often linked to the ability of the cement-based materials to prevent the penetration of aggressive agents in the porous network. The ability of strength cement based materials was the intrusion of these agents is characterized by physical quantities: the permeability, porosity...

Cracking is a key parameter for durability of cement structures. But the coupling between cracking and the durability is complex, because the cracks can be evolutive. Their location and geometry (crack opening) may vary as a result of internal stresses (alkali-aggregate reaction, freeze-thaw) or external (mechanical loads, thermal cycling). The self-healing mechanisms may also contribute to changing the geometrical properties of cracks (length, breadth and openness) and consequently the transport mechanisms in the cracking plane.

Approaches to take account of cracking on the kinetics of degradation of cement structures and the prediction of it life span are still relatively poorly developed. This lack of reliable and efficient tools stems in particular from poor understanding of the mechanisms and kinetics of self-healing cracks in the cement matrices.

Definition of healing

The term healing is often associated with medical field to designate "the spontaneous repair of body tissue affected by a lesion." This term has been extended to the field of cement based materials designer for healing / repair of cracks on the structures presented. The phenomena involved in this process can be of different natures. Some consequences are inherent properties of the material: water in the presence of chemical or physical reactions take place within cracks and reseal can (partially or wholly) the latter. Cracks can also be healed / fixed per injection of different sealers.

Various terms are used in the literature depending on the type of healing studied. These terms are very similar and the reader can sometimes mix between different concepts. Indeed, different authors sometimes use a same word to designate and separate phenomena, a same phenomenon is sometimes designated by different words. It is then interesting to take stock of the vocabulary used in the literature in order to have clear ideas on the terms to be used according to the studied phenomenon. This helps to avoid a misinterpretation of the data of the literature.

A distinction is first made between the autogenous healing and healing / repair provoked by human. These two categories are then redivided into two. Autogenous healing includes the natural healing and self-healing (Fig. 6).

Despite these differences, autogenous healing is associated with the capacity of cement based materials, once produced, has partially or wholly reseal cracks, in the presence of water thanks to chemical and physical phenomena within the crack. [START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF] defines the phenomenon as autogenous healing to restore the continuity of the two lips of a crack without external intervention to the material. 

Phenomena involved in the healing process

For many years, information about the phenomenon of healing was limited. The first description of healing back to the French Academy of Sciences in 1836 [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Hearn | Self-healing, autogenous healing and continued hydratation : What is the difference ?[END_REF]. Subsequently, many researchers have studied the phenomenon of healing and have confirmed its existence in the presence of water in a crack, the latter is able to close in part or in whole.

However, as mentioned by [START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF] and [START_REF] Hearn | Self-healing, autogenous healing and continued hydratation : What is the difference ?[END_REF], the literature has not always been unanimous in regard to phenomena at the origin of healing of cracks. Several phenomena involved in the healing process are mentioned in the literature. Some studies conclude that a single phenomenon is a cause of healing, while others think it is couples of different effects physico-chemical phenomena. The main phenomena that could potentially be at the origin of healing were already largely identified in 30 years [START_REF] Turner | The autogenous healing of cement and concrete : its relation to vibrated concrete and cracked concrete[END_REF] and are deferred in almost all introductions articles on this topic. The following phenomena can then take place (Fig. 7):

• The formation of calcium carbonate (CaCO 3 ) and, more specifically of calcite in the crack [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF][START_REF] Li | Self-Healing in Concrete Materials[END_REF][START_REF] Loving | Autogenous healing of concrete[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF]; • Continuous hydration of cement (anhydrous cement) in the flow path (lips of the crack to crack the case of concretes) [START_REF] Li | Cracking and Healing of Engineered Cementitious Composites under Chloride Environment[END_REF][START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF][START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF]; • Blocking the flow of water due to the presence of impurities in it or particles of concrete that have "Spare parts" of the lips of the crack and blocking the passage of water. [START_REF] Hearn | Self-healing, autogenous healing and continued hydratation : What is the difference ?[END_REF] draws the reader's attention to phenomena that could be construed as causes of healing but, in reality, are not. She calls this a false healing since it is then reversible phenomena. An example is the lack of saturation of the specimen in testing permeability to water. In this case, the presence of air in the concrete matrix or swelling of the cement paste when water penetrates into the concrete, can cause a decrease in permeability over time. This can then be the consequence of poor saturation and not necessarily due to healing. In tests of permeability, a measure of the flow as input and output, or the evolution of the weight of the specimen can check the good condition of saturation of the test specimen and thus avoid a misinterpretation of results.

When there is formation of calcite, white marks are often visible at the cracks. In 1936, the carbonation reaction (formation of CaCO 3 ) seems to cause full healing of cracks presented in numerous aqueducts [START_REF] Loving | Autogenous healing of concrete[END_REF]. These cracks could go up to the surface openings of 1.5 mm and had been observed 5 years earlier, in 1931, shortly after the construction of aqueducts. [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF] confirm the importance of this reaction in the healing mechanism with the help of chemical and petrographic analyzes and has the help of microscopic observations of compounds forms (size, arrangement, distribution, crystal orientation). Subsequently, the formation of calcium carbonate on the lips of the crack is the phenomenon that attracts the most attention because it is often regarded as the predominant phenomenon in self-healing [START_REF] Hearn | Self-healing, autogenous healing and continued hydratation : What is the difference ?[END_REF][START_REF] Li | Self-Healing in Concrete Materials[END_REF][START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF]. [START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF] estimates that just consider this reaction as the cause of healing, other phenomena that have no or very little influence.

As mentioned previously, some studies conclude that hydration is the only explanation for the healing of concrete, while excluding the healing by the formation of CaCO 3 . In the beginning of research on self-healing, continuous hydration has often been regarded as the main phenomenon involved [START_REF] Igarashi | Technical Committee on Autogenous Healing in Cementitious Materials[END_REF]. Nevertheless, an analysis of the results of these studies allows us to see that they focus on concretes tested at a young age, that is to say cracks in the early days and "subject" of a healing. Thus the phenomenon of continuous hydration is essentially a phenomenon that has its importance for concretes at very young age and would therefore have much less importance for concretes walls [START_REF] Hearn | Self-healing, autogenous healing and continued hydratation : What is the difference ?[END_REF][START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF].

Study of healing: different approaches

In the literature, techniques and different approaches are used to discuss and study the healing. Given that this phenomenon has a particular interest in the cracked structures that would present a problems of sustainability and loss of bearing capacity of their damage. Most studies on self-healing include the creation of cracks. These last are generally induced tensile tests [START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF][START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF]Ying -Zi et al., 2005), and bending tests [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF][START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF] or sometimes even through compression tests [START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF], although this is much less frequent. For other studies, cracking results from freeze-thaw cycles (Jacobsen et al., 1996[START_REF] Jacobsen | SEM Observations of the microstructure of frost deteriorated and self-healed concretes[END_REF][START_REF] Jacobsen | Self healing of high strength concrete after deterioration by freeze/thaw[END_REF][START_REF] Sukhotskaya | Effect of autogenous healing of concrete subjected to periodic freeze-thaw cycles[END_REF].

Following a cracking, the specimens are sometimes put in moist curing (often an immersion in water) and then refills to evaluate the mechanical advantages that could make healing products forms. Such studies compare the difference in terms of strength, stiffness, dynamic modulus of elasticity, damage, etc.., before and after healing. These studies were then used primarily permeability tests and sometimes a test penetration of chloride ions. In the case of permeability tests, the decrease in the coefficient of permeability over time indicates the potential for healing. From the tests of permeability, it is sometimes possible to determine the evolution of the crack opening equivalent in time, that is to say, to estimate the volume of the crack filled with healing products. The studies described above (mechanical approach or sustainability) are often accompanied by microscopic observations of different characterization techniques of materials, and chemical analysis to identify the nature and geometrical characteristics of the compounds form during the process healing.

The main techniques used in literature to study self-healing are:

Continuous tests of permeability to water, with a continuous flow under a pressure gradient, during which healing takes place [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Li | Self-Healing in Concrete Materials[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF] ; Immersion of specimens in water and testing water permeability [START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF] or measuring air permeability [START_REF] Argouges | Conception des bétons pour une durée de vie donnée des ouvrages -Maîtrise de la durabilité vis-à-vis de la corrosion des armatures et de l'alcaliréaction -Etat de l'art et guide pour la mise en oeuvre d'une approche performantielle et prédictive sur la base d'indicateurs de durabilité[END_REF][START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF]; Testing of penetration of chloride ions [START_REF] Li | Self-Healing in Concrete Materials[END_REF]; Mechanical tests [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF][START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF]Jacobsen, et al., 1996[START_REF] Jacobsen | Self healing of high strength concrete after deterioration by freeze/thaw[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF][START_REF] Li | Cracking and Healing of Engineered Cementitious Composites under Chloride Environment[END_REF][START_REF] Sukhotskaya | Effect of autogenous healing of concrete subjected to periodic freeze-thaw cycles[END_REF][START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF][START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF]; Chemical analysis of water [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF]; Analysis by X-ray diffraction [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF][START_REF] Jacobsen | SEM Observations of the microstructure of frost deteriorated and self-healed concretes[END_REF]VC Li & Yang, 2007) and analyzed by Raman spectroscopy [START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF]; Optical microscopy [START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF] or digital microscopy [START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF]; Chemical and petrographic analysis of compounds forms on the lips of the cracks [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF]; Scanning electron microscopy (SEM) conventional or variable pressure [START_REF] Ahn | Crack self-healing behavior of cementitious composites incorporating various mineral admixtures[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF][START_REF] Kishi | Self-healing behaviour by cementitious recrystallization of cracked concrete incorporating expansive agent[END_REF][START_REF] Li | Self-Healing in Concrete Materials[END_REF]; Visual observation of the white precipitate at the cracks (Argouges & Gagne, 2009;[START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF]; Analysis of acoustic emission [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF] whose technique "Ultrasonic Pulse Velocity, UPV" [START_REF] Jacobsen | Self healing of high strength concrete after deterioration by freeze/thaw[END_REF][START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF]; Analysis of the frequencies of resonances [START_REF] Li | Self-Healing in Concrete Materials[END_REF]; Technique of time reversal mirrors (Granger et al., 2008). This first section aimed to define what is healing, more particularly autogenous healing. The main phenomena involved in this process have been described and the different approaches taken in the literature to study the phenomenon have been enumerated. It is now interesting to understand under what conditions it occurs and is favoured. A good understanding of the physicochemical processes (and parameters influencing them) which caused healing is necessary to know when this phenomenon occurs in the structures. A good understanding of the phenomenon may also permit the development of cement based materials with better healing ability. The following section aims to describe the main parameters that influence the ability to heal cracks.

Parameters affecting the healing process • Influence of crack opening and its length

The healing potential of a crack is strongly linked to its opening. Several studies have studied the influence of crack opening on the ability of healing (Argouges & Gagne, 2009;[START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF][START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF], Yi et al., 2011). These studies focus on the openings of cracks less than 0.4 mm (surface). Table 1 shows the crack openings studied in the various references listed above.

Tab 2: Most important studying of the healing for different values of opening cracks

By studying the ability of healing with the permeability tests, several studies (Argouges & Gagne, 2009;[START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF] conclude that the healing is faster for the small initial opening crack than the big one.. Fig. 8 illustrates this result. [START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF] This figure, which represents the evolution of the relative flow (% of initial flow) over time for crack openings of 0.05, 0.1 and 0.15 mm [START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF], shows that the relative flow rate decreases more quickly to the crack opening of 0.05 mm than for 0.1 and 0.15 mm. Argouges and Gagne (2009) values give information about the importance of the effects of healing, but not really on the mechanisms involved in the healing process. We must remain cautious in interpreting the results. Saying that a thinner crack heals faster does not necessarily mean that the healing process is different depending on the crack opening and crack a finer would have more potential to form products of healing. Indeed, after Argouges and Gagne (2009), the rate of product formation of healing forms on the lips of the cracks conserved one month has a relative humidity of 100% does not significantly change depending on the opening of crack.

A same thickness of healing products has more impact in terms of gain durability, if the opening of initial crack is smaller, because the proportion of products filled with crack healing is more important.

Although several studies show that the effect of healing is faster in thinner crack, the literature is not entirely unanimous. [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF] showed, by studying cracks with openings on the surface of the specimen between 0.1 and 0.25 mm and by deducting the corresponding equivalent crack openings (deduced from the law of Poiseuille flow through a crack), there is a crack opening for which the optimal time needed to completely heal the crack is minimal (Fig. 10). It would be longer to heal the crack to an opening smaller and larger than the optimum aperture. [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF] explains this phenomenon by the fact that for a crack opening too low, the water flow is low and is thus longer react to calcium ions (Ca 2 + ) from the cement paste to form of calcite (CaCO 3 ).

Fig. 10: Time required for full healing cracks according to their opening two hydraulic gradients [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF] On the other hand, when the crack opening is larger than the optimum aperture, the water flow in this case may be too high and, although a larger amount of CaCO 3 can potentially be formed, some of these new compounds are probably washing. [START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF] indicates that for a crack opening of 78 µm, healing is slower than for a crack open more than 117 µm after 1 month of storage in a humid chamber. This result then joined in part the idea of [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF]: the finer the crack does not always heal faster. [START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF] combines this result has a lower capacity of penetration of water in the crack finer and more precisely the lack of intake of carbon dioxide (CO 2 ) dissolved while limiting the formation of calcite in the first months of storage in humid conditions. This explanation also supports the hypothesis [START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF]. Due to lack of supply of CO 2 , it takes longer to react Ca 2 + ions to form calcite.

