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Based on this, it was suggested that ettringite forms in larger voids before penetrating into smaller capillary and gel pores leading to expansion, hence deterioration of the material.

In the third part, the resistance of different concrete mixes was evaluated as requested by Perfdub national project. Two different shapes of concrete samples (prism or cylinder) were considered to investigate the role of this parameter. Evolution of the damage mechanism during ESA was assessed by periodically measuring main characteristics of the samples (mass, compressive strength, water accessible porosity and chloride diffusion coefficient) and by monitoring the axial and longitudinal ESAinduced expansions. The exposure conditions (renewal frequency of the solution, Vsolution/Vsample and pH of the solution) were found to play a main role in the damage process. Also, the study highlighted that the shape of the sample considered in this research does not interfere in the kinetics of the ESA. The concrete samples mixed with CEM III with high level of slag replacement (60wt.-%) and CEM II-V (30% fly ash) considered as sulfate resistant, revealed good performance which was not the case for CEM I based samples.

The performance of structures during ESA was evaluated for the first time by studying the effects of the attack on the bond behavior between concrete and reinforcing steel bar. The bond strength decreased after several months of exposure to accelerated ESA which directly affected the overall strength of the RC structure. In addition, this part highlighted the presence of a mechanical role played by the reinforcing bar in decreasing the changes in length, hence the evolution of ESA-induced expansion.

Abstract

External Sulfate Attack (ESA) of cementitious materials has been studied worldwide for very long time. This phenomenon affects the long term durability of concrete structures which can be considered as a major threat. The lack of sufficient field data as well as the lack between lab and field data in the case of exposure to sulfates makes the ESA one of the least understood phenomenon affecting concrete structures. In fact, there is a big difficulty in determining the exact parameters influencing the performance of cementitious materials against this type of attack. In addition, the macroscopic and microscopic alterations caused by ESA-induced expansion are not well understood due to the complexity of the overall damage mechanism.

In this context, the present thesis work aims to study several cementitious materials (cement paste, mortar, concrete and reinforced concrete) exposed to different types of accelerated ESA in the objective of providing an experimental-based analysis of the mechanisms occurring at each material scale.

In the first part, two new testing methods were implemented and introduced where the penetration depths of free sulfate ions was measured on cement paste cylinders by drying method. Also, the changes in length caused by ESA-induced expansion were monitored on cement paste prisms by an optical-fiber based method. The results of the drying method showed that the penetration depths are highly comparable to the ones obtained by ICP-AES. On the other hand, the expansions measured by extensometer and extensometers and OF were very similar. These results confirmed that both new techniques are eligible to be used as alternatives to replace the traditional methods such as ICP-AES and extensometer. A physico-chemical model was proposed to qualitatively explain the visual damage suffered by cylinders exposed to semi-immersion and characterized by the formation of circumferential cracks.

In the second part, six mortar mixes were tested including three types of cement (CEM I, CEM III and CEM I + 30% fly ash called CEM II-V) and two w/c ratios (w/c =0.45 and w/c = 0.6). The results showed that the type of exposure does not influence the kinetics of ESA compared to the type of cement and w/c ratio that highly affected the performance of mortar samples during accelerated ESA. The visual inspections, changes in length, mass variations, compressive and tensile strengths variations and changes in the water accessible porosity all confirmed that CEM I samples made with w/c = 0.6 are not considered sulfate resistant. The evolution of ESA-induced expansion for CEM I mortar samples followed a three-stage process whereas the mass variations for the same mixes had a two -stage behavior. The good performance of CEM III and CEM II-V samples was attributed to the presence of mineral admixtures at specified proportions (64% slag and 30% fly ash respectively). By analyzing the variation of pore size distribution at the surface level of samples exposed to the different conditions, the formed crystals were found to be precipitated in capillary and gel pores.

Résumé

Bien qu'offrant de nombreux avantages, l'utilisation du béton en construction entraine plusieurs risques liés à la durabilité de l'ouvrage. En effet, les détériorations des structures en béton armé (BA) en présence d'agents agressifs minéraux, chimiques ou physiques peuvent être nombreuses et variées. Parmi celles induites par des réactions chimiques, l'Attaque Sulfatique Externe (ASE) se présente comme étant l'une des pathologies les plus complexes et reste insuffisamment maîtrisée. Cette réaction causée par un agent externe (le sulfate) peut conduire à des altérations importantes, à une chute des propriétés mécaniques et finalement à la destruction complète de l'ouvrage. Les dégradations liées à l'ASE résultent du phénomène d'expansion créé par l'attaque de la portlandite, les monosulfoaluminate et l'aluminate tricalcique (C3A) résiduel par les ions de sulfates. Celle-ci provoque la formation de cristaux d'ettringite et/ou du gypse. Le projet de thèse intitulé « Étude multi-échelles de l'attaque sulfatique externe dans les structures en béton armé » vise à établir une meilleure compréhension, à l'échelle de différents matériaux cimentaires (pâte de ciment, mortier, béton et béton armé), des mécanismes physico-chimiques et des modifications macroscopiques et microscopiques liés à l'ASE.

A l'échelle de la pâte de ciment, le front de pénétration des ions sulfates libres a été suivi sur des cylindres par une nouvelle méthode de séchage. De plus, des déformations ont été suivies sur des prismes en appliquant une technique innovante de mesure par fibre optique (FO). Les fronts de pénétration observés par séchage ont été comparables à ceux obtenus par ICP-AES et les mesures d'expansion par FO ont montré des valeurs similaires à celles obtenues par extensomètre. Ces résultats ont permis de confirmer que les deux nouvelles techniques d'investigation peuvent être considérées comme étant des alternatives aux méthodes traditionnelles généralement utilisées dans la littérature. Finalement, dans cette partie, un modèle simplifié a été proposé pour prédire qualitativement le comportement macroscopique des cylindres en décrivant d'une manière qualitative le type d'endommagement caractérisé par la formation de fissures circonférentielles surtout dans la partie saturée de l'échantillon.

A partir des suivis menés sur les éprouvettes en mortier, il était évident que les ciments composés et surtout ceux contenant des laitiers et fumées de silice résistent mieux à l'ASE. D'autre part, la progression de l'attaque a été plus rapide dans les mortiers de type CEM I contenant un rapport E/C élevé (0.6). L'analyse par MIP a permis de suivre l'évolution de la microstructure des mortiers exposés aux attaques. La variation des distributions de la taille des pores a confirmé les conclusions précédentes en montrant que les plus grandes modifications ont eu lieu dans la microstructure des mortiers contenant du CEM I et un E/C= 0.6. L'étude a montré que l'ettringite est le produit expansif qui génère les altérations microstructurales en se formant, en premier lieu, dans les plus grands pores avant de précipiter dans les pores capillaires et les pores des C-S-H. La présence de l'ettringite à la surface d'un échantillon de mortier endommagé par l'ASE a été qualitativement confirmée par observation MEB.

Le travail expérimental présenté dans la troisième partie s'intéresse à la mise au point d'un essai reproductible pour l'étude de l'ASE dans des conditions contrôlées. De plus, cette partie a permis d'étudier l'effet de la géométrie (prisme ou cylindre) de l'éprouvette et l'influence de modifier les conditions d'accélération de l'attaque (fréquence de renouvellement de la solution d'attaque, Vsolution/Véprouvette et effet du pH) sur les cinétiques de la progression de l'ASE. Les suivis d'expansion axiale et longitudinale, masse, résistance en compression, porosité accessible à l'eau et le coefficient de diffusion des chlorures ont montré que les bétons CEM I résistent moins que les bétons CEM III et CEM II/B (CEM I + 30% CV) face à l'ASE. De plus, l'étude a mis en évidence que l'évolution de la détérioration induite par l'expansion n'est pas significativement influencée par la géométrie de l'éprouvette.

Cette thèse vise à améliorer la compréhension du comportement de l'ouvrage soumis à l'ASE en explorant, pour la première fois, les effets de l'ASE à l'échelle d'éléments structuraux. Les essais d'arrachement ont permis d'évaluer la dégradation de l'interface acier/béton et d'établir un lien direct entre l'ASE et la capacité d'adhérence entre l'armature et le béton. De plus, les suivis des expansions ont montré que l'armature peut jouer un rôle mécanique de limitation du gonflement.
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Introduction

Concrete structures are highly exposed to different types of destructive processes attributed to the presence of aggressive agents in the surrounding environment. This can involve the exposure to external sulfate attack (ESA) considered as a main threat to the durability of structures. The attack can be defined as a series of chemical reactions that occur in a cement-based material between sulfate ions, having penetrated into the matrix by a transport process, and cement hydrates and residual anhydrous cement especially C3A acting as a source of aluminates in the material. As a result, ESA seems to be caused by two processes. The first is physical where the transfer of sulfate ions from the outer solution into the porous media of the cement matrix is coupled with leaching of calcium ions to the outside. This process is highly influenced by the transfer parameters like porosity and permeability of the matrix. On the other hand, the second process is chemical and depends more on the chemical composition of the cementitious material. This one includes the overall chemical reactions that occur inside the material between hydrates components, residual anhydrous compounds and sulfate ions that penetrated through the pores. The coexistence of two main processes makes it imminent to analyze both the physical and chemical aspects of ESA.

The degradation mechanism caused by ESA includes expansion of pores/cracks caused by the formation of expansive products (ettringite and/or gypsum), changes in the microstructure, formation of microcracks, strength loss and visible deformation of the concrete structures. The main changes in the microstructural behavior of cementitious materials exposed to ESA are attributed to the formation of ettringite and/or gypsum both in capillary pores and smaller gel pores. During the early phases of the attack, ettringite crystals precipitate in the large voids without leading to serious swelling. As ESA progresses inside the material, the crystals penetrate into smaller capillary and gel pores leading to excessive ESA-induced expansion and significant damage. Based on this, it seems interesting to evaluate the damage mechanism associated to ESA by implementing macroscopic and microscopic evaluation methods.