In the preceding paragraphs, the influence of the crack opening on the sustainability was discussed. Other studies have instead focused on the question of the influence of crack opening on the recovery properties of mechanical properties and damage by following the phenomenon of healing. Then, different testing techniques have been used. [START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF] studied the recovery properties of the resonance frequency of healed specimens as a function of crack opening. The test parameters of this study are different than in the previously cited studies. While, they focused mainly on ordinary concretes or mortars, Yang ( 2009) studied a fiber mortar containing PVA fibers. This material has the peculiarity of having a very ductile behavior in tension and a multi-micro cracking (very fine cracks up to reach break) while having a percentage of fiber length 6 mm less than 2% by volume. Moreover, rather than being canned in water continuously, this time specimens cracks are subjected to cycles of wetting-drying. The resonance frequencies obtained on specimens healed are compared to those obtained on a same specimen without healed cracks. The results indicate that for a crack width (w) less than 50 µm, a total recovery properties of the resonance frequency is possible.

It therefore becomes identical to that of the specimen before cracking. Their recovery becomes less and less important when w evolves between 50 and 150 µm. These results are strongly linked to those obtained on the influence of crack opening on the durability of concrete gain brings the healing. Indeed, [START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF] validates the above conclusions by permeability tests that show a marked decrease of the permeability for w = 50 µm. For w = 150 µm, there is no difference in permeability between specimens that underwent 10 cycles of wetting drying and those who have not healed. [START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF], for their part, observed the influence of crack opening on the recovery of mechanical strength due to the healing. The parameters studied are the characteristics of cracks (Ex: length, roughness, etc..) Associated with different crack openings before healing. These cracks are created at young age by three-point bending until it reaches a certain openness. Subsequently, the crack lips are held together. Compressive stress is to keep the lips initiates cracks in contact during the healing process. The compressive loading was done in order to reproduce loading cases that may occur on the concrete at early age in dams for example. For this type of loading (bending), the crack size is more higher than in the previously tests. Despite a certain dispersion of results, it seems there is no significant influence of the crack opening on the recovery properties of resistance to bending.

Some authors studied the influence of hydraulic gradient on the critical crack opening can heal completely [START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF].

Influence of humidity

Healing can take place only in the presence of water since it is mainly the result of chemical reactions between water and certain compounds of concrete exposed close to the crack. Water is essential. However, it may be stationary or to flow through the crack. The ideal for there to be healing of cracks is a relative humidity of 100%, which is the case in most studies on this phenomenon. When the rate of moisture decreases, the self-healing is much less pronounced [START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF]. This result can be explained by the fact that if we do not have 100% humidity there is a lot less CO 2 dissolved in water available for the reaction of calcite formation [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF][START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF]. In addition, after [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF], Ca(OH) 2 can react with dissolved CO 2 in water can migrate more easily if the water is in sufficient quantity.

These authors also studied the difference in self-healing (in reality the recovery of tensile strength caused by healing) depending on whether the specimen was undergoing a wet cure (immersion in water: 100% humidity) or if it was left in an environment with a relative humidity of 95%. Their conclusion is that water saturation is essential for optimal healing with mechanical gain. For a relative humidity of 95%, the specimens found at best 25% of the strength of specimens immersed in water (100% humidity). In this study, the kinetics of healing (in terms of renewed strength here) also seems different rates depending on the humidity. For an immersion in water, the evolution of renewed strength in the first 90 days is parabolic in nature, whereas for a relative humidity (RH) of 95%, this evolution is slower and seems rather linear suggesting that the healing reaction takes place over a longer period of time.

The kinetics of healing of inactive cracks

The kinetics of healing appears faster in the early stages and then slows thereafter (Argouges & Gagne, 2009;[START_REF] Clear | The effects of autogenous healing upon the leakage of water through cracks in concrete -Technical report 559[END_REF][START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Hosoda | Self healing properties with various crack widths under continuous water leakage[END_REF][START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF][START_REF] Ramm | Autogenous healing and reinforcement corrosion in water penetrated separation cracks[END_REF][START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF]. When specimens (concrete or mortar) cracks are stored in water, the healing appears to occur predominantly in the first three months (Argouges & Gagne, 2009[START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF][START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF]. Kinetics is faster in the first month then slowed between the 1 st and 3 rd month after the creation of the crack (Argouges & Gagne, 2009). In case the healing is done under flow, that is to say that pressure is applied on the specimen to initiate a flow of water through the cracks or, three months of this period is reduced to a few tens or hundreds of hours, depending on the level exerts pressure [START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF][START_REF] Nanayakkara | Self-healing of cracks in concrete subjected to water pressure[END_REF][START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF]. This shows that although the kinetics of healing is dependent by the test conditions (crack openings, temperature, pressure, humidity, etc.).

The kinetics of self-healing is followed through several types of tests. This can be highlighted by evaluating the decreasing in the coefficient of permeability over time, by studying the recovery properties of certain mechanical properties or by observing the amount of product forms of healing. [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF] measure the evolution in time of the mechanical properties of a specimen crack heals. In their study, the increased resistance over time is of parabolic (faster at the beginning and then slows down). [START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF] found a variation in the kinetics of healing by studying the recovery properties of the resonance frequency for specimens that have healed under wetting-drying cycles. [START_REF] Homma | Self-healing capability if fiber reinforced cementitious composites[END_REF], whether by studying mortars with polythene fiber, steel or a mix of both (hybrid fibers), found that the thickness of the product (formed by healing) is more important in the early days and then slows by on. This result has been validated subsequently by tests of permeability.

This healing kinetics may be explained by the phenomena involved in the healing process. In the case of concretes at very young age, the healing would be associated primarily to a continuous hydration of anhydrous cement [START_REF] Neville | Autogenous Healing: A Concrete Miracle[END_REF][START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF][START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF] and the kinetics of healing could then be explained by the nature of the hydration process of the early days of concrete. After 28 days, most researchers agree that the formation of calcium carbonate is the main cause of self-healing of mature concretes [START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF].

However, once the nucleation of calcite, it is possible to distinguish two phases of growth [START_REF] Edvardsen | Water Permeability and Autogenous Healing of Cracks in Concrete[END_REF]. The first is controlled on the surface, while the second results from a phenomenon of diffusion of Ca 2 + ions through the concrete and the calcite layer already formed.

The first phase of growth occurs while there is a sufficient amount of Ca 2 + ions on the surface. Growth of calcite then occurs rapidly. Once these Ca 2 + ions are no longer available directly on the surface of the crack, they diffuse through the concrete thanks to this concentration gradient between the surface and the crack inside the concrete. During this growth phase, the time required for ions to diffuse through the concrete and already formed the layer of calcite is often longer than the time necessary for these same ions to be absorbed by the layers through which it passes. Therefore, in this phase, the growth rate depends on the diffusion rate and thus the microstructure of concrete. These phenomena may therefore explain the growth kinetics decreasing healing observed in the literature.

The healing effect on the mechanical behavior

It has been shown previously that healing causes a decrease in permeability and that this phenomenon has an interest in sustainability. Another aspect of healing is to see if this phenomenon may provide an advantage in terms of mechanics, restoring the strength or gain of rigidity. Several studies have examined to understand the effect of healing on the mechanical behavior of concretes. Mechanical tests (tensile, bending and compression) and non-destructive testing (acoustic techniques) were performed to evaluate the mechanical behavior of the damaged specimens and the evolution of the healed cracks. The acoustic emission tests have enabled to characterize the micro-cracks in a cracked specimens before and after healing [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF]. These approaches give a better understanding about the cracking of a healed crack. This damage starts with a shattered healing products.

Subsequently the pre-existing crack continues to spread [START_REF] Granger | Caractérisation expérimentale du phénomène d'autocicatrisation des fissures dans le bétons[END_REF]. [START_REF] Li | Self-Healing in Concrete Materials[END_REF] also noticed that, if an uniaxial tension is applied to a healed specimens, cracking takes place generally in the healed cracks. This is explained by the low resistance of healing products compared to products of hydration [START_REF] Li | Self-Healing in Concrete Materials[END_REF]. The observation of surface cracks of lips healed and unhealed shows that the non-healing concrete presents a dense structure compared to that of crystal forms during healing [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF]Granger et al., 2008;[START_REF] Jacobsen | SEM Observations of the microstructure of frost deteriorated and self-healed concretes[END_REF]. These come in the form of clusters less dense and therefore have different mechanical properties of the material before cracking. This would explain that when reloading a healed specimen, the damage take has first place in the healed zones.

Later in this section, we summarize the main results obtained in terms of mechanical effects has caused by healing, depending on the type of initial damage and mechanical properties tested.

7. The benefits of self-healing 7.1. Gain of mechanical properties after being subjected to freeze-thaw [START_REF] Jacobsen | Self healing of high strength concrete after deterioration by freeze/thaw[END_REF] have noted a small increase in compression resistance of 4 to 5% on specimens of ordinary concrete healed after three months of storage in water due to damage by freeze thawing. During these cycles, the specimens had lost 22 to 29% of their initial compressive strength. In another study in which the identical specimens were preserved in three months in saturated lime water after having undergone various cycles of freezingthawing, the specimens underwent 31 cycles with a recovery properties were present in 10% of the compressive strength whereas specimens that have undergone more cycles (61 and 95 cycles) did not show gain resistance (Jacobsen et al., 1996). Parallel to these tests, analysis of acoustic tests conducted on identical specimens showed that the resonance frequency (dynamic modulus of elasticity) have found, after healing, 85 to 98% of their initial value.

Healing would have absorbed much of the damage to freeze thaw, but this phenomenon don't recover the compression strength. Observation of cracks showed that they were only partially filled by the healing products, which can explain the small increase in compression strength after healing [START_REF] Jacobsen | SEM Observations of the microstructure of frost deteriorated and self-healed concretes[END_REF]. The positive effect of healing, after a freeze-thaw damage, has also been highlighted by [START_REF] Sukhotskaya | Effect of autogenous healing of concrete subjected to periodic freeze-thaw cycles[END_REF]. They have found that, proceeding with a regular periods of immersions water at certain times during the freeze-thaw cycles, can limit the damage to these cycles, thus increasing the frost resistance. [START_REF] Jacobsen | SEM Observations of the microstructure of frost deteriorated and self-healed concretes[END_REF], [START_REF] Sukhotskaya | Effect of autogenous healing of concrete subjected to periodic freeze-thaw cycles[END_REF] also noted a gain of dynamic elasticity modulus. The immersion of the specimens in the water periodically decrease the loss of compressive resistance to freeze-thaw: the compressive strength after 300 continuous cycles (without immersion in water) has decreased by 18%, while this reduction is only 7% when there is an immersion after 500 cycles.

7.2.

Gain of mechanical properties after damage by bending [START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF] have carried out a bending tests on the 3 points on a matrix of a highperformance concrete. It was cracked (10 µm) and then recharged after storage in water ranging from 1 to 20 weeks. They observed that healing allows a global recovery in rigidity of damaged concrete and a slight recovery in bearing capacity. When the specimen is preserved in the air, the mechanical properties of the samples tested are not improved compared with those obtained in the case of a reload directly after cracking, unlike the case of storage in water (Fig. 11). Their recovery of partial mechanical properties of specimens stored some time in water is especially important as the immersion time is long, this being associated with a greater advanced the healing process (Fig. 12). The rigidity of the healed specimens after immersion in water of about 10 weeks is approaching to the initial rigidity of the healthy specimen. Nevertheless, the bearing capacity and resistance (bending) of the non-cracked concrete are not completely reached due to the healing. [START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF] also study the mechanical recovery properties of cracked concretes at early age by a 3-point bending test, until it reaches an opening crack of 50 µm. The healing conditions are different in this study because the specimen is subjected to a compressive force (0, 0.5, 1 or 2 MPa) to maintain the two crack lips closed. It is then immersed in water and then retests 3 points bending. [START_REF] Schlangen | Crack healing of early age cracks in concrete[END_REF] found that recovery properties of the flexural strength and the stiffness is possible when the crack is made at very young age and that the lips of the crack are then kept closed due to the compression. 

Gain of mechanical properties after damage in traction

Lauer and Slate (1956) studied the tensile strength of a cement paste of w / c ratio of 0.4.

After the specimens have been immersed in water for 90 days, the first tensile test shows that 25.1% of the tensile strength has been found after healing. When the specimen had been cracked, they are tested at 7 days and then again after 90 days in water, 14.2% of resistance was reached. Thus, there is a resurgence of strength tension when the specimens are cracked at a young age and the proportion of that gain appears to occur in the first 90 days. [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF] have seen the size, arrangement, shape, orientation of compounds forms of healing within the crack and the proportion of the surface crack covered by the compounds.

The resurgence of resistance could be explained by the interpenetration of healing products in the surface of the cement paste, by Van der Waal forces between the crystals, the paste and aggregates, as well as the link between crystal forms [START_REF] Lauer | Autogenous Healing of Cement Paste[END_REF]. By observing the thin sections under the microscope, they also noted that the increase in resistance is directly related to the percentage of the crack where both lips are in contact (instead of full healing)

and the area of the crack filled with these compounds. [START_REF] Li | Self-Healing in Concrete Materials[END_REF] have also studied the recovery properties in uniaxial tension test of a cracked specimens. The cement composite has the particularity to enable a very fine crack and a very ductile behavior in tension. This material contains less than 2% of PVA fibers of length 8 mm, no large aggregates and ductility has a 200 to 500 times greater than that of a concrete reinforcing by a conventional fiber. After healing, the specimens are reloaded and their tensile strength is compared to: the behavior obtained during the first loading and the behavior of unhealed specimens. [START_REF] Li | Self-Healing in Concrete Materials[END_REF] observed a recovery properties of the initial dynamic elasticity modulus for most specimens tested when the specimen has undergone 10 cycles of wetting-drying (periods of 24 h drying at 21 o C ambient air and 50% RH). Moreover, after these 10 cycles of wetting-drying, the specimens reloaded show a rigidity. These results are consistent with the results of resonance frequency, which are directly related to the stiffness of the material. [START_REF] Li | Cracking and Healing of Engineered Cementitious Composites under Chloride Environment[END_REF] continued the studies of the same material as that studied by [START_REF] Li | Self-Healing in Concrete Materials[END_REF]. The specimens are always triggered by traction. Nevertheless, this time the specimens preloaded at 0.5, 1 or 1.5% tensile strain are immersed in saline (NaCl) for 30, 60 or 90 days to observe the healing process in a marine environment or exposed to salt. The specimens are then retested in tension. These specimens, immersed in this solution, show a decrease in resistance to first cracking and ultimate strength of 7 to 13% compared to the specimen preload. Nevertheless, immersion in the NaCl solution does not affect the ductility of the material nor the multicracking. Thus the healed specimens show a reversal of rigidity and tensile ductility compared to the unhealed specimens. Healing products can reseal the microcracks, but also reshape links between fibers and matrix [START_REF] Li | Cracking and Healing of Engineered Cementitious Composites under Chloride Environment[END_REF].

Gain of mechanical properties after damage in compression

The studies examining the effect of healing on specimens loaded in compression are much less numerous. Nevertheless, [START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF] were damaged a cylinder by compression of an ordinary concrete and high-performance concrete at a young age. They found, after UPV test (Ultrasonic Pulse Velocity), some repair of the damage due to the healing phenomenon. They also found that the recovery of compressive strength due to healing is dependent on the degree of damage to specimens:

-More damaging the concrete at an early age more the renewed strength is important.

-The effect of healing decrease with the increase of damage. [START_REF] Zhong | Influence of damage degree on self-healing of concrete, Construction and building materials[END_REF] explain this by the fact that healing is associated with the hydration of anhydrous cement grains in concrete. Thus, if the damage is not large enough, the amount of anhydrous cement available for hydration remains low. Nevertheless, if the damage exceeds a certain threshold, the anhydrous cement is available, but the damage is too great for healing products can form bridges between the lips of the cracks. In this case, the impact of healing on the recovery properties of compressive strength becomes weaker.

Conclusion

This literature review has to take stock of current knowledge in the field of healing. There are a lot of information about gains in terms of sustainability and on the mechanics that can bring healing cracks. Researchers trying to understand and identify different phenomena have caused scarring. An effort is also made to target parameters that influence this process. Many experimental techniques have been used in various research projects in order to visualize and report, quantitatively or qualitatively, the phenomenon of healing stage of product formation was that of healing their damage during reloading. As a measure that seems a new study, the phenomenon is becoming increasingly well understood and it is possible to have an idea about the conditions that favor or not the process. Knowledge of chemical reactions at the origin of the phenomenon allows the development of concretes with a greater capacity for healing.

Introduction

Methods of nondestructive evaluation of structures are derived from the need for engineers to ensure the safety of goods and people. This type of evaluation has long been used in high-tech

industries, but much more recent in civil engineering.

The techniques of nondestructive testing of materials and structures are tools of investigation and diagnosis. They allow contractors and builders to have an inventory of structures and pathologies.

Magnetic Control

This method (Fig. 13, Fig. 14) is based on magnetic forces and does highlight defect on the surface of magnetic materials [START_REF] Bray | Nondestructive testing techniques[END_REF]. By magnetizing the part to be tested, lines of force are disturbed at the location of each discontinuity in the properties magnetic (crack or inclusion non-magnetic). Small particles of iron suspension of iron filings (developer), spread over the surface, where the focus lines of force emerge. 

Infrared thermography

Thermal NDT (Fig. 17, Fig. 18) methods [START_REF] Ettemeyer | Material and component validation by speckle interferometry and correlation methods[END_REF][START_REF] Huber | Shearography as an Industrial Application Including 3D Result Mapping[END_REF] are based on detection of a disturbance of the thermal field that appears when, in the structure to be inspected, it induces a permanent or transient heating. The distortion can be induced by the presence of a defect in one of the interfaces. Methods based on the temporary transfer of heat supply as much information, they are:

-Rapidly heating the surface to be inspected, -Record changes in temperature on surface with an infrared camera.

The fault behaves as a thermal barrier and the cooling is slower than over a healthy area. The limitations of this technique are mainly from the thermal diffusion that depends on the nature of the materials and thickness.

Infrared thermography is a method of controlling overall relatively easy to implement and which, in some favorable cases, to establish a relationship between thermal diffusivity and the membership level.

Ultrasonic and Acoustic emission

Ultrasounds [START_REF] Kouzoubachian | Les principales méthodes utilisées en END, intérêts dans l'industrie[END_REF]) (Fig. 19) are mechanical vibrations of electrical origin, which propagate in a solid or liquid media. The principle is to emit an ultrasonic wave that propagates through the test piece and is reflected in the manner of an echo on the obstacles it encounters (faults, cavities). These waves are emitted by one or several "translators" manipulated by an operator or an automated system.

The use of a "coupling", usually an aqueous gel between the probe and the sample to allow a good transmission of the waves between them, is often necessary.

The echoes are analysed on a screen by the controller or processed in a measuring system for automatic installations. These methods are sensitive to detect the discontinuities in the defected materials by transmission and reflection.

Acoustic emission also uses the wave propagation in materials: when the material changes, warps, cracks under the action of an external stress (mechanical, thermal, chemical, etc..), he creates spontaneous waves "elastic".

The discontinuous release of energy in the form of trains of mechanical waves occurs for each change of state of matter. These trains of waves propagate in the material according to its acoustic properties and geometry and reach the sensors installed on the equipment to examine. The signals collected and processed by a measuring system used to locate the area of degradation (a mapping) and to evaluate its intensity as a function of the stress imposed. Measurement quality depends in part on the choice and positioning of sensors. In the next chapter, this method will be explained with more details.

Criterias for choosing a NDT method

We just very briefly present the main NDT techniques applicable to the bonding and application domain. The last table shows the many advantages of the acoustic method and especially its cost is less expensive compared to other techniques.

In addition, statistics (Fig. 20) show that the acoustic techniques are increasingly used to make non-destructive testing. 

Conclusion

The term non-destructive testing grouped all techniques and processes capable of providing information on the health of a structure without introducing alterations detrimental to their future use. In this sense, non-destructive testing (NDT) appears as a major component of quality control products. Each technique presented in this chapter allows certain advantages and disadvantages in terms of instructions and cost. The technique of the acoustic wave is the most used and most pertinent so it will be adopted to continue the work.

Introduction

The evaluation of structural changes of materials and constructions and monitoring their ultimate strength and endurance in operation is required for many industrial structural integrity problems.

Especially the evaluation of accumulated damage or degradation in the material properties at the early stage of fracture is important in refinery plants, nuclear power plants, or aircraft parts in order to ensure their structural safety. One of the most useful non-destructive ways of evaluating material degradation is the ultrasonic method since the characteristics of ultrasonic wave propagation are directly related to the properties of the material.

Linear acoustic

Ultrasonic linear waves can be of different types according to the mode of vibration of the material. There are:

• Body waves: longitudinal wave (compression or primary waves), transverse wave (shear waves or secondary waves).

• The guided waves: Rayleigh wave, Love wave, Lamb wave… This section describes the body waves.

Body waves are mechanical vibrations that propagate inside the material. Depending on the mode of propagation, we define two types of waves

Longitudinal waves: Their transition in a medium results in a succession of expansions and compressions (Fig. 21). The direction of the deformation generated is parallel to the direction of propagation of the wave. Their velocity is denoted V L or Vp. 

The difference of the response between the linear and nonlinear acoustic wave

Traditional ultrasonic NDE is based on linear theory and normally relies on measuring some particular parameter (sound velocity, attenuation, transmission and reflection coefficients) of the propagating signal to determine the elastic properties of a material or to detect defects [START_REF] Birks | Nondestructive Testing Handbook 7: Ultrasonic Testing[END_REF] .The presence of defects changes the phase and/or amplitude of the output signal, but the frequency of the input and output signals is the same. However, the conventional ultrasonic technique is sensitive to gross defects or opens cracks, where there is an effective barrier to transmission, whereas it is less sensitive to evenly distributed microcracks or degradation. An alternative technique to overcome this limitation is nonlinear ultrasonic. The principal difference between linear and non-linear acoustic (Fig. 23, Fig. 24) is that in the latter the existence and characteristics of defects are often related to an acoustic signal whose frequency differs from that of the input signal. This is related to the radiation and propagation of finite amplitude (especially high power) ultrasound and its interaction with discontinuities, such as cracks, interfaces and voids. Since material failure or degradation is usually preceded by some kind of non-linear mechanical behavior before significant plastic deformation or material damage occurs, considerable attention has recently been focused on the application of nonlinear ultrasonic [START_REF] Jhang | Applications of Nonlinear Ultrasonics to the NDE of Material Degradation[END_REF][START_REF] Jeong | A Nondestructive Method for Estimation of the Fracture Toughness of CrMoV Rotor Steels based on Ultrasonic Nonlinearity[END_REF]. Linear acoustics deals with propagation of vibrations through medium. Deviations from the equilibrium state of a medium that are caused by these vibrations are assumed to be small; that is, the propagating wave is assumed to have small amplitude or a low intensity. The propagation of finite-amplitude (or high-intensity) ultrasonic waves is accompanied by a number of effects, whose magnitudes depend on the vibration amplitude.

Investigation of the propagation of finite-amplitude elastic waves in gases, liquids, and solids has been of continuing interest. The presence of nonlinear terms in the wave equation causes intense acoustic waves to generate new waves at frequencies which are multiples of the initial soundwave frequency. The nonlinear third-order elastic constants of solids were first measured in the early 1960's and harmonic generation of bulk waves was soon reported by a number of authors [START_REF] Parker | An ultrasonic optical determination of the third order elastic constant c111 for nacl single crystals[END_REF][START_REF] Carr | Harmonic generation of microwave phonons in quartz[END_REF]. This resurgence of interest let to more convenient formulations of nonlinear acoustic propagation by [START_REF] Thurston | Third-order elastic constants and the velocity of small amplitude elastic waves in homogeneously stressed media[END_REF] and by (Wallace, 1970).

Thereafter, it was found in a solid exposed to a strong ultrasonic field that there occur such nonlinear effects as sub-harmonic generation, shift of resonance frequency, or mixed frequency response as well, besides the higher harmonic generation.

All these phenomena can exert a strong effect on the structure and interaction of solids, making intense ultrasound applicable in material characterization. Moreover, these effects are enormous in damaged material but nearly un-measurable in undamaged materials, hence the interest in applying nonlinear ultrasonic. Those are expected to be much more sensitive to micro-damage than the conventional linear characteristics of ultrasonic wave, where the ability of several nondestructive and destructive methods is summarized in the detectable defect size. 

Mixed Frequency Response

One of the simplest ways to evaluate nonlinear acoustic properties of a material is to measure the modulation of an ultrasonic wave by low-frequency vibration [START_REF] Van Den Abeele | Non-Linear Elastic Wave Spectroscopy (NEWS) Techniques to Discern Material Damage, Part I: Non-Linear Wave Modulation Spectroscopy (NWMS)[END_REF][START_REF] Van Den Abeele | Micro-Damage Diagnostics Using Nonlinear Elastic Wave Spectroscopy[END_REF][START_REF] Korotkov | Variations of Acoustic Nonlinear Parameters with the Concentration of Defects in Steel[END_REF].

This method is known as nonlinear wave modulation spectroscopy (NWMS). The physical nature (Fig. 25, Fig. 26) of this modulation can be explained simplistically as follows [START_REF] Sutin | Nonlinear Elastic Wave Nde II. Nonlinear Wave Modulation Spectroscopy and Nonlinear Time Reversed Acoustics[END_REF]: When we consider 3 rd or higher order nonlinearity, then the system output will have 3 rd or higher harmonics also. However, usually the nonlinear effect of 3 rd or higher orders is much smaller than 2 nd order, therefore we used to consider up to 2 nd order nonlinearity.

Physically the phenomenon of higher harmonic generation is related with the nonlinearity in the elastic behavior of material, as shown in Fig. 32. That is, the relationship between stress σ and strain εis nonlinear, which is called the nonlinear version of Hooke's law as shown in Eq. 1 for the simple one-dimensional case [START_REF] Jhang | Applications of Nonlinear Ultrasonics to the NDE of Material Degradation[END_REF][START_REF] Jeong | A Nondestructive Method for Estimation of the Fracture Toughness of CrMoV Rotor Steels based on Ultrasonic Nonlinearity[END_REF][START_REF] Na | Linear and Nonlinear Ultrasonic Properties of Fatigued 410Cb Stainless Steel[END_REF] :

⋯ Eq. 1
Where, E is Young's modulus and β is 2 nd order nonlinear elastic coefficient which called the nonlinear parameter. In order to explain the generation of higher order harmonic waves, let's now consider the case where a single frequency ultrasonic wave (longitudinal) incident upon one end of a thin circular rod propagates through the rod with degradation and is detected on the other end.