The progress of ESA is influenced by several parameters existing in the material itself including the chemical composition of the cement, mainly the tricalcium aluminate (C3A) content, presence of mineral additions and the water to cement (w/c) ratio. Other variables related to exterior surrounding conditions like pH of the solution, temperature and type of cations associated to sulfate ions can also have an impact on the progress of the attack and the transport process. Overall, the physico-chemical aspects of ESA and their destructive impacts on the microstructure and durability of cementitious materials have been elaborated in different extensive studies. However, there is a lack of experimental investigations covering both the macroscopic and microscopic behaviors of cementitious materials during ESA while taking into consideration the influence of the exposure condition, type of cement and w/c ratio.

On the other hand, the presence of a reliable and relevant accelerated testing method performed inside a laboratory in order to evaluate the resistance of cementitious materials against ESA is still missing.

Moreover, the complicated chemical and physical aspects of ESA make it difficult to find a rapid and practical in-situ diagnosis of an actual state of a concrete structure exposed to ESA.

Among the issues discussed in the research community, there is the question of accelerated test applied on cementitious samples in laboratory conditions. Because of the slow ESA process occurring in the field and requiring many years, the solution for understanding and analyzing the reaction mechanisms is to accelerate sulfate ingress into the cement matrix by: (i) using high concentrations to accelerate the transport process, (ii) maintaining a constant pH for the sulfate solution with a periodic renewal in order to increase the rate of sulfate attack, (iii) storing at high temperatures (e.g. > 30°C) to promote the reaction kinetics and (iv) reducing the curing time of the tested samples to increase the porous material, hence accelerating the transport process of sulfate ions. However, all these existing protocols are criticized for being non-representative of the overall mechanisms occurring during ESA including both the chemical and physical aspects of the attack.

In addition, one of the topics not elaborated in literature is the effect of ESA on reinforced concrete structures especially the bond behavior between concrete and reinforcing steel. It is believed that ESA can seriously damage the concrete cover by decreasing the bond capacity between concrete and reinforcing steel bar, hence leading to the failure of the totality of the structure. However, the understanding of this entire phenomenon remains incomplete and unclear.

Considering the presented above and all the issues associated to ESA, this thesis work presents a multi-material-scale experimental study that helps in elaborating a full characterization of the macroscopic and microscopic behaviors associated to the exposure of cement-based materials to ESA. As a result, several key main objectives are developed and classified according the type of the tested material:

-At the scale of the cement paste sample, the evaluation of the performance against ESA includes two newly developed techniques. The first aims for measuring the penetration depth of sulfate ions after drying via easy and rapid visual observation. The second method consists on measuring the length changes caused by ESA-induced expansion using an optical-fiber based method.

-At the scale of mortar sample, three different types of exposure conditions (full immersion, semi-immersion and drying/wetting cycles) are applied and compared. In addition, the physico-mechanical aspects of ESA are studied on different types of mortar mixes by performing a series of macroscopic investigations including visual observations, length changes, mass variations, changes in compressive and tensile strengths and changes in water accessible porosity. In parallel, the microstructural behavior is evaluated by referring to the changes in pore volumes in different pore ranges based on MIP (Mercury Intrusion Porosimetry) results. Also, the microstructures of a sound and affected mortar samples are compared by SEM (Scanning Electron Microscopy) technique before and after exposure to ESA.

-At the scale of concrete sample, a study is performed in accordance with Perfdub national project to evaluate the performance of different types of concrete mixes against ESA while investigating the effects of cement type, sample shape and exposure condition on the extent of ESA development. The investigations include axial and longitudinal length change measurements and mass variations. Also, the changes in compressive strength, water accessible porosity and diffusion coefficient of chloride ions are recorded before and after the exposure to ESA. On the other hand, the influence of increasing the renewal frequency of the attacking solution and the ratio of Vsolution/Vsample on the kinetics of ESA-induced expansion and the acceleration of the degradation process is well presented in this part.

-At the scale of reinforced concrete specimens, the relationship between the evolution of the ESA-induced expansion and the location of the reinforcing steel bar embedded inside the specimen is discussed. Moreover, the effect of ESA on the bond behavior between reinforcing steel and surrounding concrete is studied by performing a series of pull-out direct tests before and after exposure to ESA.

Based on this, the present dissertation includes four main chapters. After the introduction, a literature review on ESA is presented in chapter 1 including an overview on previous studies and experimentations performed in order to explain the damage mechanism generated by ESA-induced expansion and determine the main products causing the damage inside the material. Also, the literature review presents some of the previous approaches used to evaluate the performance of cement-based materials against ESA. These approaches were based on developing an accelerated testing methodology inside laboratories in order to monitor the macroscopic and microscopic behaviors within a reasonable period of time. The conclusions of this literature review have highlighted the lack of researches on this topic of ESA and justify the approach to be followed to perform a large experimental study campaign to meet the objectives previously described.

The second chapter introduces the experimental programs applied in this work including the materials used to fabricate cement paste, mortar, concrete and reinforced concrete specimens.

The casting and curing strategies are all explained and the accelerated ESA testing methods developed inside the laboratories are well presented. Contrary to mortar specimens and reinforced concrete structures, cement paste and concrete specimens were exposed to an accelerated ESA while maintaining a constant pH of the solution and controlled temperature. Three accelerated tests were proposed and compared by exposing mortar specimens to full immersion, semi-immersion and drying/wetting cycles using a high concentration (15 g/L) sodium sulfate solution.

The experimental procedures include the investigation techniques that helped in monitoring the behavior of the specimens against ESA. For cement paste samples, the penetration depth of sulfate ions and visual deterioration were monitored. In addition, a new technique was implemented to follow the ESA-induced expansion using an opticalfiber based method. For mortar specimens, the investigations included visual inspections of the macroscopic damage, measurements of the physical changes in length and mass and evaluation of the mechanical properties.

Moreover, the Water Accessible Porosity (WAPT) was obtained by hydrostatic weighing and the microstructure changes were evaluated using Mercury Intrusion Porosimetry (MIP) and SEM technique.

The performance of concrete against ESA was evaluated as part of the Perfdub study by monitoring the changes in length, mass, compressive strength, porosity (WAPT) and coefficient of diffusion of Cl -.

On the other hand, the studies on reinforced concrete specimens included expansion measurements and mechanical testing to evaluate the effects of ESA on the bond behavior between reinforcing steel and concrete using direct pull-out tests.

The experimental results are given and analyzed in chapter 3 for cement paste, mortar and reinforced concrete specimens tested. The macroscopic behavior of the cylindrical cement paste samples (length = 5cm and diameter = 10cm) during ESA was discussed and explained by applying an existing model to illustrate the swelling and the cracks appearance occurring during exposure to semi-immersion. The results obtained with the newly proposed method to detect the penetration depth of sulfate ions by drying at 50% RH and T = 20°C were presented at specific time intervals and compared to penetration depths obtained by ICP-AES (Inductively Coupled Plasma). Moreover, the ESA-induced expansion measured by implementing an optical-fiber in the cement paste prisms (3 x 4 x 16 cm 3 ) was compared to values obtained by extensometer. At the end, a subjective evaluation was given including the advantages, disadvantages and possible future perspectives for both drying technique and optical-fiber based method.

The performance of mortar samples (4 x 4 x 16 cm 3 ) was studied during ESA based on the overall results obtained after recording the variations in expansion, mass, compressive strength, tensile strength and porosity (WAPT).

A comparison was made between the three exposure conditions (full immersion, semiimmersion and drying/wetting cycles) while discussing the effects of the mortar mix on the response against ESA especially the influence of the type of cement and w/c ratio. The progression of the damage process experienced by mortar samples during ESA was analyzed by associating the evolution of expansion to surface deterioration, decrease in mass, loss of mechanical strength and changes in total porosity. The microstructure was characterized at the surface level via MIP results based on the pore size distribution and pore volume variations which helped in determining the zone of initiation of expansion.

The study on the reinforced concrete specimens included length measurements recorded on 18 x 10 x 12.5 cm 3 prisms; direct pull-out tests performed using 6 x 10 x 12.5 cm 3 specimens and compressive strength results using concrete cylinders (diameter = 11cm and length 22cm).

The relationship between the ESA-induced expansion and the position/location of the reinforcing bar embedded inside the specimen was described. On the other hand, the impact of ESA progression on the bond capacities between the reinforcing steel and surrounded concrete was discussed based on the direct pull-out test.

The tests performed on concrete prisms (7 x 7 x 28 cm 3 ) and concrete cylinders (diameter = 11cm and length = 22cm) as part of the national Perfdub study are presented in chapter 4.

The damage evolution of different types of concrete mixes including various cement types experienced during ESA was evaluated and compared by monitoring the changes in length, mass, compressive strength, WAPT porosity and coefficient of diffusion of chloride.

A previously selected and defined acceleration protocol by Perfdub was applied in this experimental study but with few modifications introduced at Ifsttar. In fact, the ratio of the Vsolution/Vsample was increased from 1 to 3 and the sodium sulfate solution was renewed twice/month instead of once/month. The influence of these modifications on the kinetics of ESA and the acceleration of the damage process are discussed in this chapter.

Finally, this dissertation ends with a summary of the conclusions and perspectives for further studies in the future.

Chapter 1: Literature review 1. Literature review

Introduction

External sulfate attack (ESA) is defined as a deterioration phenomenon of cement-based materials exposed to external sources of sulfate. The presence of high sulfate content in the material can lead to serious damage and loss of mechanical strength [START_REF] Harrison | Informal discussion. Sulphate resistance of buried concrete[END_REF]. The attack includes a series of physical and chemical interactions between the sulfate ions and the hardened cement pastes. The attack results from the reaction between sulfate ions penetrating into the material and tricalcium aluminate (C3A) present in the cement paste. The main physics of ESA such as the degradation of the cement-based material and the mechanism of expansion have been widely discussed and analyzed in previous studies [2][3][4][START_REF] Lothenbach | Sulfate ingress in Portland cement[END_REF].

In this chapter, the current state of art of research studies related to ESA is presented and explained based on a literature review. The different mechanisms surrounding this phenomenon as well as the parameters influencing the attack are discussed. Moreover, a synthesis of the existing lab testing methods to accelerate the sulfate ingress are listed and analyzed to justify the objectives of the experimental program designed to conduct the present research. Considering that one of the aspects considered in the experimental study deals with the impact of ESA on the concrete/rebar interface behavior from a mechanical point of view, a literature review concerning the bond of steel with concrete in reinforced structures (RC) is also presented.