If it is now assumed that the attenuation can be neglected, then the equation of motion for longitudinal and planar waves in the thin circular rods can be represented as follows:

Eq. 2

Where, ρ is the density of the medium, x is the propagation distance, σ is the stress and u is the displacement. Using Eq. 1 and 2 and the relationship between strain and displacement, we can obtain the nonlinear wave equation for displacement u(x,t) as follows:

c 1 β Eq. 3

We can find the expression of the nonlinear coefficient given by the authors [START_REF] Shah | Non-linear ultrasonic evaluation of damaged concrete based on higher order harmonic generation[END_REF] :
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Eq. 4

Where:

-A 1 , A 2 : the fundamental and the second harmonics in the Fig. 30.

-d: the distance of the propagation -K: the wave number

The magnitude of harmonic waves depends on medium material properties. Thus, it would be possible to evaluate the degradation of elastic property by monitoring how much magnitude of higher harmonic wave is generated in the transmitted wave [START_REF] Hikata | Effect of Dislocations on Finite Amplitude Ultrasonic Waves in Aluminum[END_REF][START_REF] Johnson | Resonant Nonlinear Ultrasound Spectroscopy[END_REF][START_REF] Meo | Detecting Damage in Composite Material Using Nonlinear Elastic Wave Spectroscopy Methods[END_REF] .

Shift of Resonance Frequency

Resonant ultrasound spectroscopy (RUS) (Visscher et al., 1991;Antonaci, 2010) is a linear ultrasonic or acoustical technique which can be applied to extract all the elastic constants of a sample based on the values of its resonance frequencies, its geometry and its density. This method is very accurate when applied to samples having a well-defined geometry and homogeneous elastic constants. However, RUS is an inherent linear technique, and it is not be sensitive to the early stages of damage development inside a sample. Contrarily, nonlinear version of RUS, which is called Nonlinear RUS (NRUS) (Van Den Abeele et al., 2000;[START_REF] Jun | Rapid evaluation of alkali-silica reactivity of aggregates using a nonlinear resonance spectroscopy technique[END_REF] analyzes the dependence of the resonance frequency on the strain amplitude while exciting the sample at relatively low amplitudes. By observing the relative frequency shift, it is possible to have a measure of the internal degradation of the microstructural properties of the material [START_REF] Johnson | Resonant Nonlinear Ultrasound Spectroscopy[END_REF]Windels & Van Den Abeele, 2004). That is, in NRUS, the resonant frequency(ies) of an object is studied as a function of the excitation level. As the excitation level increases, the elastic nonlinearity is manifest by a shift in the resonance frequency. In Fig. 33 and Currently, NRUS is being actively applied in characterization of various materials, concrete [START_REF] Payan | Applying Nonlinear Resonant Ultrasound Spectroscopy to Improving Thermal Damage Assessment in Concrete[END_REF], fiber reinforced plastic composites [START_REF] Meo | Detecting Damage in Composite Material Using Nonlinear Elastic Wave Spectroscopy Methods[END_REF] as well as metallic material.

Several tries to apply NRUS to medical diagnosis [START_REF] Muller | Nonlinear Resonant Ultrasound Spectroscopy (NRUS) Applied To Damage Assessment in Bone[END_REF] are undergoing, and defect imaging [START_REF] Van Den Abeele | Micro-Damage Diagnostics Using Nonlinear Elastic Wave Spectroscopy[END_REF] by NRUS is also under investigation.

Evaluation of damage in cement based materials by non linear acoustic

Previous experiments show that the linear acoustic methods are practical to detect damage from a relatively high cracking, but it is clear that the linear acoustic techniques are less effective for detection micro cracks concrete.

However, the nonlinear acoustic measurements, which are interested in the consequences of changes in elastic properties, are more likely to detect small damage in materials.

The excitement of an environment induced a modification that could lead to the appearance of unknown phenomena such as linear acoustic modulation frequency, harmonic generation, the time lag of the ultrasonic wave, etc. Note that the micro cracks and the cracks as those generated by the damage increase the non-linearity in the cement based materials.

The difference between linear and nonlinear acoustic methods rests on a supposition about the frequency components of propagating waves. [START_REF] Kodjo | Impact of the alkali-silica reaction products on slow dynamics behavior of concrete[END_REF].

Mechanical damage

The majority of studies carried to investigate the impact of mechanical damage on linear and nonlinear acoustics and shows the relevance of the latter.

Van Den Abeele, and De Visscher (2000), using both linear and nonlinear (amplitudedependent) acoustical experiments on a reinforced concrete (RC) beam in which damage is gradually induced by means of static loading tests, show that the relative value of the nonlinearity parameter : (due to the shift of the frequency) increases drastically by a factor of 200 as function of the induced damage in the RC beam. Also, they concluded that the relative expansion of the non-linearity is far more sensitive to damage than the linear material properties (Fig. 35). This is specifically important when examining the early phases of deterioration where reduction of linear wave speed is hardly measurable (D< 0.1).

For D> 0.2, it appears as if the change in the nonlinearity reaches a point of saturation when the micro cracks coalesce to form a crack that is visible at the surface. At this point the change in linear properties may be used as damage indicators, since they probably are more sensitive to macro cracks. Moreover, Shaha and Ribakov (2010) show that the acoustic emission activity and the nonlinear acoustic were found very sensitive to change in the applied loading events and w/c. Acoustic emission events increase significantly as damage progresses. Additionally, the increase in acoustic emission events was higher for high w/c concrete compared to low w/c one. Attenuation has also increased with increase in damage. The changes in attenuation, however, are greater for low w/c concrete than for high w/c one (Fig. 36). 

Thermal damage

After an overview on the detection of mechanical damage by the nonlinear acoustic, this section will be dedicated to studying the effect of thermal damage on nonlinear acoustic parameters.

Thermal damage to concrete includes the formation of contact-type defects based on physicochemical changes, which are a dominant factor in heat damage. [START_REF] Park | Nonlinear resonance vibration method to estimate the damage level on heat-exposed concrete[END_REF] in his study evaluated the shift of resonance frequency after exposing concrete structures to fire. The experimental study was performed on 100 concrete samples with different mix proportions and fire scenarios.

At two specific peak temperatures (200 °C and 400 °C), the non linear parameter (Fig. 38) increased sharply compared to other temperatures, so these ranges of temperatures, in particular, seem to cause contact-type defects in concrete. We conclude that nonlinear resonance vibration can be used as an essential method to evaluate fire-damaged concrete. Moreover, [START_REF] Meo | Nonlinear acoustic and ultrasound methods for assessing and monitoring civil infrastructures, Sensor Technologies for Civil Infrastructures[END_REF] attempts to visualize the thermal damage and characterizes the thermally damaged concrete using a nonlinear ultrasonic method. Thermal damage in concrete structures was induced and the nonlinear parameters were measured as a function of the damage.

A visible shift in resonance frequency (Fig. 39) was observed and the nonlinear parameter measured as a function of the damage temperature, showed a dynamic range ten times greater than the variation velocity of the ultrasonic waves. 

Conclusion

Cement based materials is an micro inhomogeneous material. It includes inhomogeneities larger than a distance between atoms. In addition, the study of its damage through acoustic waves is produced from the emission of waves whose wavelength is larger than the size of these irregularities. These two phenomena characterize micro inhomogeneous materials. However, since the material starts to deteriorate, the nonlinearity is a whole new dimension and becomes largely dominant compared to the nonlinearity of the material before degradation. Thus, for very little damage states developed, one can easily detect non-linear phenomena, whereas this is not allowed by the use of linear acoustic methods.

Context of the study

For twenty years, the characterization of materials by ultrasonic sound has progressed through the study of nonlinear phenomena.

This development of control health applications is directly related to the discovery that although very different from each other (rocks, concrete, polycrystalline metals, tired materials...)

nonlinear elasticity of a large number of materials, was mainly due to contacts (grains, cracks...) within it. Thus, because of these contacts, these materials have a huge nonlinearity (several orders of magnitude compared to a solid mono-crystalline or fluid) is very sensitive to structural changes they undergo (fatigue, water uptake...). Thus, the importance of non-linear macroscopic effects, measured from the change in function of the excitation level of various acoustic parameters (speed, attenuation, spectral content, resonance frequency...), is an excellent indicator of the amount of degradation of existing micro cracks in the material and the durability.

The aging of infrastructure generates significant investment because of the so large number of structures damaged and very high costs of repair. Indeed, there is an explosion in the budget to repair these structures in order to ensure the reclamation and maintenance of its quality.

The life of cement-based structure is very often linked to the ability of the cement-based materials to prevent the penetration of aggressive agents in the porous network. This ability of cement-based materials against the intrusion of these agents is characterized by physical quantities: the permeability, porosity...

Cracking is a key parameter for durability of cement structures. But the coupling between cracking and the durability is complex, because the cracks can be evolutive. Their location and geometry (crack opening) may vary as a result of internal stresses (alkali-aggregate reaction, freeze-thaw) or external (mechanical loads, thermal cycling). The self-healing mechanisms may also contribute to changing the geometrical properties of cracks (length, breadth and openness)

and consequently the transport mechanisms in the cracking plane.

Approaches to take account of cracking on the kinetics of degradation of cement structures and the prediction of its life span are still relatively poorly developed. This lack of reliable and efficient tools stems in particular from poor understanding of the mechanisms and kinetics of self-healing of the cracks in the cement matrices.

Problematic

This research project aims to study and characterize the damage and degradation in the mortar using the nonlinear acoustic and it contains essentially two related axes:

A first part: to study the effect of thermal damage on nonlinear acoustic parameters in mortar. Indeed, thermal cracking induced by a temperature gradient represents a problem in the cement-based materials. For a multi-phase material, the deformation equity arising from the heterogeneity deformations of the phase components inevitably cause cracks in the composite, even if it is under a uniform temperature field. Also, this type of cracking reduces significantly the strength and elastic modulus of the mortar. However, the overall thermal cracking process (initiation, propagation and linkage of cracks) and stress related to distributions under high temperatures are difficult to quantify experimentally, mainly due to the limitation of equipment and complex structure of a composite material. So, the goal is to characterize the sensitivity of the heat damage in mortar by the nonlinear acoustics using the higher harmonics generation approach. Moreover, the effect of the cracking on the nonlinear parameter and his limits. In addition, the impact of the porosity and W/C ratio on the cracking by finding a correlation between those parameters. Besides, compare the response of the linear and non-linear acoustic of detecting damage and the limitations of each approach.

A second part: to follow the phenomenon of self-healing in mortar by nonlinear acoustics. Indeed, the presence of cracks is one of the important factors affecting the durability of the mortar, especially in terms of resistance or transfer properties. The selfhealing of cracks is a physicochemical phenomenon having a positive impact on the sustainability issues. So, the goal is to create a controlled cracks (mechanical damage) on mortar and follow the closing/clogging of the crack size due to the self-healing by the nonlinear acoustics using the shift resonance and higher harmonics generation approaches. Besides, comparing the evolution of the airflow (measured by the permeability tests) and nonlinear parameters according to the healing. In addition, seeing the effect of the initial crack size on the parameters (α, β) and the airflow. Moreover, identify the limitations of the nonlinear acoustic approaches against the permeability tests.

Introduction

In this chapter we are basically interested in the effect of the heat damage on the velocities and the non-linear parameter in mortar.

However, it would be interested to see the variation of the velocities, the modulus of Young and according to the temperature, porosity and saturation. Thus, in this section, the experimental procedure of specimens' preparation and heat protocol are presented. Then, as first a step, we analyse the results obtained by the linear acoustic and as second step we analyse those of the nonlinear parameter .

Experimental procedure 1.Mortar sample preparation and generation of heat treatment

In order to obtain various samples with different porosities, mortar samples were fabricated with four different water/cement (w/c) ratios: 0.3; 0.4; 0.5 and 0.6. The corresponding cement mass densities are reported in Fig. 44, and some samples are shown in Fig. 40 studies [START_REF] Fu | Thermal induced stress and associated cracking in cement-based composite at elevated temperatures-Part I: Thermal cracking around single inclusion[END_REF]Xu et al. 2003;[START_REF] Joshua | Young's modulus of cement paste at elevated temperatures[END_REF][START_REF] Lion | Experimental study on a mortar: Temperature effects on porosity and permeability: Residual properties or direct measurements under temperature[END_REF]. In this work, it was chosen to impose the temperature variations used by Xu et al. (2003), as illustrated in Fig. 41. The reference case considered in this study is the case of a saturated ambient temperature T 0 lying between 23°C and 30 °C (it was most often equal to 25°C in the laboratory). To prepare damaged mortar, the sample was first put in the oven for 120 min, during which temperature was progressively raised up (In order to avoid heat shocks ) to a maximum temperature Tmax. The 

Porosity and density

Porosity was measured by the gravity method, using vacuum saturation. This is a well-established technique, as it has the benefit to be fast and easy to apply. Furthermore, it is considered to deliver an effective approximation of porosity of materials such as mortar or concrete. It consists of submitting the sample to a moderate oven drying at a temperature of 60 °C. The drying is stopped when the weight of the sample persists constant, which is achieved when its variation does not exceed 0.01% (Fig. 42). The weight of the dried sample, symbolized as M dry , is then measured with a precise balance. Afterwards, the specimen is immersed under vacuum in a container filled with distilled water. The weight of the sample is measured at different times until it becomes stable; the sample is then considered as fully saturated with water and its weight denoted as M sat . In addition, the volume of the sample (V) was precisely measured with a pycnometer. Then, porosity (Fig. 43) is calculated by this formula :

; <=>? <@AB CD E All the results in this part are determined by taking the average of three experimental tests. The results (Fig. 42) show that the variable kinetics of relative mass is related to the w/c. We note a stabilization of the latter at the end of 66 days for all samples.

Fig. 43 show the variation of porosity with w/c ratio for the mortar for a linear trend curves. As expected, the results show an increase in the porosity of the mortar according to the ratio w/c. As an example, porosity increases from 9% to 21% when the w/c ratio goes from 0.3 to 0.6. These results are consistent with those obtained by other researchers (Baroghel-Bouny, 2001).

In the Fig. 44, we determine the density because we need these values to determine the dynamic modulus of Young.

Linear acoustic

Experimental device

Broadband ultrasound spectroscopy was used to obtain ultrasonic parameters of the samples. This technique can be applied either in transmission mode, with a pair of transducers, one transmitter and one receiver (as used in this study), or in pulse-echo mode with a single transducer working as both transmitter and receiver. The transmitted ultrasonic pulse is wideband, with a 1 MHz central frequency and a 60% bandwidth. As the analysis is performed in the frequency domain, 

Effect of saturation

Initially, linear acoustic tests (longitudinal and shear velocities) were carried out on saturated and dry specimens. The following graph summarizes these results: Fig. 47 shows the ultrasonic pulse velocity versus porosity for longitudinal and shear wave, respectively. Again, the expected trend is observed: velocity of both waves decrease as porosity increase (negative slopes). All values of the regression coefficient R 2 are found to be higher than 0.9, which means that the measured variation of UPV versus porosity is correctly described by a linear relationship in the range of porosity considered. This was already observed by Ohdaira and Masuzawa (2000). The relationship between Young's modulus and porosity p is taken in the form of a power law [START_REF] Lafhaj | Correlation between porosity, permeability And ultrasonic parameters of mortar with variable water/cement ratio and water content[END_REF]) All values of R 2 are found to be higher than 0.9, which means that the simple model describes correctly the behavior of UPV in the range of porosity values considered (8% to 19%).

The variations observed of the X 0 parameter (When p=0) according to the degree of saturation can be linked to certain processes, such as the gradual development of micro cracks during the drying phase (Baroghel-Bouny,1999). This affects the elasticity of the mortar and thus the velocity. The second explanatory of the process can be a rearrangement in the porous structure, resulting in a collapse of the gel pores and an expansion of capillary pores [START_REF] Powers | Studies of the physical properties of hardened Portland cement paste[END_REF][START_REF] Feldman | A model for hydrated Portland cement paste as deducted from sorption-length change and mechanical properties[END_REF]).

These observations are similar to those reported by [START_REF] Yaman | Active and non-active porosity in concrete Part II: Evaluation of existing models[END_REF] for longitudinal waves in the saturated and dry concrete. Before this temperature is the phase drying and water evaporation.

We can remark also that the ultrasonic wave generated could not propagate through the severely damaged sample due to its high attenuation.

Nonlinear acoustic

Experimental device

A generator, controlled by a PC, was used to send a sine wave to the audio amplifier and the setup transformer in order to amplify the signal. The amplified signals were then transmitted through the sample and received by an accelerometer in the other side that linked to an acquisition card. Finally the data will be transferred to a PC for further analysis (Fig. 50). A thin layer of coupling agent was applied between the transducer's face and the sample. Fig. 51 represents the principle of measurement of beta using the peaks corresponds to the multiple of the initial frequency.

The non-linear parameter β is measured using the eq.4.Actually, a train wave is sent by wave generator than we examine the variation between the first and the second harmonics. The graph (Fig. 52) shows an example of β. It can be remarked that non-linear parameter is not equal to zero (as shown in the figure), which prove the heterogeneity of the samples and the presence of the cracks in the cement structure. -The first is that porosity rate has a notable influence on the nonlinear parameter into the usual w/c range and consequently the porosity (3 times between w/c=0.3 and 0.6). [START_REF] Payan | Effect of water saturation and porosity on the nonlinear elastic response of concrete[END_REF] shows that w/c has not an impact on the parameter :. Although, this study demonstrate that the parameter is sensitive to the variation of porosity (means w/c).

This can be explained by the difference between the nonlinear parameters : and because : is measured by the shift resonance and is measured by the higher harmonics generation.

-The second is that water saturation has also an influence on the nonlinear parameter: this influence is not significant for low porosity (p<14%), but it becomes significant for a high porosity, which demonstrated by [START_REF] Payan | Effect of water saturation and porosity on the nonlinear elastic response of concrete[END_REF]. The graphs (Fig. 54, Fig. 55) show the evolution of the nonlinear parameter β according to temperature, for the three values of w/c under study. It can be observed that the nonlinear parameter is affected by both temperature and water cement ratio. For a given value of water content a significant increase of β with increasing temperature or damage degree. As an example, an increase of β, for w/c=0.5, is about 40% when temperature increases from 140°C to 240°C, yet this increase is about 20% when temperature rise from 25°C to 140°C. After plotting the trend curves an exponential function is established between the temperature and non-linear parameter.

The nonlinear parameter β is also sensitive to the ratio w/c, i.e. to porosity.

Conclusion

This part included a special attention to various experimental techniques that were necessary to evaluate the heat treatment in the mortar. Indeed, the linear acoustic tests show that the velocities and dynamic modulus of Young decreases according to the porosity linearly.

In addition, the saturation has an impact on the velocities, while the velocities for a saturated mortar are higher than a dry one.

In order to quantify the heat treatment, linear acoustic tests were done and showed that the velocities decrease after the thermal damage. Moreover we can observe a linear loss of the modulus of Young.

In the other hand and using the nonlinear acoustic tests, the nonlinear parameter beta was determined by the higher harmonic generation technic. The measurements showed that beta increases linearly with porosity especially for the higher porosity and sensitive to the saturation of the mortar.

The study showed also that the beta is a good indicator to quantify the heat treatment. Indeed, the nonlinear parameter rises linearly according to the temperature.

Introduction

This chapter is dedicated to study the self-healing phenomenon by the non-linear acoustic waves.

First of all, the specimen's preparation and the cracking system are presented.

Then, experimental tests of permeability used to quantify the mechanical damage and to follow the self-healing process are explained.

Besides, it is interested to utilize both linear and non-linear acoustic waves tests to characterize the mechanical damage and the self-healing and find a correlation between the crack size and alpha and beta.

Finally, the nonlinear parameters alpha and beta are related to damage index in order to observe the effect of the damage on these parameters.

Specimens preparation

The test pieces of mortar are a ring shape (Fig. 56) with an opening in the center to allow insertion of the cracking mechanism controlled: the expansive core.

All test of mortar samples are reinforced with a steel ring having a circular section of 4.8 mm and an inner diameter of 95.2 mm (Fig. 57). This ring acts as an internal reinforcement for simulating the behaviour of a composite tensile reinforced concrete. It allows preserving the overall coherence after the cracking of the test.

The cylindrical molds, comprising a cylindrical insert into the center, have been completed in two layers using a slight vibration after the introduction of each of the layers.

The upper surface of the test piece is then leveled and a rigid impermeable plate of plastic covers the mold for approximately 24 hours.

Immediately after the release (Fig. 56), the samples are kept in a humid chamber maintained at 23 °C and 100% relative humidity. Before starting the cracking, the upper surface of the specimen (referred to the leveling of fresh concrete) was polished or, if necessary, corrected by a precision machining using a diamond-grinding wheel mounted on industrial tower. The mortar specimens were cracked by the application of a deformation controlled traction generated by the expansive core (Fig. 59).

The expansive core consists of a truncated core made of steel, which slides within six conical steel petals.

A thin ring retains all petals against the internal core and acts as a cushion between the deformable expansive core and the inner surface of mortar specimens.

The controlled cracking is affected by tightening the assembly: bolt and nut made of high strength steel, which forces the core penetration within the petals (Fig. 60).

This process increases the diameter of the ring, which leads to a deformation of the internal diameter of the specimen mortar.

Controlled cracking (crack opening) is obtained by adjusting the deformation of expansive core. 

Airflow and permeability tests

The development of self-healing, and its effect on the transport properties in a crack, was quantified using a cell of air permeability by following of the variation of the airflow of the crack (Fig. 61).

This cell is specifically designed for use with a mortar specimen cracked by an expansive core. It allows a precise measurement of the airflow through a single crack under well-controlled flow conditions (constant temperature and pressure gradient). The absolute pressures upstream and lateral are kept constant. The downstream volume flow (liter / minute) is measured by a digital flow-meter. Cracks were established 28 days after manufacturing the specimens.

During cracking by the expansive core, several cracks can form in the same specimen. So, in this case, an aluminium tape is applied to the upper face of the test. This waterproof film is previously cut to create a thin opening directly to the right crack (that we want to study) and cover all the others crack.

This technique is used to force the passing of the airflow through a single crack. Hence, for each size of crack, the airflow was measured. [START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF] demonstrates that this aluminium plate has not an impact on the tests. The initial opening of a crack was measured with a video-microscope (images with high resolution) with graphical tools for performing geometric measurements (length, surfaces, etc..).

The opening of a crack is the average of 5 measurements distributed over the top and bottom faces of the specimen (Fig. 62) The experimental results made on nineteen cracks (Fig. 63) in the laboratory show that there is a polynomial correlation between the flow and the initial opening of the crack (empirical relationship). This relationship will be used later to estimate the apparent aperture of a crack in healing. Indeed, from an experimentally measured airflow (Q) by a test of a permeability, the apparent opening (w) can be estimated using the last equation. This type of relationship is consistent with the flow model proposed by Ismail [START_REF] Ismail | Etude des transferts et de leurs interactions avec la cicatrisation dans les fissures pour prolonger la durée de service des infrastructures (ponts, centrales nucléaires[END_REF].

The apparent opening is an indirect estimate of the actual opening of a crack being self-healing.

This value is however very useful because it is not possible to measure the actual opening of a crack after self-healing. Indeed, during storage in a humid chamber, after the initial cracking, the formation of secondary hydrates and carbonation in the crack and on the external surfaces of the specimens make practically impossible the precise location of the cracks lips 

Results: Self-healing effect

After the measurement of the initial crack by the permeability tests for each sample, the samples are placed in a humid chamber for one month. The specimens were subjected to drying at 40° C for 24 hours before starting the airflow measurement. This treatment facilitates the evaporation of water into the crack, and reduces the risk of contamination of the cell permeability and flow meters. Then, the airflows are measured again after 2 and 5 months by the cell permeability. Then, from the values of the airflow and using the equation Q=f(w) the size of cracks are calculated (See Fig. 64, Fig. 65).We can't use the videomicroscope because during storage in a humid chamber (after the initial cracking) , the formation of secondary hydrates and carbonation in the crack and on the external surfaces of the specimens make practically impossible to precise the lips cracks location. The curves represent the effect of the self-healing on the airflow after 1, 2 and 5 months in the humid chamber. Fig. 64 shows the evolution of airflows as a function of storage time in the humid chamber after the initial cracking. All the airflows decrease according to time, regardless of the initial opening of the crack. This general pattern demonstrates the existence of a self-healing mechanism that gradually fills the volume of cracks and opposes the passage of air. So, the airflows are reduced after self-healing, which shows that moisture plays a major role in closing cracks.

The evolution of the airflow

While, the self-healing of small cracks is greater than that of big cracks. Thus, the decreasing of the airflow is more remarkable for the big cracks.

The analysis of the slope of the curves versus time indicates that the kinetics of self-healing is most important during the first month after the initial cracking. Between 1 and 5 months, flows continue to decrease, but about flows 4 times lower than that measured during the first month.

The opening of the initial crack influences the evolution of the airflow. In general, the decreasing of airflows is more quickly in the first month for the higher initial cracks. (Fig. 65).

To further analyse the influence of the self-healing on the evolution of flows versus time, the histogram (Fig. 64) is plotted to express the proportion of airflow of each stage (after 1 month, after 2 months and after 5 months) comparing to the initial airflow (after cracking).

The flow of medium and small cracks (Q<2.5 L/min) decreases significantly more quickly during the first month of self-healing. After 2 and 5 months, the decreasing continues slowly. So, the results show that the crack is thinner, the flows decline rapidly during the first month and become slow after 2 and 5 months of storage and tend to zero.

During the first month, the formation of hydrates and carbonation fill part of the volume of the crack. Subsequently, this phenomenon continues, but much slower, probably because of the significant obstruction of the crack limiting the supply of CO 2 and moisture for the further reactions.

For larger cracks (Q > 4 L/min), the relative rate gradually decreases over time. After five months, the final flow rate is 25% of the initial flow.

Clogging is more gradual because the volume to be filled is bigger. Even after one month, the crack is still relatively few and closed. Moisture and CO 2 are always available in large quantities to continue the reactions of hydration and carbonation during the 4 months. As in the case of the flows, the kinetics of the apparent opening is variable in time. It is much faster during the first month after cracking. The healing rate is about 45 microns / month during the first month. This rate varies relatively slightly with the initial opening of the crack (38-56 microns / month). Between 1 and 3 months of storage after cracking, the average rate of healing decreases very significantly to an average rate of about 6 microns / month. Between 1 and 3 months, the healing rate is strongly influenced by the opening of the crack. It is higher for the crack of 254 microns (14 microns / month) but very low for small crack 41 microns (1 micron / month). As an example for the big crack, the healing in the first month is equal to 30 micron and in the fifth month is 5 micron.