Cement chemistry

Concrete is a composite material consisting of at least cement as binder, sand, water and aggregates. When in contact with water, cement hardens and forms a cohesive binder [START_REF] Bordy | Influence des conditions thermo-hydriques de conservation sur l'hydratation de matériaux cimentaires à base d'une fine recyclée[END_REF]. However, in accordance with the models for sustainable development, the cement industry tries to devise the best strategy to decrease energy consumption as well as CO2 emissions in construction [START_REF] Bordy | Influence des conditions thermo-hydriques de conservation sur l'hydratation de matériaux cimentaires à base d'une fine recyclée[END_REF]. One of the simplest plans is to partially replace conventional Portland cement by industrial products or by products (such as fly ash) or/and to improve the durability of RC structures. This strategy is very dependent on the overall performance of hardened concrete that can be seriously affected by chemical attacks such as ESA. However, the evaluation of the resistance of an existing or a new structure against any type of chemical attack usually requires many years before the release of appropriate results. Due to this, accelerated tests are used for laboratory investigation that involves smaller samples exposed to more aggressive conditions.

Portland cement, abbreviated as PC, contains calcium silicate phases (C2S and C3S), calcium aluminate (C3A) and calcium aluminate ferrite (C4AF) with a small quantity of gypsum. Both calcium silicates belite (C2S) and calcium silicates alite (C3S) are considered vital to acquire the required strength properties in hydrated PC [7].

In fact, C2S is directly related to long-term strength whereas C3S helps in gaining shortterm strength.

The C3A (aluminate) phases is highly reactive whereas C4AF (ferrite) phase is slower. Both phases are mostly related to the heat of hydration by releasing a large amount of heat during the first few days of hardening. They react and set in the presence of water to become interstitial between solid formed by the alite and belite crystals [START_REF] Macphee | Solution properties of solids in the ettringitethaumasite solid solution series[END_REF].

Cement hydration refers to the exothermic chemical reactions taking place once cement and water are in contact. This interaction allows cement to set within few hours by becoming stiff but without gaining important compressive strength properties [START_REF] Winnefeld | Hydration of calcium sulfoaluminate cements-Experimental findings and thermodynamic modelling[END_REF]. Once cement hardening occurs, the development of the strength properties becomes more important.

Reaction products of belite and alite

The hydration of C3S leads to the formation of calcium hydroxide also called portlandite (CH) and solid calcium silicate hydrate (C-S-H). Generally, the C-S-H gel is amorphous and its constituent phases are not totally stoichiometric [START_REF] Bordy | Influence des conditions thermo-hydriques de conservation sur l'hydratation de matériaux cimentaires à base d'une fine recyclée[END_REF]. For C2S, the components obtained after hydration are the same as for alite but its reaction with water is relatively slow with less CH production which makes it more contributing to the strength gained at later stages [START_REF] Bordy | Influence des conditions thermo-hydriques de conservation sur l'hydratation de matériaux cimentaires à base d'une fine recyclée[END_REF].

The full hydration of C3S can be expressed by Equation 1.1:

2 𝐶 3 𝑆 + 6 𝐻 → 𝐶 -𝑆 -𝐻 + 3𝐶𝐻 Equation 1.1
The full hydration of C2S is expressed by Equation 1.2:

2 𝐶 2 𝑆 + 4𝐻 → 𝐶 -𝑆 -𝐻 + 𝐶𝐻 Equation 1.2
C-S-H are characterized by a very high surface area (of the order of 250 m 2 /g) and they are very slightly soluble in a saturated solution compared to portlandite (a few μmol/L, i.e. of the order of 1 mg/L). This stability of C-S-H can be disturbed when the concentration of calcium hydroxide in solution decreases and if the pH falls below 10 (case of seawater). The C-S-H dissolve slowly in this case (because their solubility will increase), in favour of the silica which becomes less soluble. In addition, C-S-H have a lamellar structure; each leaflet consists of a double plane of calcium ions bound on both sides by the oxygen of silicate tetrahedron [START_REF] Damidot | Kinetics of Tricalcium Silicate Hydration in Diluted Suspensions by Microcalorimetric Measurements[END_REF]. The silicates are in the form of parallel lines of dimmers (see Figure 1.1). The hexagonal structure of calcium hydroxide consists of several layers of calcium ions. Hydroxide ions are usually found in the holes present between calcium ions [START_REF] Henocq | Portlandite content and ionic transport properties of hydrated C3S pastes[END_REF]. This phase is the most soluble of the hydrated cement paste. Its solubility in water is of the order of 22 mmol/L at 25°C, about 1.6 g/L. This solubility corresponds to a pH of 12.6 (basic pH in the interstitial solution). The second character of this phase is its crystallization. It is one of the best crystallized phases (see Figure 1.2). It consists of calcium ion planes in octahedral environment provided by 3 OH-ions on either side of the plane [START_REF] Nonat | La Durabilité des bétons[END_REF]. 

AFm and AFt phases

The AFm phases known as monosulfate aluminate 4.CaO.Al2O3.SO3.12.H2O (C4A𝑆 H12), considered as the least stable, are produced as a result of the C3A and C4AF hydration [START_REF] Matschei | The AFm phase in Portland cement[END_REF]. Once the aluminate reacts with gypsum that is already added to cement, the AFt phase called ettringite forms (𝐶 6 A𝑆 3 ̅ 𝐻 32 ).

Furthermore, when all the gypsum present in the cement matrix has reacted, the aluminate reacts with ettringite and portlandite to form 𝐶 4 𝐴𝑆 𝐻 [START_REF] Henocq | Portlandite content and ionic transport properties of hydrated C3S pastes[END_REF] and 𝐶 4 𝐴𝐻 13 [START_REF] Wang | Stability and decomposition mechanism of ettringite in presence of ammonium sulfate solution[END_REF].

It should be noted that AFt crystallizes in the form of hexagonal-based needles that are scattered in the C-S-H. The structure of AFt is very different from AFm. It consists of cation columns bound by oxygen, hydroxides and water molecules. The function of the sulfate ions is to ensure electroneutrality. They do not participate in the coordination of cations. This explains why they can be replaced by other anions, such as carbonate ion.

The number of H2O molecules of the ettringite formula is poorly known, it can be 30, 31 or 32, depending on the temperature and the partial pressure of water vapour of the medium. But it is anyway very high [START_REF] Pourchet | Early C3A hydration in the presence of different kinds of calcium sulfate[END_REF].

On the other hand, the AFt is thermodynamically stable at normal conditions (temperature and pressure), while the AFm is unstable in these conditions. However, for a very high temperature (>65°C), the Aft becomes thermodynamically unstable and can cause a swelling of the concrete after some years. This phenomenon is called "Delayed Ettringite Formation (DEF)" [START_REF] Omikrine-Metalssi | Modelling the Swelling due to Delayed Ettringite Formation -Application to a Real Bridge[END_REF][START_REF] Kchakech | Risk of Delayed Ettringite Formation in Concrete Heated at a Mature Stage: Experimental Quantitative Evidence[END_REF][START_REF] Metalssi | A new model for the analysis of the structural/mechanical performance of concrete structures affected by DEF -Case study of an existing viaduct[END_REF][START_REF] Martin | Importance of considering the coupling between transfer properties, alkali leaching and expansion in the modelling of concrete beams affected by internal swelling reactions[END_REF].

External sulfate attack

Concrete structures (footings, foundation walls, retaining walls, piles, etc.) are susceptible to be attacked by solutions of sulfate salts that can be found in certain types of soil, groundwater, sea water, irrigation water and sewer water [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. The exposure of concrete to sulfates can lead to one of the two forms of sulfate attack widely known as external sulfate attack (ESA). Depending on the source from which sulfate ions generate, we can differentiate between internal sulfate attack (ISA) or commonly known as Delayed Ettringite Formation (DEF) and external sulfate attack (ESA). When soluble source of sulfate is present (sulfate-rich aggregate or extra gypsum) at the time of mixing, ISA takes place. On the other hand, ESA happens after sulfate ions penetrates into the permeable structure which means that there is a sufficient amount of water to transport ions from an external source (high relative humidity RH) [START_REF] Arel | The effects of nano-and micro-particle additives on the durability and mechanical properties of mortars exposed to internal and external sulfate attack[END_REF]. ESA can manifest in different forms based on the type and concentration of cations (sodium, magnesium and potassium) found in the external source of sulfates. This ingress is driven by concentration gradient between the exterior and interior environments and by the permeability of the exposed concrete structure in order to guarantee the means of access of sulfates into core of the material [START_REF] Monteiro | Accelerated test for measuring sulfate resistance of hydraulic cements for Caltrans LLPRS program[END_REF][START_REF] Whittaker | Current knowledge of external sulfate attack[END_REF].

In previous studies [2,[START_REF] Gao | Durability of concrete exposed to sulfate attack under flexural loading and drying-wetting cycles[END_REF][START_REF] Zhang | Study on the expansion of concrete under attack of sulfate and sulfate-chloride ions[END_REF], the observation of the sulfate profile in type I Portland cement mortar samples showed the presence of three distinct zones. The first one appears at the level of the outer surface with a lack in sulfate ions due to the absence of calcium. This absence is caused by leaching of calcium in the region close to the surface which creates a destabilized decalcified zone. The second zone is observed at first millimeters depth and has high sulfate content.

The sulfate concentration in the third zone gradually decreases until reaching the initial value of sulfate concentration in the binder. Interestingly, the penetration depth of sulfate remained the same and did not vary in function of the sample shape and concentration of the attacking anions [START_REF] Gao | Durability of concrete exposed to sulfate attack under flexural loading and drying-wetting cycles[END_REF]. In a recent study [2], the results of the exposition of mature cement pastes cast with CEM I and two w/c ratios to an accelerated ESA showed the occurrence of two modes of transfer during the attack. The first mode refers to the diffusion of sulfate ions to the cement matrix while the other one consists in dissolution and leaching of calcium ions to the outer solution. The ingress of sulfate ions is believed to be the leading phenomenon in this process, which creates a concentration gradient transfer. When this gradient is attained, the sulfate ion transfer to the cement matrix stabilizes and sulfate ions accumulate near the surface in an affected zone at a depth of about 4.5 mm [2]. The sulfate profiles in this study showed the presence of two distinct areas instead of three. The second area includes the zone beyond 4.5 mm where low sulfate concentrations of 3% g/g of anhydrous cement were found [2].