Linear acoustic waves

After the measurement of the initial velocity by the acoustic tests for each sample, the samples are placed in a humid chamber to trigger the self-healing process. Then, the velocities are measured again after 1, 2 and 5 months. Since the specimens contains many cracks so we define a Velocity for each sample which represents the average of all velocities measured for all the cracks in one sample. In the next table, we presented the specimens with their initial cracks.

4.1.

Effect of self healing on longitudinal velocity

Figures (From fig.71to Fig.76) show the variation of the velocity during the self-healing process. Globally, it is observed that the curves show an increasing in the first month then a negligible variation of velocity after 2 and 5 months. This growth can be linked to the kinetics of self-healing which is most important during the first month after the initial cracking. For example, it can be noted a variation of 2% in the velocity after one month of healing.

Indeed, after cracking, the volume of crack is empty (filled by air) and after self-healing the same volume will be filled step by step due to the hydration of cement. Or the acoustic velocity is greater in the solid than the air.

The results show a good correlation between airflow and velocity in the first month but this correlation is neglected after 2 and 5 months So, we can conclude that velocity is a good indicator for self-healing. 

Choice of resonance frequency

In non-linear acoustic, the choice of the frequency range is one of these challenges, which must be chosen according to the tested materials. In the case of homogeneous materials (like the majority of metallic materials), we have only to choose the frequency so as to obtain a wavelength less than the size of the defects to be detected. In the case of non-homogeneous materials (such as cement-based materials), this consideration becomes complex because there are several types of particles (eg. Fine aggregate, cement hydrated phases) and several types of irregularities which sizes are not known with precision. In this case, defects are "invisible" to the low frequency waves because they are inferior to the sent wavelength. This

shows that it is important to find the appropriate frequency ranges for the type of characterization referred.

In addition, the frequency of resonance depends on the form of the specimens. For the sample form (cylinder, cube…) it is easy to determine the frequency of resonance. It's normally linked to the mechanicals, physic characteristics. In the case of an annular specimen, the determination of the resonance frequency becomes so difficult. To solve this problem, we need a numerical simulation. To do this, we choose FEM Lab 2D as a software (Fig. 77) and a triangular mesh (Fig. 78) The curve of resonance (Fig. 81) of the sound sample shows that the sound mortar shift is not necessarily equal to zero, which implies that mortar structure admits already negligible nonlinearity. This type of nonlinearity comes from the inhomogeneity structure of mortar. The curve of resonance (Fig. 82) for a damaged sample shows that the shift decrease after selfhealing witch improve the:

• Existence of self-healing phenomena

• The technique of the shift resonance is able to detect the self-healing The graphs (From Fig. 83 to Fig. 87) show the evolution of alpha according to time. As expected, Alpha decreases with time. The values of alpha decrease significantly and more quickly during the first month of self-healing. After 2 and 5 months, the decline continues slowly. So, the results

show that when the crack is thinner, alpha decline rapidly during the first month and become slow after 2 and 5 months of storage and tend to zero. In general, at the end of the self-healing process, alpha does not reach the value 0 which confirms that the crack is not completely healed.

It can be noted also the big difference between the values of initial alpha and after 5 months which can reaches to times five in same cases. This difference can prove the high sensitivity of alpha to follow the self-healing phenomena.

Relationship between airflow and Alpha

In order to see the effect of the self-healing on alpha, the figures (From Fig. 88 In general, alpha reminds small for the small airflow (small crack size) but increases exponentially when the airflow increases (big crack size). So the non-linear parameter alpha represents a good indicator to follow the self-healing phenomena. For the purpose of seeing the impact of the airflow on the non-linear parameter beta 12, we plot all the results corresponds to "beta 12 KHz" in the same graph. The figures (Fig. 94+Fig.95) show the variation of the beta according to the airflow. In overall, the nonlinear parameter increases with the airflow. In the first figure we remark that we have some critical points due to the experimental errors. So, we make another figure that contains only the correct points. These values are determined by neglecting the points that doesn't respect the shape curve. In the second figure we can remark the existence of two zones:

For airflow <1 L/min: the values of beta doesn't exceed 30: So for the small crack (<60 micron) we can deduce that the values of non linear parameter are less than 30.

For 1< airflow < 3: the values of beta reaches 40: So for the crack size between 60

and 95 micron, we can deduce that the values of non linear parameter can reaches 40.

For the airflow>5: the values of alpha reaches 65: So for the crack size bigger than 85 micron we can deduce that the values of non-linear parameter can reaches 65.

As conclusion concerning the variation of the beta 12 and alpha 12, we note that alpha is more sensitive to the self-healing than beta. Indeed, the evolution is more speed for the change of the crack size. As an example, the slope of the alpha curve is equal to 50 is bigger than the slope of beta curve that equal to 8.

So, we can deduce that the alpha 12 and beta 12 are good indicators to follow the self-healing but the shift resonance technique is more efficient than the higher harmonic generation. For the purpose of seeing the impact of the airflow on the non-linear parameter beta 15, we plot all the results correspond to "Beta 15 KHz" in the same graph. The figures (Fig. 98+Fig.99) show the variation of the beta according to the airflow. In overall, the nonlinear parameter increases with the airflow. We can observe the existence of two zones:

For airflow <3 L/min: the values of beta are fewer than 50: So for crack size between 0 and 95 micron, the values of beta are between 0 and 50.

For the airflow>3: the values of beta are bigger than 50: So for the crack size bigger than 100 micron we can deduce that the values of non-linear parameter are superior than 50 and can reaches 250. As a conclusion concerning the variation of the beta 15 and alpha 15, both the non-linear parameters increases according to the crack size and the air flow. We also note that alpha is more sensitive to the self-healing than beta. Indeed, the evolution is more speed for the change of the crack size. As example, the gradient of the alpha curve is equal to 604 is bigger than the gradient of beta curve that equal to 28. So, we can deduce that the alpha 15 et beta 15 are a good indicators to follow the self-healing but the shift resonance technique is more efficient than the higher harmonic generation.

We can observe also that the non-linear parameters of 15 KHz give us as a good correlation between the crack size and alpha /beta than the nonlinear parameters of 12 KHz. So the frequency of resonance corresponds to 15 KHz is more sensitive to characterize and follow the damage than 12 KHz.

Correlation between non-linear parameter and damage index

We looked for a correlation between the airflow/crack size and the non-linear parameters, but that results are related to our case study. So, to obtain a general relation ship, we defines a damage index:

\ ] ^_`a ] b c
Where:

-w: Crack size -r: Mean radius of the annular specimen (Fig. 100) -I : index damage (de/e If the specimen contains more than one crack, we determine the total airflow (the sum of each airflow) then using the relation Q=f(w) , we calculated the appropriate crack size.

In the interpretation of the results, we define Ir=200 de/e as the break value of the mortar.

Correlation Alpha 12 KHz and damage index

Fig. 101 shows the evolution of the Alpha 12 with damage index. The non-linear parameter increases in function the damage index according to polynomial function of 2 nd degree. Based on the breakdown value, two zones can be defined:

-Before the breaking (Damage Index < 200): alpha 12 is less than 1000. So for the small crack (<60 micron) the value of alpha 12 doesn't exceed 1000.

-After the breaking (Damage Index >200), alpha 12 is bigger than 1000. So for the medium crack size (>60 micron) the value of alpha are superior than 1000. -Before the breaking (Damage Index < 200): beta 12 is less than 25. So for the small crack (<60 micron) the value of beta 12 doesn't exceed 25.

-After the breaking (Damage Index >200), beta 12 is bigger than 25. So for the medium and big crack (>60 micron) the value of beta are superior than 25. As a conclusion concerning the variation of alpha 12 and beta 12 according to damage index, both the non-linear parameters increases according to the index damage with a polynomial function of a 2 nd degree. We note also that "alpha 12" is more sensitive to detect damage than "beta 12". Indeed, the evolution is more speed for the change of damage. As an example, the gradient of the alpha curve is equal to 0.003 is higher than the gradient of beta curve that equal to 2 3g .

To obtain a better correlation between index damage and nonlinear parameters, we need more experimental tests with different crack size.

7.3.

Correlation Alpha 15 KHz and damage index Fig. 103 shows the evolution of the Alpha 15 with damage index. The non-linear parameter increases in function the damage index according to polynomial function of 2 nd degree. Based on the breakdown value, two zones can be defined:

-Before the breaking (Damage Index < 200): alpha 12 is less than 500. So for the small crack (<60 micron) the value of alpha 12 doesn't exceed 1000.

-After the breaking (Damage Index >200), alpha 12 is bigger than 500. So for the medium crack size (>60 micron) the value of alpha are superior than 500. -Before the breaking (Damage Index < 200): beta 15 is less than 10. So for the small crack (<60 micron) the value of beta 12 doesn't exceed 10.

-After the breaking (Damage Index >200), beta 15 is bigger than 10. So for the medium and big crack (>60 micron) the value of beta are superior than 10. As a conclusion concerning the variation of the beta 15 and alpha 15, both the non-linear parameters increases according to the index damage. We note also that alpha is more sensitive to the damage than beta. Indeed, the evolution is quicker for the change of index damage. As example, the gradient of the alpha curve is equal to 0.003 is higher than the gradient of beta curve that equal to h 2 3g .

Conclusion

This part included a special attention to various experimental techniques that were necessary to evaluate the self-healing in the mortar. Indeed, the crack size is correlated by a polynomial function to the airflow by a permeability tests. In addition, these tests demonstrated that the kinetics of self-healing is influenced by the initial opening of a crack.

On the other hand, both linear and non linear were used to characterize the self-healing phenomena. Indeed, ultrasonic longitudinal velocities increase during the healing process and show the presence of self-healing phenomenon and the crack close gradually. Moreover, the nonlinear parameters alpha and beta decreases during the healing process, which indicate that the residues of damage decrease progressively.

We succeed to establish a correlation between the nonlinear parameters (alpha and beta) and airflow in the from of a linear and polynomial functions.

Then, aiming to propose a general correlation based on the experimental results, we defined a damage index that will be correlated the non-linear parameters. Indeed, we achieve to define correlations in the form of polynomial function of 2 nd degree.

Introduction

To determine the relationship between crack size and airflow, many experimental tests of permeability were done which take a lot of time. So our objective in this part is to modelize the permeability tests and find a numerical correlation between the crack size and the airflow. Then this relationship allows avoiding permeability tests and link directly the airflow to crack size.

In this chapter we will define the problem, then determine the equations of Navier-Stockes and fix the boundary/initial conditions. Finally, we will discuss the difference between the numerical and experimental results.

Problem

During the last part, the equation between Airflow and crack size was determined by a permeability tests. Our objective in this chapter is to model this experience in order to find a numeric correlation between theses parameters. In the beginning, we suppose that the crack can be modelling by two parallel plates (Fig. 106). Then, we fix the boundary and initial conditions (Fig. 107). Finally, we solve the equations of motions depends on velocity (vertical and horizontal) and the pressure. 

Equations and model

After determination of the Navier-Stockes equations between the two lips of crack, we need to fix some hypothesis.

Hypothesis:

We suppose that:

-The two lips of cracks are parallel -The velocities are equal to zero near the lips.

-The air is an incompressible fluid (∆i 2 which means that i i 2
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We start with the incompressible Navier-Stokes equations in conservative form: Where: We want to discretise these equations in space. We will apply central differences. The discretised parts of the Navier-Stokes equations are (without pressure term, which will be added in the pressure correction equation): 2{ 0

Navier-Stokes equations discretised in space and time

We start from ( 6) and ( 7), but first write it a little bit different: We will discretise these equations in time with the use of the Euler method for time discretisation. We will first calculate a guess for the velocity and use the pressure from the old time level. After that we will update the pressure with the use of equation ( 1) and calculate the velocities for the new time level.

The Euler scheme is given as:

j * j ƒ " j ƒ , E ƒ E * E ƒ " … j ƒ , E ƒ

Results

Convergence of the solution

We chose as a condition of stop:

|E ‡ˆ‰PŠ?B w E ‡ˆ‰PŠ?B w3 | < + 10 3U

Where: E ‡ˆ‰PŠ?B = √j + E

The following figures (Fig. 109+110) shows the convergence of the velocity solution in time. 

Pressure

The figure (Fig. 111) shows the variation of the pressure in the crack for two types of meshing.

The first one for 10 nodes and the second is 40 nodes. We increase the number of nodes to concentrate the mesh and to obtain a more accurate result. This remark can be observed in the difference between the pressure corresponds to first and the second case. Certainly, the second curve is smoother than the first curve. The pressure is not exactly linear as supposed by Poiseuille. 

Vertical velocity

As shown in the fig. 112, the vertical velocity is symmetric. We can also verify our results by the boundary conditions (velocity=0 near to the lips). The values of vertical velocity appear neglected comparing to the horizontal velocity. Indeed, the max for the vertical velocity is equal to 0.2 m/s or for the horizontal velocity it is equal to 20 m/s means times 100 (Fig. 114).

In general, in the literature, the vertical velocity is neglected so our results confirm this assumption. 

3.4.

Horizontal velocity

The numerical program allows calculating the horizontal velocity too (This velocity is more important because from it flow will be calculated). The velocity starts from zero until reaching the establishment of flow (the convergence).

For the mesh, forty nodes are already enough to get an appropriate result (Fig. 116). 