The ESA occurrence is related to the following conditions: an environment rich in sulfate, a cement-based material with high permeability, and a high RH [START_REF] Collepardi | A state-of-the-art review on delayed ettringite attack on concrete[END_REF]. The aftermath of ESA including all the damage caused to the attacked structure is related to the pore system and the transport ions in an inward and outward direction via the porous solution.

The type of soil especially in the region of Paris is known to be rich in sulfate which makes the foundations and piles directly exposed to sulfate ingress. In a marine environment, the structure can be fully saturated (total immersion in sea water) or partially saturated (drawdown area). Due to this, the ESA encountered in maritime conditions involves chloride ions in addition to the sulfate attack, which makes the mechanism very complex. In the marine environments, there is a double effect for both chlorides and sulfate salts which can affect the durability of reinforced concrete structures due to the combined action of corrosion and ESA. Free chlorides initiate corrosion of the reinforcement steel while sulfates damage the structure itself by expansion. According to [START_REF] Yu | 35Cl NMR relaxation study of cement hydrate suspensions[END_REF], chloride ions (Cl -) are partially absorbed by the calcium silicate hydrate (C-S-H) and can connect to monosulfoaluminate to form Friedel's salts or hydrocalumite (3CaO Al2O3 CaCl2 10H2O) which can decrease the effect of the ESA by limiting the stability of ettringite [START_REF] Yu | 35Cl NMR relaxation study of cement hydrate suspensions[END_REF]. Due to the complexity of the process, the penetration of chloride and sulfate into the cement based material subject to marine environments is studied independently.

The reaction between hydrated cements and sulfate compounds is usually characterized by expansion attributed to the formation of ettringite and, at high sulfate concentrations and/or at low pH, gypsum. This phenomenon was identified back in 1887 by Candlot [START_REF] Candlot | Ciments et chaux hydrauliques fabrication -propriétés -emploi[END_REF] who attributed the concrete expansion to the crystallization of ettringite.

Thorvaldson [START_REF] Thorvaldson | Performance of concrete: resistance of concrete to sulphate and other environmental conditions[END_REF] identify the presence of ettringite as a product resulting from the chemical interaction between tricalcium aluminate (C3A) and sodium sulfate (Na2SO4).

In addition, he was the first to mention that the chemical composition of Portland cement can have an impact on the resistance to sulfate solutions.

In fact, his approaches and efforts were highly appreciated and considered as the first footprints for a better understanding of sulfate attack [START_REF] Swenson | Contributions of Thorbergur Thorvaldson to Cement and Concrete research -A historical review in: Performance of Concrete -Resistance of concrete to sulphate and other environmrntal conditions: a symposium in honour of Thorbergur Thorvaldson[END_REF]. Furthermore, the mechanism of the ESA changes with the solution concentration. Indeed, according to Biczok results [START_REF] Biczok | Concrete Corrosion Concrete Protection[END_REF], at low concentration of sulfates, the primary product accumulated is ettringite, while at high concentrations of sulfates, gypsum is the main product.

Physical and chemical sulfate attack mechanisms

The series of chemical reactions taking place between sulfates and the solid hydration products of the cement can be related to the damage caused by ESA. The formation of swelling products and the internal stresses caused by the crystallization of these products are two important factors that cause serious damage during ESA [START_REF] Mehta | Evaluation of Sulfate-Resisting Cements by a New Test Method[END_REF][START_REF] Mehta | Mechanism of expansion associated with ettringite formation[END_REF][START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF]. Once the ions diffuse through the concrete pores, a series of chemical reactions between incoming sulfate ions and hydrated cement (aluminum containing phases and/or calcium hydroxide) occurs in the cement matrix and causes expansion that is attributed to the formation of expansive products like ettringite and/or gypsum. It is believed that these products cause an overall increase in the solid volume of the cement paste.

Within time, the attack becomes more aggressive since the existence of the reaction products inside the material potentially leads to cracking. Hence, the permeability of the structure increases and sulfate ions are able to penetrate at a higher rate and volume from significant cracking [START_REF] Messad | Performance approach using accelerated test method for external sulfate attack[END_REF][START_REF] Marchand | Sulfate Attack on Concrete[END_REF][START_REF] Scrivener | Conclusions of the International RILEM TC 186-ISA Workshop on Internal Sulfate Attack and Delayed Ettringite Formation (4-6 September 2002[END_REF]. Finally, a serious loss in the mechanical properties is observed as well as a progressive loss of mass and decalcification of cement paste in which softening occurs without important expansion [START_REF] Monteiro | Accelerated test for measuring sulfate resistance of hydraulic cements for Caltrans LLPRS program[END_REF][START_REF] Mehta | Mechanism of expansion associated with ettringite formation[END_REF][START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF].

When sulfates penetrate through a concrete structure, there is a risk of CH dissolution, or of C-S-H decalcification as a result of the presence of either ettringite or gypsum.

Another product known as thaumasite can appear specifically at low temperatures (around 5°C) and destroy the calcium silicate matrix [START_REF] Mehta | Sulfate attack on concrete-a critical review[END_REF]. However, it has been reported that thaumasite can be produced at a temperature surpassing 20°C but with altered kinetics [START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF].

ESA in concrete is related to a series of reactions between the sulfate ions and the cement paste, which will lead over time to severe damage of the concrete structure.

Different components of the cement paste are involved in the resulting chemical reactions (see Figure 1.3). The aftermath of the chemical interactions taking place after the contact with sulfates manifests into three types of harmful products:

-Ettringite C 6 AS ̌3H 32 -Gypsum C S ̌H2

-Thaumasite CS.CS. ̌C ̌C.H 15 

Ettringite and gypsum formation

Ettringite and gypsum are by far the most common and well-known products during sulfate attack. When talking about ettringite, it is important to make the difference between primary ettringite formation (PEF) occurring within the first hours of hydration, secondary ettringite formation (SEF) due to the ESA and delayed ettringite formation (DEF) occurring when the temperature during hydration exceed a threshold value of 65 °C. In the hydrated and mature cement, the presence of ettringite can cause a non-uniform expansion which leads to tensile stresses, cracking and decrease of the mechanical properties [START_REF] Mehta | Concrete: structure, Properties and materials[END_REF].

Once sulfate ions diffuse into the cementitious material, they react with aluminum found among hydrates such as the calcium-silicate-hydrate (C-S-H), the hydrotalcite (Mg6Al2(OH)16CO3.4H2O), the residual C3A and C4AF and the AFm phase. The chemical interaction manifests in a form of reaction between sulfates and monosulfate to produce ettringite which at the same time can be a product of the dissolution of calcium hydroxide (CH) [START_REF] Mehta | Concrete: structure, Properties and materials[END_REF] The products of hydration were examined for a sound and ESA-affected cement matrix by scanning electron microscopy (SEM) and the observations confirmed the coexistence of ettringite and gypsum (see Figure 1.4.(a)).

The SEM examination of the affected cement matrix revealed the presence of wellformed pre-stressed AFt inside the pre-existing pores which might lead to expansion and visible micro-cracks (see Figure 1.4 (b)) [2]. Another product formed during ESA is gypsum (CaSO4.2H2O) resulting from the reaction between calcium hydroxide (𝐶𝑎(𝑂𝐻) 2 ) already existing from the cement hydration, and the sulfate ions (see Equation 1.5):

𝐶𝑎(𝑂𝐻) 2 + 𝐶𝑎 𝑆𝑂 4 + 2𝐻 2 𝑂 → 𝐶𝑎𝑆𝑂 4 . 2𝐻 2 𝑂 + Ca(OH)2 Equation 1.5
In a similar manner to ettringite, until now the mechanism in which gypsum is produced is not fully understood [START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF]. Some believe that the formation of gypsum during ESA is enough to cause expansion, while others claim that this product should be associated with ettringite in order to produce serious expansion [START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF]. According to [START_REF] Hansen | Attack on Portland Cement Concrete by Alkali Soils and Water-a critical review[END_REF], the through-solution mechanism leads to the formation of gypsum in the cement-based material without any noticeable increase in volume.

This reflects into the idea that gypsum being formed inside the capillary cavities or on the surface of portlandite particles, occupies a volume that is larger than that of both the initial cavity and the free volume created by solid portlandite consumed during the reaction [START_REF] Hansen | Attack on Portland Cement Concrete by Alkali Soils and Water-a critical review[END_REF]. But, it should be noted that once gypsum is produced from hemihydrates, an interesting inclusion of air voids caused by the change in the crystal structure from the reactants to product takes place which can lead to an expansion [START_REF] Santhanam | Effects of gypsum formation on the performance of cement mortars during external sulfate attack[END_REF].

Based on this, it seems that the production of gypsum is directly related to the amount of portlandite in the material. Hence, more portlandite means more possibility and vulnerability to have gypsum formation in the cement based material which will lead to more deterioration in the case of exposure to sulfate sources [START_REF] Santhanam | Effects of gypsum formation on the performance of cement mortars during external sulfate attack[END_REF].

Moreover, since the content of C3S affects the amount of portlandite produced during hydration which controls the formation of gypsum, some suggest that the severity of the sulfate attack increases with the presence of more C3S in the cement [START_REF] Sideris | Fly Ash[END_REF].

This proposition was supported by several researchers who showed that samples containing more C3S in the cement are subject to severe damage after ESA due to the formation of more gypsum [START_REF] Thorvaldson | Performance of concrete: resistance of concrete to sulphate and other environmental conditions[END_REF][START_REF] Monteiro | Empirical Models to Predict Concrete Expansion Caused by Sulfate Attack[END_REF][START_REF] Mehta | Concrete: structure, Properties and materials[END_REF][START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF]. Another aspect to be taken into consideration while talking about gypsum formation during ESA is the sulfate concentration of the solution. Apparently, gypsum is not well observed and identified with low sulfate concentration solutions (less than 1 g SO4 2-/L) since it is believed that it starts to form with concentrations varying between 1 and 8 g SO4 2-/L. At high concentrations (above 8 g SO4 2-/L) gypsum is the main product dominating the aspects of ESA [START_REF] Biczok | Concrete Corrosion Concrete Protection[END_REF]. In a more recent study, it was shown that the formation of gypsum happens at a sulfate concentration higher than 3 mg/L and if somehow it is observed below the 3 mg/L limit, its presence is not harmful [START_REF] Bellmann | Influence of sulfate solution concentration on the formation of gypsum in sulfate resistance test specimen[END_REF].

For ESA to occur, the extraneous sulfates must ingress from the environment into the cement based material (concrete, mortar or cement paste) exposed to a sulfate rich environment in addition to water exposure [START_REF] Collepardi | A state-of-the-art review on delayed ettringite attack on concrete[END_REF][START_REF] Sideris | Fly Ash[END_REF]. In this context, it should be pointed out that several factors affect the mechanisms surrounding ESA.

For example, the type of cation (calcium Ca, magnesium Mg or sodium Na) associated to sulfate ions can drastically change the type of reactions taking place during the attack [START_REF] Santhanam | Sulfate attack research -whither now?[END_REF][START_REF] Dehwah | Effect of sulfate concentration and associated cation type on concrete deterioration and morphological changes in cement hydrates[END_REF].

For example, cement with low C3A content, known to be resistant to sodium sulfate attack (Na2SO4), can be seriously damaged when placed in a magnesium sulfate solution (MgSO4) [START_REF] Santhanam | Sulfate attack research -whither now?[END_REF]. The exposure to MgSO4 attack causes severe CH depletion and lowering in the pH of the solution which promotes C-S-H decalcification coupled with precipitation of non-cementitious magnesium silicate hydrate [START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

In this thesis, we will solely focus on the sodium sulfate attack (Na2SO4) during the experimental works. This type of sulfate attack includes two main forms of chemical reactions. In both of these reactions sodium sulfate reacts with the hydrated compounds in the cement matrix [START_REF] Whittaker | Current knowledge of external sulfate attack[END_REF].

The completion of the reaction leading to the formation of gypsum depends on the existing conditions of the attack. In other words, if the attacking solution constantly provides sodium sulfate till equilibrium is reached, the reaction may be completed as the portlandite phase is leached [START_REF] Neville | Properties of concrete[END_REF]. Consequently, the decomposition of the C-S-H phase will become the new source of calcium in the system [4].

As for the second reaction, it is believed that the diffusion of the ions (SO4 In this reaction the calcium (Ca 2+ ) is provided from the decomposition of CH. It should be noted that the ferrite phase (C4AF) might be another component to participate in the formation of ettringite [START_REF] Skalny | Sulfate attack on concrete[END_REF]. However, it was stated by [4] that this type of ettringite cannot be classified as dangerous or harmful.

When discussing the sodium sulfate attack, the low C3A content in the material appears to be an interesting factor to be investigated in order to increase the resistance against the attack [START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF].

The importance of the amount of C3A relies in the fact that in the presence of calcium hydroxide, both monosulfate and tricalcium aluminate leads to the formation of ettringite after the contact with sulfate ions [START_REF] Felekoğlu | Sulfate resistances of different types of Turkish Portland cements by selecting the appropriate test methods[END_REF]. However, some studies showed that the use of cement (type V) containing less than 5% of C3A, did not improve the resistance against the sodium sulfate attack [START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF]. It was also concluded that even with very low C3A content (close to zero), the material is not fully protected against the attack [START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF][START_REF] Marchand | Sulfate Attack on Concrete[END_REF][START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF]. Based on this observations, the sodium sulfate attack is considered complicated since the main component responsible of the damage caused by expansion, micro and macro cracking is not identified [START_REF] Monteiro | Empirical Models to Predict Concrete Expansion Caused by Sulfate Attack[END_REF][START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

The mechanism of the sodium sulfate attack was divided into six steps including three zones after performing an accelerated test by immersing cement-based materials in a sodium sulfate solution at constant pH of 7 (see Figure 1.5).

At the beginning, the pH of the surface drops down after direct contact with sulfate. This is followed by the precipitation of both ettringite and gypsum.

The presence of two expansive products (ettringite and gypsum) leads to severe tensile forces due to expansion. Consequently, an important stress level starts to develop in the surface zone as the material continues its efforts to stop the resulting expansion forces (step 1, 2 and 3) [START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF]. Cracks begin to appear when the tensile forces reach the tensile strength of the material and with the excessive penetration of the attacking solution, the expansive products precipitate in the newly formed cracks and in the surrounding area (step 4) [START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

Finally, the formation of gypsum inside the voids and cracked zones lead to more expansive forces that will result in the deterioration of the exposed bulk material (step 5 and 6).

Figure 1.5: Six steps of the accelerated sodium sulfate attack process at constant pH of 7 [START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF] This six steps illustration of the ESA caused by the combination of sulfate ions and sodium cations, helped in understanding the two-stage expansion observed during accelerated sodium sulfate attacks. At the beginning phase the expansion is not important but it increases suddenly to reach a peak value then stays constant until complete deterioration of the material [START_REF] Monteiro | Empirical Models to Predict Concrete Expansion Caused by Sulfate Attack[END_REF][START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Santhanam | Sulfate attack research -whither now?[END_REF][START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

Different theories about the origins of expansion

Various theories have been suggested regarding the mechanism of expansion.

Increase in solid volume

This theory states that expansion is caused by ettringite and gypsum precipitation in the hardened paste because they have a molar volume that is twice as large as the molar volumes of their initial reactants (portlandite and AFm) [START_REF] Taylor | Cement Chemistry[END_REF]. For example, the molar volume of one mole of gypsum is 74 cm 3 , thus 2.25 times greater than the volume of one mole of portlandite (33 cm 3 ). Similarly, for one mole of AFt (707 cm 3 ), the molar volume is about 2.30 times greater than the volume of one mole of AFm (309 cm 3 ).

Based on these considerations, the surrounding microstructure is under continuous tension due to the difference in volume between the products and the initial phases. Moreover, the amount of porosity found in the cementitious material is large enough to allow ettringite formation without causing significant expansion [START_REF] Atkinson | Thermodynamic Modelling and Aqueous Chemistry in the CaO-Al2O3-SiO2-H2O System[END_REF]. Then, only around 1/20 of the ettringite formed during ESA is considered dangerous since it has the ability to precipitate and grow in the available pores as well as in cracks without a noticeable increase in the solid volume [START_REF] Atkinson | Thermodynamic Modelling and Aqueous Chemistry in the CaO-Al2O3-SiO2-H2O System[END_REF].

Topochemical reaction

Other studies propose that ettringite has the ability to form topochemically by growing in-situ directly from the reaction between sulfate ions and C3A [START_REF] Cohen | Modeling of expansive cements[END_REF]. Generally, a topochemical reaction is known as an interaction between a solid particle and the surrounding solution.

During this reaction, the hydration product precipitates directly on the surface of the particle [START_REF] Cohen | Modeling of expansive cements[END_REF]. Based on this theory, the formation of ettringite inside the cementitious material is characterized by an increase in the length of the crystals. Once these crystals attend a length that is larger than the initial film thickness of the solution, expansion takes place due to the huge pressure exerted against the surrounding matrix [START_REF] Cohen | Modeling of expansive cements[END_REF] (see Figure 1.6). However, the investigations showed that ettringite is more likely to form by a through-solution mechanism. In addition, this theory is debatable considering that both ettringite and C3A have completely different crystalline structures. The first is hexagonal while the second is cubic. Thus, this theory cannot be confirmed in the absence of an intervening layer and a clear passage of ions in solution [START_REF] Chabrelie | Mechanisms of degradation of concrete by external sulfate ions under laboratory and field conditions[END_REF]. 

Swelling of Aft colloidal particles

The third theory to explain the expansion during ESA presents ettringite as a colloidal structure [START_REF] Fu | Delayed ettringite formation in Portland cement products[END_REF]. The ettringite particles are believed to have a specific surface area bigger than that of C-S-H so the continuous precipitation of these crystals progressively leads to water absorption which will cause expansion [START_REF] Thorvaldson | Performance of concrete: resistance of concrete to sulphate and other environmental conditions[END_REF][START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF]. This theory is clearly observed with the presence of lime in the cement mix where the surface area of ettringite adsorbs high quantities of water molecules [START_REF] Mehta | Mechanism of expansion associated with ettringite formation[END_REF]. This mechanism is explained by the analysis suggesting that the significant water gain is due to the combination between a large surface area and an important negative charge [START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF]. To support this theory, the expansion caused by ettringite was evaluated in function of the percent by weight of water gain (see Figure 1.7) [START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF].

As seen in Figure 1.7, the expansion increased to reach 12% when the water gain is up to 10%. These results show the direct relation between swelling and water adsorption. In another study [START_REF] Sagrera | Study on the durability of sulphate application of le Chatelier-Anstett method to an ordinary Portland cement[END_REF], the ettringite content inside paste cylinders in contact with both sodium sulfate and calcium sulfate was correlated with the increase in volume (see Figure 1.8 ).

Figure 1.7: Variation of the water gain with the volumetric expansion [START_REF] Mehta | Further Evidence for Expansion of Ettringite by Water Adsorption[END_REF] Figure 1.8: Volume increase of cement paste with ettringite content (obtained by X-ray diffraction) considering exposure to sodium sulfate or calcium sulfate [START_REF] Sagrera | Study on the durability of sulphate application of le Chatelier-Anstett method to an ordinary Portland cement[END_REF] The results presented in Figure 1.8 show that independently from the condition of exposure (sodium sulfate or calcium sulfate), the ettringite content increased with the increase in volume.