Comparison between numerical and experimental airflows

After the flow establishment and the calculation of the velocity, the airflow can be determined by this equation:

Q Ž j @• @B b Ž U dy
To do we need for each velocity the determination of an interpolation function.

After the integration of the interpolation function we obtain the following curve.

The fig.120 displays both the numerical and experimental evolution of the airflow according to crack size. It shows an increase of the airflow. We observed two zones:

-Crack size<150 micron: the experimental values are inferior to the numerical one which is due the neglecting of friction -Crack size>150 micron: the experimental values are inferior to the numerical one which is due the neglecting of friction.

The difference between the experimental and numerical results is due to:

The form of the crack size: in reality the crack is not a two paralleled plates as supposed in modelling.

In the modelling, we suppose that the velocity near to crack is equal to zero or the velocity. 

Conclusion

Our objective in this part is to determine the relationship between crack size and airflow. We arrived model the permeability test by solving the Navier-Stockes equation by FVM.

The crack is supposed as two parallel plates and the initial / boundary conditions are fixed in accordance with the experimental tests. After meshing, pressure and velocities are calculated then the airflow was determined by integration the horizontal velocity and this process is repeatable each time by changing the crack size.

The numerical results (represented the airflow according to crack size) show a good agreement with the experimental measurements.

The results can be improved by improving the assumptions as an example:

-Changing the form of the crack such it represent the real crack -Changing the boundary conditions of the velocities near to the lips of the crack

General Conclusion

The present work is expected to give new insights in the field of Non Destructive Testing Methods. In particular, this preliminary study could be used to detect the non-linear behavior of standard civil engineering materials (such as concrete, mortar and cement) in the early stages of damage. Non Linear Acoustic Methods are expected to enable earlier failure diagnosis and thus reduce maintenance costs of infrastructure.

In the first part: Mortar samples with different initial porosities were subjected to different temperature gradients in order to evaluate the effect of thermal damage on cement elastic properties, and to establish a relationship between damage, temperature and water content. It is assessed in the laboratory by measuring sample mass densities and wave velocities. Mass density tends to decrease with higher applied temperature gradients and with higher water contents. The Linear Acoustic Method allows relating wave velocities to Young's modulus. The variations of Young's modulus with temperature changes also show a linear trend. Although the Linear Acoustic Method is easy and fast to implement, it is limited to damage models assuming that the virgin material is linear elastic, which is not satisfactory for an inhomogeneous micro-material such as mortar. That is the reason why a nonlinear technic was used in order to use a more sophisticated damage assessment technique, based on the Higher Harmonic Generation Method.

The experimental set up is described in this report. Experimental measurements provide evidence of an exponential growth of β with temperature gradient.

Several results have been showed in this first part:

-The linear acoustic tests show that the velocities and dynamic modulus of Young decreases according to the porosity linearly.

-The saturation has an impact on the velocities while the velocities for a saturated mortar bigger than a dry one.

-Linear acoustic tests were done and showed that the velocities decreases after the thermal damage moreover we can observe a linear loss of the modulus of Young.

-The nonlinear acoustic measurements showed that beta increases linearly with porosity especially for the higher porosity and sensitive to the saturation of the mortar.

-Beta is a good indicator to quantify the heat treatment. Indeed, the nonlinear parameter rises linearly according to the temperature.

In the second part: an annular specimens of mortar were subjected to different crack size in order to evaluate the effect of mechanical damage on mortar elastic properties and to follow the selfhealing phenomena. The airflow and the size of crack are reduced after self-healing, which shows that moisture plays a major role in closing cracks. In the other hand, a nonlinear technic was used in order to use a more sophisticated damage assessment technique, based on the Shift Resonance and the Higher Harmonic Generation. The Experimental measurements provide evidence of a decay of alpha and beta with the self-healing.

In this part, several results have been demonstrated:

-The tests permeability showed that the kinetics of self-healing is influenced by the initial opening of a crack.

-Ultrasonic longitudinal velocities increase during the healing process and show the presence of self-healing phenomenon and the crack close gradually.

-The nonlinear parameters alpha and beta decreases during the healing process, which indicate that the residues of damage decrease progressively.

-Correlations between the nonlinear parameters (alpha and beta) and airflow in the form of a linear and polynomial functions were established.

-relationships between the nonlinear parameters (alpha and beta) and index in the form of polynomial function of 2 nd degree were determined Finally, a numerical part was done to model the relationship between the airflow and the crack size to find a numerical model that allows us to avoid testing permeability.

The numerical results (represented the airflow according to crack size) show a good agreement with the experimental measurements.

The results can be improved by improving the assumptions as an example:

-Changing the form of the crack such it represent the real crack -Changing the boundary conditions of the velocities near to the lips of the crack

Résume étendu en français

Dans les domaines industrielles de pointe (nucléaire, aéronautique, etc ...), évaluer les dégâts des matériaux est la clé pour contrôler la durabilité et la fiabilité des matériaux en service. Dans cette perspective, il est nécessaire non seulement de quantifier le préjudice, mais également d'identifier les différents mécanismes responsables. Il est donc essentiel de caractériser la matière et 
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  Fig.2 ) Examples: 1)

  Definition of environmental conditions including, for example the type of aggressiveness, variations in humidity, ... Defining risk of degradation; reinforcement corrosion, alkali reaction, ... Choice of durability indicators and characteristics of the material as a function of characteristics of structure, environment and construction details; Selection of specifications for durability indicators based on the importance of structure, type of environment, life and required structural arrangements; Choosing a predictive model of life where durability indicators appear as input data.
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 3 Fig. 3 : Porosity water

  adsorption-desorption of water vapor .
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 6 Fig.6: Micro cracks before (a) and after (b) the self-healing[START_REF] Yang | Autogenous healing of engineered cementitious composites under wet-dry cycles[END_REF] 

Fig. 7 :

 7 Fig. 7: Phenomena causing the decreasing in the flow of water in cement materials

Fig. 8 :

 8 Fig.8: Evolution of the relative flow vs. time for crack openings w = 0.05 mm, 0.1 mm and 0.15[START_REF] Reinhardt | Permeability and self-healing of cracked concrete as a function of temperature and crack width[END_REF] 

Fig. 9 :

 9 Fig.9: Evolution of the opening of cracks of concrete vs. time(Argouges & Gagne,2009) 

Fig. 11 :

 11 Fig.11: Mechanical behavior of specimens at reloading after storage in air or water for 20 weeks[START_REF] Granger | Experimental characterization of the selfhealing of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis[END_REF] 

Fig. 13 :

 13 Fig.13: Principe of the magnetic control.[START_REF] Bray | Nondestructive testing techniques[END_REF] 

Fig. 17 :

 17 Fig. 17:Principe of Infrared thermography

Fig. 19 :

 19 Fig. 19: Test of transmission and reflection of a wave

  Each case is unique; it is difficult to choose a simple control technique. If certain considerations or factors are neglected during the implementation of the means of control, it can quickly lead to failures such as the outstanding reliability of the method or results. It is imperative to take into account not only the physical and technical parameters but also the importance of human factor and procedures manual and possibly the financing of feasibility or preliminary work of developing the process. Nevertheless two main selection criteria emerge: NDT must be technically suitable for the test object: Good detection, interpretation of results without ambiguity Mechanical compatibility Security NDT must be economically adapted to the goal Equipment cost -outstanding reliability, Periodic control This last criterion is often crucial in the choice. As the table below (Tab.3) demonstrates, the cost of certain techniques is not negligible. With technological advances of recent years, particularly computer processing, these control techniques are increasingly used in industry. These means of control have become automated, reliable and simple use.The fact remains that the qualification of operators who will implement these controls remains paramount.
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 20 Fig. 20: The different percentages of the utilization of each NDT techniques[START_REF] Shull | Nondestructive evaluation: Theory, techniques, and applications[END_REF] 
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 21 Fig. 21: Longitudinal wave

Fig

  Fig. 23: The linear acoustic response
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 25 Fig. 25: Sample with flaw: a -closed by vibration compression, b -open under dilation[START_REF] Sutin | Nonlinear Elastic Wave Nde II. Nonlinear Wave Modulation Spectroscopy and Nonlinear Time Reversed Acoustics[END_REF] 
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 32 Fig. 32: Nonlinear relationship between stress and strain

Fig. 34 a• 1 :

 341 Fig. 34 a result of this method is shown; according to experimental evidence (Van Den Abeele et al. ,2000; Van Den Abeele et al. ,2001; Windels & Van Den Abeele, 2004) the sample under a sweep load centered on one of its natural modes shows different behavior of structural response depending on the status of sample: intact or damaged. ∂σ ∂ε E 1 -βε -δ+ + α ∆ε … )

Fig. 35 :

 35 Fig. 35: Relative changes of the linear and nonlinear characteristics derived from SIMONRAS analysis of an RC beam as function of damage due to consecutive loading steps

Fig. 36 :

 36 Fig. 36: Acoustic emission parameter and nonlinear acoustic parameter vs. the applied load (w/c = 50%) (Shaha and Ribakov (2010))

Fig. 37 :

 37 Fig. 37: Superposition of results from different specimens. (a) The variation of α for different specimens leads to the definition of a curve that describes the different stages of damage evolution. (b) and (c) point out that linear indicators show a linear evolution of damage ( Antonaci et al (2010))

Fig. 38 :

 38 Fig. 38: Total results of the hysteretic nonlinearity parameter according to the peak temperature to which fire-damaged concrete had been exposed (Park et al. (2014)).

Fig. 39 :

 39 Fig. 39: Relative variation of the nonlinear parameter and velocity of pressure waves as a function of the damage temperature (Meo et al. (2014))

  (a). The samples are cylinders with a diameter of 37 mm and a height of 74 mm (Fig.40 (b)). They are cored from larger slabs of a Portland cement (CEM I 52.5N) preserved in limewater and then rectified to obtain parallel end faces. Several heat treatment techniques were applied in mortar in previous

Fig. 41 :

 41 Fig. 40: Samples of mortar a) Different values of w/c b) Dimensions

Fig. 42 :

 42 Fig. 42: Loss of mass Fig. 43: Porosity vs. W/C

  ultrasonic parameters are estimated from 0.6 to 1.2 MHz. A Panametrics 5055 pulser-receiver is used to send a high voltage pulse to the transmitter and to amplify the received signal. The amplified signals are then acquired by a digital oscilloscope and transferred to a PC for further analysis (Fig.45). A thin layer of coupling agent is applied between the transducer face and the sample. It is either a silicone gel (Sofranel D coupling agent) for longitudinal waves or a highly viscous liquid (Sofranel SWC coupling agent) for shear waves. Pulse velocity is measured by estimating the flight time between the signal S2(t) and the reference signal S1(t) (Fig.46).
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 45 Fig. 45: Experimental device of linear acoustic

Fig. 47 :

 47 Fig. 47: The variation of the velocity for dry and saturated cases according to porosity a) Longitudinal velocity b) Shear velocity

Fig. 48 :

 48 Fig. 48: Modulus of Young vs. Porosity

  between porosity and linear acoustic parametersTab.4 is filled using the trend curves in Fig.46, Fig.47and Fig.48to compare the proposed law and the experimental results.
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 5052 Fig. 50: Experimental device of the nonlinear acoustic waves
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 53 Fig. 53: Evolution of the Non-Linear Parameter β with porosity for dry and saturated specimens
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 56 Fig. 56 : An example of a specimen a) After molding b) After the release from the mold

Fig. 59 :

 59 Fig. 59: Specimen with the expansive core

Fig. 61 :

 61 Fig. 61: A cell of air permeability

Fig. 62 :

 62 Fig. 62: Initial crack taken by a video microscope (in the order of 100 µm)

  measured by the cell of the permeability (L/ min) W: apparent opening measured by a video microscope (µm)
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 63 Fig. 63: Initial crack size Vs. Airflow

Fig. 64 :

 64 Fig. 64: The evolution of the airflow before and after self-healing in humid chamber for all the cracks

Fig. 67 :

 67 Fig. 67: The variation of the crack size for different cracks Vs. Time Figure 67 presents the evolution of the apparent opening function of time for 3 types of cracks.