The swelling of Aft colloidal particles theory was deemed not accurate because it is not well identified in a hardened cementitious material due to ettringite being considered more as a dispersed phase and not colloidal [START_REF] Mehta | Mechanism of expansion associated with ettringite formation[END_REF]. This is explained by the argument that ettringite does not form a gel upon his precipitation after the sulfate penetration and its internal structure can hold up to 36 mole of water at maximum. Also, it is believed that only gel-like materials have the ability to undergo swelling [START_REF] Marchand | Materials science of concrete: sulfate attack mechanisms[END_REF]. As a result, the swelling pressure theory seems not adequate to proper explain the mechanism of expansion during ESA.

Crystal growth pressure

Several studies [START_REF] Scherer | Crystallization in pores[END_REF][START_REF] Correns | Growth and dissolution of crystals under linear pressure[END_REF][START_REF] Flatt | Thermodynamics of crystallization stresses in DEF[END_REF] consider the theory of crystal growth pressure as the most realistic when describing the mechanism of expansion during ESA. This theory is based on the mechanism of supersaturation and confinement where ettringite precipitates from the solution which is already supersaturated with respect to the initial phases. This precipitation creates internal pressures followed by expansion and deterioration [3,[START_REF] Marchand | Materials science of concrete: sulfate attack mechanisms[END_REF]. Even if in this theory ettringite is considered as the main cause of expansion, it should be noted that the origin of the observed macroscopic swelling is still not identified and remains debatable [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack III. Sulfate-resisting portland cement: Reactions with sodium and magnesium sulfate solutions[END_REF]. The growth of the crystal (ettringite) should take place in a confined cylindrical pore having a tip radius 𝑟 𝑚 = -

𝑟 𝑝 cos 𝜃
where rp is the side radius and 𝜃 the contact angle between the crystal and the pore surface (see Figure 1.9) [START_REF] Scherer | Crystallization in pores[END_REF].

Figure 1.9: The cylindrical pore where the crystal (ettringite) grows [START_REF] Scherer | Crystallization in pores[END_REF] Based on this theory, the ettringite crystal growth is caused by the chemical potential difference between the pressure of the crystal and the pressure inside the liquid described in Equation 1.7 [START_REF] Adamson | Physical chemistry of surfaces[END_REF][START_REF] Kunther | On the relevance of volume increase for the length changes of mortar bars in sulfate solutions[END_REF][START_REF] Kunther | Deterioration of mortar bars immersed in magnesium containing sulfate solutions[END_REF].

∆𝑃 = 𝑅𝑇 𝑉 𝑚 𝑙𝑛 𝐼𝐴𝑃 𝐾 𝑠𝑜 Equation 1.7
So based on this expression, ∆𝑃 is the exerted pressure needed to inhibit the growth of the crystal inside the pore. R is the molar gas constant, T the temperature (K), 𝑉 𝑚 is the molar volume, IAP the ion activity product and K so is referred to as the equilibrium solubility product. The ettringite precipitation occurs when the ratio (IAP/Kso) is greater than 1 which will make the whole system unstable [START_REF] Correns | Growth and dissolution of crystals under linear pressure[END_REF][START_REF] Flatt | Thermodynamics of crystallization stresses in DEF[END_REF].

This growth ends after reaching its limit once an exchange of repulsive forces takes place at the level of the interface (between the pore wall and the crystal) where a small amount of the sulfate solution persists [START_REF] Adamson | Physical chemistry of surfaces[END_REF].

The concentration of this solution detected in the interface differs from the one found in the remaining pores and is considered to be in equilibrium with the tip of the crystal and not with the radius of the pore [START_REF] Correns | Growth and dissolution of crystals under linear pressure[END_REF]. This implies that the crystal has enough space to develop until it reaches equilibrium with the concentration of the solution [START_REF] Correns | Growth and dissolution of crystals under linear pressure[END_REF]. The process of expansion by the crystallization pressure seems to be more complex and dependent on other important factors such as the pore size, humidity level, pH value and the presence of solid solutions [START_REF] Cohen | Modeling of expansive cements[END_REF][START_REF] Sagrera | Study on the durability of sulphate application of le Chatelier-Anstett method to an ordinary Portland cement[END_REF][START_REF] Ping | Mechanism of sulphate expansion I. Thermodynamic principle of crystallization pressure[END_REF]. In a recent study [3], a crystallization pressure of 21 MPa was recorded with samples attacked by a high concentration sodium sulfate solution (30 g/L).

The four described theories relate between expansion and ettringite formation. However, the presence of gypsum as a destructive product must be taken into consideration. Typically, gypsum precipitates inside macroscopic cracks or can be found already existing in the cement mix. Moreover, gypsum formation is mainly controlled by the presence of portlandite and calcium provided by the decalcified C-S-H [START_REF] Taylor | Cement Chemistry[END_REF]. Hence, C-S-H will be the new source of calcium in the matrix in order to produce gypsum and ettringite. Both products will lead to complete decomposition and decohesion of C-S-H which is the essential hydrate in the cement matrix and the main provider of the entire cohesion in the system [START_REF] Taylor | Cement Chemistry[END_REF].

In a recent study [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF] conducted on cement-based materials exposed to accelerated sodium sulfate attack with a concentration of 10g/L and without pH control, the results of the evolution of pore size distribution obtained by Mercury Intrusion Porosimetry (MIP) confirmed that during ESA ettringite forms through the large to small pores and precipitates in both capillary and gel pores (see Figure 1.10). A decrease in the pore volume with diameters between 3.7 and 50 nm was found in the surface layer of cement paste samples exposed to ESA. This decrease was attributed to the precipitation of ettringite that usually forms in the surface layer and in the pores less than 0.1 𝝁m, as highlighted in a previous studies [3]. When a structure is fully saturated, the transport mechanism of sulfates through the material itself is dominated by the diffusion process [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF][START_REF] Kunther | On the relevance of volume increase for the length changes of mortar bars in sulfate solutions[END_REF]. In this case some ions will migrate inwards the material itself (SO4 2-) and some outwards (OH -and Ca 2+ ) [START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

Before any type of exchange with the surrounding conditions, the pore solution of the cement-based material containing K + , Na + and OH -is considered saturated compared to the Ca(OH)2. Hence, the pH increases to reach the value of 13 due to the presence of alkaline phases. Based on this, any surrounding environment is relatively acid which will force the leaching of alkali ions (K + , Na + ). Consequently, portlandite (CH) buffers the value of pH of the exposure solution that remains lower than that of the interstitial solution equilibrium. As a result, calcium ions are leached out in the surrounding solution following the full decomposition of CH [2]. In parallel, the C-S-H starts to decalcify in order to supply the required amount of calcium ions to the system. At this stage, the pH decreases to make both ettringite and monosulfate which are unstable at pH less than 10-11 very sensitive to C-S-H and CH decomposition.

The attack manifests into series of modifications that start at the level of the surface of the unaffected bulk material to reach its interior.

The alterations begin with ettringite formation which replaces the monosulfoaluminate phases in the cement followed by decomposition of CH and decalcification of C-S-H. Later, gypsum fills the voids causing micro cracks in the system as more decalcification and leaching occur to finally destroy the material.

According to some investigations fund in the literature, the decomposition of different cement hydrates takes place simultaneously with calcium leaching [START_REF] Kunther | Deterioration of mortar bars immersed in magnesium containing sulfate solutions[END_REF][START_REF] Scherer | Stress from crystallization of salt[END_REF]. In fact, it was stated in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] that ESA has two transfer modes combining between the diffusion of sulfate ions into the cement matrix and calcium ions leaching to the outer solution. Moreover, the concentration gradient between the inner and outer solution allows for the diffusion and transfer of external sulfates through the material until this transfer is stabilized. At this stage of the attack, fixation happens when a certain amount of sulfates has already been accumulated. The whole process is illustrated in Figure 1.11 developed by [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack. I. Ordinary portland cement paste[END_REF] to explain the mechanism encountered in a fully saturated exposure condition where both sulfate diffusion and leaching are taking place. Based on this, it is important to detect and investigate the affected depth of the attack (combining the effect of ESA and leaching) in order to better understand its characteristics as a function of the modification of the microstructure [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. Concrete structures like building foundations and pier columns are considered as partially exposed to ESA. For example, in the case of foundations, the lower part is in contact with sulfates present in groundwater, while the upper portion is exposed to the relatively dry surrounding conditions (with usually higher temperature). In this case, an interesting phenomenon takes place where the sulfate solution that diffused into the structure moves upward to reach the drier part. During the movement, part of the sulfate solution reaches the surface where water evaporates [START_REF] Boyd | The use of tension testing to investigate the effect of W/C ratio and cement type on the resistance of concrete to sulfate attack[END_REF]. In addition, a physical sulfate attack manifests with salt crystallization observed at the surface of the dry portion of the structure.

The difference in the relative humidity and/or temperature forces the solution to migrate to the upper part exposed to outside conditions where the relative humidity is relatively lower. Consequently, the liquid phase evaporates while the salts existing in the solution find a good spot inside the voids of the hydrated cement and accumulate near the surface [START_REF] Brown | The distributions of bound sulfates and chlorides in concrete subjected to mixed NaCl, MgSO 4 , Na 2 SO 4 attack[END_REF].

With the continuous change in the ambient humidity and/or temperature, it is believed that a larger amount of sulfate ions is transported by the wicking action and the crystallized salts are subject to a continuous chemical change between hydration and dehydration [START_REF] Boyd | The use of tension testing to investigate the effect of W/C ratio and cement type on the resistance of concrete to sulfate attack[END_REF].

Due to this, the effects of the attack are amplified since more expansion forces are exerted leading to major damage in the structure. As a result, a complete alteration at the level of the cement paste occurs in parallel with a modification of the permeability characteristics due to severe leaching and significant microcracking [START_REF] Boyd | The use of tension testing to investigate the effect of W/C ratio and cement type on the resistance of concrete to sulfate attack[END_REF][START_REF] Rebel | The right sulfate test makes a difference[END_REF]. Concerning the sodium sulfate attack in a partially immerged condition, the mirabilite (Na2SO4.10H2O) loses its water molecules due to evaporation to form thenardite (Na2SO4) (see Equation 1.8 and Equation 1.9). This case is observed especially with an increase in the surrounding temperature and a low relative humidity.

However, a decrease in the temperature coupled with an increase in humidity allows thenardite to regain the water molecules and change to mirabilite [START_REF] Haynes | Salt Weathering Distress on Concrete Exposed to Sodium Sulfate Environment[END_REF]: The process is repetitive which will cause, with a prolonged time of exposure, significant deterioration of the material [START_REF] Haynes | Salt Weathering Distress on Concrete Exposed to Sodium Sulfate Environment[END_REF]. Also, it is believed that the effects are not only located at the surface but can also reach the core of the structure since the observed salts on the top can be an indicator of an ongoing attack inside the material [START_REF] Brown | The distributions of bound sulfates and chlorides in concrete subjected to mixed NaCl, MgSO 4 , Na 2 SO 4 attack[END_REF]. For example, this subject was studied with two cases where concrete prisms were partially buried in a saturated soil in the first one and fully immersed in a 10% sulfate solution in the second [START_REF] Bellmann | Influence of sulfate solution concentration on the formation of gypsum in sulfate resistance test specimen[END_REF]. Interestingly, the buried parts of the samples used in the first case and the concrete samples used in the second case were both found in a better condition compared to the portions in contact with ambient environment in the partially saturated exposure [START_REF] Bellmann | Influence of sulfate solution concentration on the formation of gypsum in sulfate resistance test specimen[END_REF].
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Based on these findings, it was stated that the crystallization of salts caused by humidity and/or temperature gradient is more dangerous compared to the chemical interactions between sulfates and cement hydrates. Also, it was made clear that partially saturation exposure accelerates ESA and causes more damage on concrete [START_REF] Santhanam | Effects of gypsum formation on the performance of cement mortars during external sulfate attack[END_REF][START_REF] Boyd | The use of tension testing to investigate the effect of W/C ratio and cement type on the resistance of concrete to sulfate attack[END_REF][START_REF] Brown | The distributions of bound sulfates and chlorides in concrete subjected to mixed NaCl, MgSO 4 , Na 2 SO 4 attack[END_REF].

Regardless of the short and long term effects of crystallization, there is still debate on whether the formation of thenardite causes more internal pressure and more damage compared to mirabilite [START_REF] Rebel | The right sulfate test makes a difference[END_REF][START_REF] Haynes | Salt Weathering Distress on Concrete Exposed to Sodium Sulfate Environment[END_REF]. In fact, many researches and studies believe that the precipitation of mirabilite as a result of the dissolution of thenardite leads to more destruction in the porous materials as the transition from thenardite to mirabilite exerts huge pressure inside the material [START_REF] Hime | Sulfate attack," or is it?[END_REF][START_REF] Martinek | Salt Hydration Distress[END_REF].

Factors affecting ESA 1.3.5.1. Impact of mix design

The mix design of the cementitious material (cement paste, mortar or concrete) has a huge impact on the progress of the ESA. Many efforts have been made to find the best solution to resist the detrimental effects of the attack. In fact, the majority of the investigations found that modifying some parameters related to the mix design can drastically influence the performance of the material exposed to ESA by either increasing or decreasing its ability to resist ESA [START_REF] Santhanam | Effects of gypsum formation on the performance of cement mortars during external sulfate attack[END_REF][START_REF] Leeman | Accelerated sulfate resistance test for concrete-chemical and microstructural aspects[END_REF].

1.3.5.1.1.Composition of the cement (amount of C3A present in the cement)

The amount of C3A present in the cement is an important factor that affecting the intensity of the ESA since a low C3A content leads to better resistance and less deterioration [START_REF] Al-Dulaijan | Sulfate resistance of plain and blended cements exposed to varying concentrations of sodium sulfate[END_REF].

In general, the American standard [START_REF]C01 Committee, Specification for Portland Cement[END_REF] recommends percentage content of SO3 equal to 3.0% in a cement type I containing less than 8% of C3A and a content of SO3 of 3.5% when the C3A content increases over the 8% limit. The requirements are different based on the European standard [START_REF]Cement. Composition, specifications and conformity criteria for common cements[END_REF] as each strength class has a maximum allowable SO3 content. For example, the maximum sulfate content is 4% for classes: 32.5N, 32.5R and 42.5N. This content increases to 4.5% for the strength classes of 42.5R, 52.5N and 52.5R.

The studies related to this subject showed that CEM I with C3A content of 8% is less resistant to ESA compared to CEM V with 3.5% of C3A and that mixes with less than 5% C3A are more eligible to resist ESA [START_REF] Al-Amoudi | Sulfate attack and reinforcement corrosion in plain and blended cements exposed to sulfate environments[END_REF][START_REF] Al-Amoudi | Performance of 15 reinforced concrete mixtures in magnesiumsodium sulphate environments[END_REF][START_REF] Baghabra Al-Amoudi | Attack on plain and blended cements exposed to aggressive sulfate environments[END_REF]. According to [START_REF] Ouyang | Internal and external sources of sulfate ions in portland cement mortar: two types of chemical attack[END_REF] the amount of C3A should not surmount a threshold limit of 7%. In fact, it was found in some investigations [4] that lowering the C3A content in the cement mix can decrease the rate of ettringite formation since a significant amount of aluminates will not be available to react with external sulfates to form ettringite. Moreover, a direct correlation has been made between the C3A content and the C3S/C2S ratio [START_REF] Rasheeduzzafar | Influence of Cement Composition on the Corrosion of Reinforcement and Sulfate Resistance of Concrete[END_REF]. Interestingly, it was found that the ESA resistance of CEM I (11.9% C3A and C3S/C2S ratio of 7.88) was less than the same CEMM V type of cement containing a lower percentage of C3A (9.3%) and lower C3S/C2S ratio (2.57). Both cements were put in contact with a sulfate solution for 150 days and at the end of the accelerated attack, the degree of damage caused to the first cement was approximately 2.5 times more than the damage recorded with the second type of mix [START_REF] Rasheeduzzafar | Influence of Cement Composition on the Corrosion of Reinforcement and Sulfate Resistance of Concrete[END_REF]. In another study [START_REF] Tosun-Felekoğlu | The effect of C3A content on sulfate durability of Portland limestone cement mortars[END_REF], it was found that increasing C3A content from 4.6% to 11.2% caused more damage to the mortar samples blended with CEM I under sodium sulfate attack. The expansion values of the samples type 7 prepared with CEM I containing 4.6% C3A were significantly lower compared to the values of samples type 14 mixed with CEM I containing 11.2% C3A (see Figure 1.12). The microstructural investigations confirmed the length change measurements and revealed that the sulfate resistance of CEM I highly depends on the C3A content. 

1.3.5.1.2.Water to cement ratio (w/c)

Another important element that can affect the performance of a cement based material against ESA is the permeability and the porosity of the mix [START_REF] Santhanam | Sulfate attack research -whither now?[END_REF][START_REF] Baghabra Al-Amoudi | Attack on plain and blended cements exposed to aggressive sulfate environments[END_REF][START_REF] Ouyang | Internal and external sources of sulfate ions in portland cement mortar: two types of chemical attack[END_REF]. In fact, decreasing the water to cement ratio (w/c) can be a powerful tool in the battle against ESA because it reduces the kinetic of diffusion of the sulfate ions. By studying the effect of using two different w/c (0.485 and 0.435) on the resistance of cement pastes, it was found in [START_REF] Naik | Sulfate attack monitored by microCT and EDXRD: Influence of cement type, water-tocement ratio, and aggregate[END_REF] that samples with low w/c (0.435) did not have a significant expansion rate during accelerated ESA. On the other hand, cement pastes with higher permeability due to initial water-to-cement ratio (w/c = 0.485) had an elevated expansion percentage (see Figure 1.13). Interestingly, the expansion values in this experimental study were contradictory with the visual observations since the destructive patterns (macro cracks, scaling surface and decohesion) were first seen in the samples with lower w/c [START_REF] Naik | Sulfate attack monitored by microCT and EDXRD: Influence of cement type, water-tocement ratio, and aggregate[END_REF]. In several studies [START_REF] Al-Amoudi | Sulfate attack and reinforcement corrosion in plain and blended cements exposed to sulfate environments[END_REF][START_REF] Tosun-Felekoğlu | The effect of C3A content on sulfate durability of Portland limestone cement mortars[END_REF], the analysis of the expansion values showed a direct relation between the permeability and the water content as both are believed to be proportional. The presence of more water in the cement mix increases the possibility of having large voids or pores which can enhance the diffusion of sulfate ions through the material [START_REF] Leeman | Accelerated sulfate resistance test for concrete-chemical and microstructural aspects[END_REF][START_REF] Mehta | The Development of ASTM Method C 1012 with Recommended Acceptance Limits for Sulfate Resistance of Hydraulic Cements[END_REF]. These results were validated in a recent study by [START_REF] Chen | An approach for predicting the compressive strength of cement-based materials exposed to sulfate attack[END_REF] after testing three types of mortar samples prepared with the same cement mix (CEM II) but with three different w/c of 0.65 (M65 in Figure 1.14), 0.5 (M50) and 0.28 (M28).

The compressive strength was computed by applying a nonlinear modeling approach using a support vector machine (SVM) that collects and treats several experimental data related to the performance of the cement based materials tested during exposure to ESA. A total of 360 drying/wetting cycles were applied in this study by immersing the samples in different concentrations sodium sulfate solutions (2%, 10% and 16.3%) for 8 hours at 20±2°C followed by drying at 50±2°C and relative humidity of 60% for 16 hours. The compressive strength of samples changed during exposure to sulfate attack which proved that samples with high water content suffered from serious compressive strength losses (see Figure 1.14). Moreover, the high w/c ratio was directly linked to more development of pores inside the material [START_REF] Chen | An approach for predicting the compressive strength of cement-based materials exposed to sulfate attack[END_REF]. However, in some other studies [START_REF] Al-Dulaijan | Sulfate resistance of plain and blended cements exposed to varying concentrations of sodium sulfate[END_REF][START_REF] Naik | Sulfate attack monitored by microCT and EDXRD: Influence of cement type, water-tocement ratio, and aggregate[END_REF], it was stated that even with low water content, the measured expansion of mortar and concrete was noticeably important. These results were attributed to the tiny pores which were not sufficient to accommodate the newly formed expansive compounds (ettringite and gypsum); hence, the expansion was much more significant. Based on the following, it seems that more work are needed in order to establish a clear relation between the water content of cement-based material mix and the resistance to ESA. The effect of the w/c ratio on the performance of cement pastes exposed to sodium sulfate attack was studied by Ragoug et al. [2].