Fig. 68 :

 68 Fig. 68: The crack is placed between the two transducers
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 71 Fig. 71: The variation of the velocity vs. time for the sample N° 1

Fig. 77 :

 77 Fig. 77: Definition of the domain of the resolution
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 79 Fig. 79: Frequency of resonance 12 KHz
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 82 Fig. 82: Shift resonance before and after self-healing for a cracked sample
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 8384858687 Fig. 83: The variation of the alpha vs. time for the sample N° 1

  until Fig.91) are plotted. The figs show the variation of the non-linear parameter alpha with airflow. The alpha increases according to the airflow.
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 888990919293 Fig. 88: The variation of the alpha vs. airflow for the sample N° 1
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 95 Fig. 94: The variation of the beta 12 vs. airflow

Fig. 98 :Fig. 99 :

 9899 Fig. 98: The variation of the beta 15 vs. airflow with a linear approximation
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 100 Fig. 100: Mean radius of the annular specimen

  Fig. 101: Alpha 12 Vs. Damage Index

  Fig. 102: Beta 12 Vs. Damage Index

  Fig. 103: Alpha 15 Vs. Damage Index

  Fig. 104: Beta 15 Vs. Damage Index
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 105 Fig. 105: Schema of the crack
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 108 Fig. 108: Meshing of domain of resolution
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 109 Fig. 109: The convergence of the solution in time
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 111 Fig. 111: Variation of the pressure in the crack

Fig. 112 :Fig. 114 :

 112114 Fig. 112: Convergence of the V-velocity in the crack (10 nodes)

Fig. 115 :Fig. 117 :Fig. 119 :

 115117119 Fig. 115: Convergence of the U-velocity in the crack (10 nodes)

Fig. 120 :

 120 Fig. 120:Variation of the Airflow with crack size (experimental and numerical)

  d'identifier les indicateurs les plus sensibles de la présence de dommages pour éviter leur ruine et de les utiliser de façon optimale. Afin de résoudre ce problème, les méthodes acoustiques semblent être intéressantes en raison de leur aspect non-destructive et leur sensibilité aux dommages. Ainsi, les méthodes acoustiques ultrasoniques linéaires ont souvent montré leur capacité à caractériser l'endommagement par des changements de vitesse et l'atténuation des ondes ultrasonores.Cependant, plusieurs expériences ont montré que les méthodes acoustiques linéaires ne sont pas suffisamment sensibles pour détecter et localiser les dommages. Souvent, les premiers mécanismes d'endommagement sont les précurseurs de fracture finale, ainsi ils sont donc très importants d'être identifiés. Face à cette difficulté, les méthodes acoustiques non linéaires offrent une alternative importante qui permet de détecter et de caractériser les faibles endommagements, même localisés ou potentiellement diffusés. Ainsi, ces dernières années, l'acoustique non linéaire est de plus en plus comme nouvelle façon très prometteuse en matière d'évaluation et de contrôle des matériaux de structure non-destructive. En effet, même si les non-linéarités peuvent être pertinents dans les matériaux hétérogènes tels que des rochers et des matériaux à base de ciment, ils augmentent de manière significative, en présence de dommages. De nombreuses applications potentielles existent en acoustique non linéaires pour la caractérisation des deux macroscopique fissures localisées et diffuse l'évaluation de la fissuration en raison de la présence de micro-fissures. Dans ce dernier cas, grace à leur sensibilité élevée, des méthodes acoustiques non linéaires sont particulièrement efficaces en particulier dans la détection et la caractérisation de l'endommagement précoce. Les techniques les plus connues en acoustique non linéaire sont les techniques de résonance. Ces techniques de résonance sont puissantes et présentent de nouveaux outils dans les interrogatoires de fissuration dans les matériaux. En raison de la non-linéarité matériau, une onde peut déformer, ce qui crée des harmoniques annexés multiplication des ondes de différentes frequencies.En revanche, de nombreuses structures en béton dans le cours de leur vie, l'évaluation de la durabilité est un paramètre clé et nécessaire afin de savoir si la sécurité est bien assurée ou non. La présence de fissures, en raison de contraintes mécaniques ou effets dépendant du temps (retrait, d'autocicatrisation est suivi par la perméabilité et les essais acoustiques. Les essais de perméabilité ont montré que le débit d'air et la taille de la fissure diminue rapidement au cours du premier mois, puis lentement durant le reste du processus d'autocicatrisation. D'autre part, les tests acoustiques non linéaires ont montré que « alpha » et « bêta » diminuent durant le processus de l'autocicatrisation qui signifie que les paramètres non linéaires sont un bon indicateur pour caractériser ce phénomène. En outre, l'analyse des résultats expérimentaux indique que la technique de résonance de fréquence est plus efficace pour caractériser les défauts dans le mortier de la génération d'harmoniques plus élevés. A partir des essais expérimentaux et dans le but d'obtenir un résultat plus général indépendant de notre cas d'étude, les paramètres non linéaires ont été liés à un index d'endommagement. Une corrélation polynomiale de 2ème degré a été établie entre les paramètres non linéaires et l'index d'endommagement. Un modèle numérique basé sur la méthode des volumes finis a été proposé afin d'établir une corrélation entre la taille de la fissure et le flux d'air. Les résultats numériques ont été comparés avec les résultats des tests de perméabilité et montré un bon accord. Les résultats de ce travail représentent un bon départ pour étudier le phénomène de l'autocicatrisation par les ondes acoustiques non linéaires.
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  These techniques were used to characterize various types of damage, such as compressive loading[START_REF] Van Den Abeele | Damage assessment in reinforced concrete using spectral and temporal nonlinear vibration techniques[END_REF] Shaha & Ribakov, 2010) and alkali-silica reaction[START_REF] Les´nicki | Characterization of ASR damage in concrete using nonlinear impact resonance acoustic spectroscopy technique[END_REF] Y. Boukari et al. 2015; F. 

	Moradi-Marani et al. 2014; A.S.
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The lines of force (and therefore the flow) are substantially parallel to the north-south axis.

This method makes it possible to detect discontinuities transverse (or perpendicular) to this axis.

X-ray tomography

This technique (Fig. 15, Fig16) is directly derived from the medical world (Bray & McBride,1992;[START_REF] Fournier | ShapeView -A Portable Shape Measurement System , 9th European Conference on Non-Destructive Testing[END_REF] . The devices used are quite comparable to the "scanning" medical. The major advantage of this technique is that it achieves 3-D images of a defect.

In addition, the images are delivered in digital form, which simplifies their processing.

Furthermore, new devices called "micro-tomography" are able to obtain a resolution of a few tens of microns.

Chapter 4: Comparison between the linear and the nonlinear acoustic & the different techniques used in the nonlinear acoustic waves

Alternatively, the vibro-modulation technique [START_REF] Zagrai | N-SCAN: New Vibro-Modulation System for Crack Detection, Monitoring and Characterization[END_REF] utilizes two excitation signals: an ultrasonic probing signal and a low frequency vibration as shown in Fig. 29. An exciting vibration at f 2 creates appreciable stress in the material affecting interfaces at all scales of damage. An ultrasound probe wave f 1 traveling through these interfaces is modulated due to vibration induced changes in the interface condition and, as a result, additional spectral components appear at the frequencies f 1 ± n.f 2 . The presence and the level of modulation can be used for damage assessment [START_REF] Straka | Detection of Structural Damage of Aluminum Alloy 6082 Using Elastic Wave Modulation Spectroscopy[END_REF]Yost, 1998;[START_REF] Donskoy | Nonlinear Acoustic Interaction on Contact Interfaces and its use for Nondestructive Testing[END_REF].

Higher Harmonic Generation

Higher harmonic generation [START_REF] Guillaume | Non-linear acoustic measurements to assess crack density in trabecular bone[END_REF]Tae & Keyung, 2009;[START_REF] Ankit | The existence of longitudinal or flexural waves in rods at nonlinear higher harmonics[END_REF] is the most classical phenomenon that the waveform of incident wave is distorted by the nonlinear elastic response of medium to the incident wave, and so that higher harmonic waves are generated in the transmitted wave as shown in Fig. 30.

This phenomenon can be understood simply by considering the nonlinear system (Zaitsev, 2010).

Let's consider a 2 nd order nonlinear system as shown in Fig. 31, and a sine wave is given as input.

Then the output of this system will have 2 nd order higher harmonic wave component.

Objectives

In the framework of this project, the objectives are:

In the first part: • Define the heat cycles to create cracking in the mortar.

• Choose initially the nonlinear acoustic method which will be used to characterize the heat damage: Higher Harmonic Generation.

• See the effect of the damage, porosity, W/C on the nonlinear and linear acoustic parameters.

• Estimate the level of damage in the mortar according to the propagation of cracks by non-linear and linear acoustic parameters.

• Coupling of mechanical and acoustic measurements to follow the cracking.

In the second part:

• Choose initially the nonlinear acoustic method that will be used to characterize the selfhealing: Shift Resonance and Higher Harmonic Generation.

• Correlating mechanical measurements and permeability to monitor acoustic cracking and self-healing of the mortar.

• See the effect of the crack size on the nonlinear and linear acoustic parameters.

• Establishing a comparative study of the evolution of acoustic and elastic parameters and geometric for different types of cracking properties.

• Creating a numerical model for the permeability tests to find a numerical relationship between crack size vs. air flow and validate the experimental results.

The experimental is divided into two parts (presented in the next scheme): 

Air permeability tests

Chapter 6: The evolution of mortar Young modulus with temperature is plotted in Fig. 49 for the four w/c ratios studied. The curves show that young's modulus decreases as temperature is raised, following a linear curve. From the slope of the curve showing the evolution of Young's modulus with temperature, it can also be noticed that higher w/c ratios tend to enhance the degradation process. As an example: for the same temperature 240°C, the normalized Young's modulus of the sample at ratio of w/c=0.6 is equal to 0.4, but for w/c=0.3, it is equal to 0.75, which is approximately the double value.

Heat damage: Protocol, results and discussion

Effect of heat damage

It may be noted also in the graph:

-Two curves for (W / C = 0.3 and 0.4) which are linear: the amount of water in these specimens is so small that the drying time is short, therefore the thermal damage begins quickly (just after 80).

-Two curves (W / C = 0.5 and 0.6) are not completely linear (between 25 and 140 °C): the amount of water in these samples is larger so the drying time is longer. The heat damage occurs after the 140 ° C. Chapter 7:

Self-Healing: Protocol, results and discussion

In order to follow the evolution of the crack size, airflow and the effect of the self-healing by permeability tests and acoustic methods, the following experimental process was established (Fig. 58).

After the preparation of the specimens, they are cracked and the crack size will be determined by the video microscope and permeability tests. Then, the samples will be placed in the humid chamber to begin the self-healing process. After a specified period time, the airflow and the crack size will be measured again by the permeability tests. 

The evolution of the crack size

The apparent crack was determined for all samples after each step of self-healing (After cracking, after 1 month, 2 and 5 months). These apparent openings (W) were calculated using the experimental relation Q=f(W), by inserting the experimental airflow (Q), then extracting the roots of the polynomial (Fig. 63). The analysis of the evolution of the apparent crack allows more precise quantification of the self-healing mechanisms in the cracks. 

Correlation between non-linear parameter and airflow

Correlation: Alpha 12 KHz and airflow

For the purpose of seeing the impact of the airflow on the non-linear parameter alpha 12, we plot all the results corresponds to "alpha 12 KHz" in the same graph. The figures (Fig. 92, Fig. 93) show the variation of the alpha according to the airflow. In overall, the non-linear parameter increases with the airflow. In the first figure we see that that we have some critical points due to the experimental errors. So, we make another figure that contains only the correct points. The points that don't respect the shape curve will be neglected but for each case we will keep the different curves. .

The critical points can due to:

• The experimental errors: in fact the tests of the nonlinear acoustic tests are sensitive to the noise although the tests are done in secure room. • The accelerometer and the transducer should be placed on the same place during all the tests (after cracking, 1 month, 2 month and 5 month of self-healing).

• After retrieving the samples from the humid room, they are dried for 24 hours. Maybe, the samples are not dried in the same way.

• During the data processing, the non-linear parameters are determined by trend curves and by FFT and in general these numerical treatments are based on same assumptions. For the airflow>5: the values of alpha reaches 5000: So for the big crack (crack size > 110 micron), we can deduce that the values of non-linear parameter can reaches 5000. So, we can deduce that the alpha 15 and beta 15 are good indicators to characterize mechanical damage but the shift resonance technique is more pertinent than the higher harmonic generation.

Chapter 8:

Numerical modelling Van Den Abeele, K. et al. (2000), Nonlinear Elastic Wave Spectroscopy (NEWS) Techniques to Discern Material Damage, Part II: Single-Mode Nonlinear Resonance Acoustic Spectroscopy, Research in Nondestructive Evaluation, Vol. 12, No. 1, pp. 31-42. Van Den Abeele, K., et al. (2001) , Micro-Damage Diagnostics Using Nonlinear Elastic Wave Spectroscopy (NEWS), NDT and E International, Vol. 34, No.4, pp. 239-248. Visscher, W. M. et al. (1991) 

Characterization of heat and mechanical damage in mortar by nonlinear acoustic waves

The objective of this work is the characterization of heat and mechanical damage in the mortar by the nonlinear acoustic waves. The correlation between non-linear/linear acoustic parameters and damage in mortar is studied based on experiments and modelling. For the heat damage, cylindrical specimens were prepared and were characterized by studying the porosity and saturation. Indeed, the linear acoustic (UPV) and non-linear acoustic (Higher harmonic generation) were applied to characterize the damage. The linear acoustic tests have shown that the longitudinal, transverse velocities and modulus of Young of the mortar decreases in function of the temperature. The non-linear acoustic tests have shown that beta increases in function of the temperature.

For the mechanical damage and the self-healing, an annular specimens were prepared and cracked by controlling the size of each crack. Then the self-healing phenomenon was characterized by the permeability and the acoustic tests. Indeed, the permeability tests have shown that the airflow and the crack size decreases quickly in the first month then slowly for the rest of the self-healing process. On the other hand, the non-linear acoustic tests shown that the alpha and beta decreases according to the self healing process which means that the nonlinear parameters are a good indicators to characterize the self-healing. Moreover, the analysis of the experimental results indicates that the frequency resonant technique is more efficient to characterize the defects in the mortar than the higher harmonic generation. From the experimental tests and to get a general result independent for our case study, the nonlinear parameters were related to a damage index. A polynomial correlations of a 2nd degree was established between the nonlinear parameters and the index damage. The findings of this work should be most appropriate as a foundation for the study of the self healing by the nonlinear acoustic waves.

Keys words: Keywords: nonlinear acoustic, self-healing, mortar, heat damage, mechanical damage, linear acoustic, porosity, resonant frequency, higher harmonic generation.