The sulfate ion transport profiles of cement pastes obtained by ICP-AES (Induced Coupled Plasmatic -Atomic Emission Spectrometry) analysis showed that the penetration depth referring to the affected zone (outlined in pink in Figure 1.15) did not change by increasing the w/c ratio from 0.45 to 0.6. For both mixes immersed at 1m and 2m in the solution, the depth was about 4.5 mm (see Figure 1.15). However, the amount of sulfate ions detected between 0 and 2 mm depth was relatively higher for cement pastes with w/c = 0.6 which can accelerate the degradation process. The visual inspections conducted on the cement paste samples showed that the degradation is faster in the case of cement paste with a higher w/c ratio (0.60) whereas for samples with w/c = 0.45 the visual deterioration was delayed in time. However, this degradation has different mechanical behaviors for the two considered w/c ratios. For w/c=0.60, longitudinal and transverse cracks appeared just after two months of exposure to the sodium sulfate solution. Then after three months of testing, the cement paste has lost all cohesion and the damage is total (see Figure 1.16).

While for w/c=0.45, the beginning of the degradation is observed with the appearance of some cracks and swelling at the edge followed by a chipping causing a significant and rapid loss of material before its total damage (see Figure 1.17).

The mechanical response of the material occurs differently depending on the porosity of the material. The behavior is possibly related to the process of interaction of the microstructure with sulfate ions. Here, the pressure exerted by AFt and/or gypsum would be different, depending on where the crystal exerting this pressure is formed (in which range of porosity). The third aspect that can be integrated in the design of a sulfate-resistant cementitious material is the amount of ettringite and gypsum formed during ESA. It is well known that these two products are the main causes of expansion inside the cement matrix. Therefore, controlling the amount of expansive products formed in cement paste during ESA can make a difference and enhance the resistance against sulfate attack. The use of blends in mix design can help in limiting the amount of ettringite and gypsum produced when sulfate ions reacts with the cement hydrates [START_REF] Whittaker | Current knowledge of external sulfate attack[END_REF]. The addition of mineral admixtures like slag or pozzolans in the cement mix design of blended cements decreases the amount of C3A available to react with sulfate ions and produce expansive products [START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF]. The expansion values due to ESA and measured on samples prepared with CEM III/B (containing slag) and CEM I SF (containing fumed silica) were significantly lower than those recorded on CEM I (see Figure 1.18). This is explained by the presence of a finer pore structure with the addition of slag and pozzolans which restrains the precipitation of ettringite and gypsum by reducing the permeability and enhancing the reactivity leading to better resistance against ESA [START_REF] Kunther | On the relevance of volume increase for the length changes of mortar bars in sulfate solutions[END_REF]. 1.3.5.2. Impact of exposure conditions

Type of cation

The cation (Mg 2+ , Ca 2+ or Na + ) associated to sulfate ions has a direct impact on the type of attack and their consequences. It is believed that the magnesium sulfate attack is the most dangerous amongst the other types of ESA especially when combined to Portland cement mixes containing silica fume [START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF].

The destructive manner associated with the magnesium sulfate attack is caused by the formation of brucite (Mg(OH)2) (see Equation 1.10) and the replacement of the calcium present in C-S-H by magnesia (see Equation 1.11) [START_REF] Skalny | Sulfate attack on concrete[END_REF].

MgO + H2O → Mg(OH)2 Equation 1.10

𝑀𝑔 2+ + 𝑆𝑂 4 2-+ 𝐶𝑎(𝑂𝐻) 2 + 2𝐻 2 𝑂 → 𝑀𝑔(𝑂𝐻) 2 (𝑠) + 𝐶𝑎𝑆𝑂 4 . 2𝐻 2 𝑂 Equation 1.11
Brucite is an insoluble compound that accumulates on the surface of the material and directly decreases the pH of the surrounding pore solution to below 10.4. In these conditions, C-S-H becomes relatively unstable and is severely decalcified [START_REF] Dehwah | Effect of sulfate concentration and associated cation type on concrete deterioration and morphological changes in cement hydrates[END_REF]. Another disturbing characteristic of the magnesium sulfate attack is the production of an acidic component known as the magnesium silicate hydrate (M-S-H) once the calcium content of the cement matrix is mainly replaced by magnesium cation. As a result, the cement paste is completely disintegrated and damaged [START_REF] Irassar | Thaumasite formation in limestone filler cements exposed to sodium sulphate solution at 20 °C[END_REF][START_REF] Bellmann | Influence of sulfate solution concentration on the formation of gypsum in sulfate resistance test specimen[END_REF][START_REF] Santhanam | Sulfate attack research -whither now?[END_REF]. ESA resistance of mortars bars made with CEM I and w/c = 0.55 and CEM III/B with w/c = 0.59 was evaluated and tested in order to show the effect of the associated cation, the sulfate concentration and especially the sulfate content in the solution [START_REF] Correns | Growth and dissolution of crystals under linear pressure[END_REF][START_REF] Flatt | Thermodynamics of crystallization stresses in DEF[END_REF]. Mortar bars were exposed to 50 g/L sodium sulfate (Na2SO4) solution and two magnesium sulfate (MgSO4) solutions (44.8 g/L and 4.48 g/L). In addition, the samples were exposed to a solution prepared by mixing sodium, magnesium, calcium and potassium all together.

The expansion results for CEM I during attack (see Figure 1. [START_REF] Martin | Importance of considering the coupling between transfer properties, alkali leaching and expansion in the modelling of concrete beams affected by internal swelling reactions[END_REF] showed that prisms in contact with Na2SO4 solution had the fastest expansion rates followed by the ones exposed to the high concentration MgSO4 solution. The expansions values were even lower for samples exposed to low concentration MgSO4 and mixture solutions. At the same time, samples exposed to high MgSO4 solution suffered serious surface degradation after 1 year (see Figure 1.20). These findings confirmed the influence of the type of sulfate counter-ion on the overall expansion and macroscopic behavior of cement based materials during ESA [START_REF] Kunther | Deterioration of mortar bars immersed in magnesium containing sulfate solutions[END_REF]. In addition, mixing different cations in the same solution seemed to be ineffective in accelerating the damage process compared to solutions containing only MgSO4 or Na2SO4. For CEM III/B samples, the expansion rates were much smaller compared to CEM I in all exposure solutions (see Figure 1.21). These results were not at all consistent with the severe surface degradations observed after 1 year of exposure. As illustrated in Figure 1.22, the surface of the mortar samples mixed with CEM III was damaged especially when exposed to high and low MgSO4 solutions. This aspect suggests that expansion should be coupled with visual investigation in order to predict the durability of CEM III/B binders exposed to MgSO4 attack [START_REF] Kunther | Deterioration of mortar bars immersed in magnesium containing sulfate solutions[END_REF]. 

pH of the solution

The pH has a huge impact on the mechanism of ESA by controlling solubility and leaching process during the attack. Usually, it is recommended to keep pH value almost equal to the value encountered in real conditions especially in natural exposures like seawater when performing the lab experiment. Therefore, in some studies [START_REF] Mehta | Properties of alite cements[END_REF] an acidic titration is added to the sulfate solution in order to maintain a constant pH value. Mehta [START_REF] Rasheeduzzafar | Influence of Cement Composition on Concrete Durability[END_REF] in his study proved that when the pH is maintained at 6.2 (acidic environment), gypsum formation is more dominant than ettringite formation during ESA. In addition, in these conditions of pH, it was found that the C3A content did not have a major impact on the performance of the materials subjected to ESA [START_REF] Mehta | Properties of alite cements[END_REF].

These observations are coherent with the fact that ettringite is unstable below pH 10-11.

In general, ettringite starts to decompose at a temperature of 65°C and above [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF]. Also, the decalcification and leaching observed at progressed stages of the attack are heavily linked to the accumulation of gypsum close to the surface [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF][START_REF] Rasheeduzzafar | Influence of Cement Composition on Concrete Durability[END_REF]. The relation between pH and ESA was experimentally evaluated by applying three accelerated attacks with controlled pH values (6, 10 and 11.5) and a fourth attack without pH control [START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF]. The performance of mortar bars was determined based on the values of two macroscopic parameters (expansion and compressive strength). The results collected at the end of the attack showed that low pH values of the solution lead to lower the resistance against ESA [START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF]. The same conclusion was found when cement paste samples made with CEM I and CEM III containing slag additions were exposed to a sulfate attack in five different conditions as shown in Figure 1.23 [START_REF] Revertegat | Effect of pH on the durability of cement pastes[END_REF]. The damage observed with a controlled pH sulfate solution is explained by the presence of large pores in areas close to the surface, dissolution of the calcium hydroxide and more calcium ions leaching out and cracks parallel to the surface of the exposed material. All these aspects lead to more sulfate ingress into the cement matrix [START_REF] Revertegat | Effect of pH on the durability of cement pastes[END_REF]. The previous conclusions on the detrimental effects of low pH were confirmed again in different experimental works [START_REF] Marchand | Sulfate Attack on Concrete[END_REF][START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF][START_REF] Mehta | Properties of alite cements[END_REF]. By separately analyzing the results obtained from these studies, it can be stated that CH decomposition increases pH value of the solution from 7 to 12.5 which is ideal to the ettringite formation. However, when pH is between 8 and 11.5, the production of gypsum is dominant and it is associated with C-S-H decomposition and the significant loss of binding capacity. As the pH goes under 8, the ESA proceeds with complete C-S-H decalcification and further deterioration and damage of the attacked material [START_REF] Marchand | Sulfate Attack on Concrete[END_REF][START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF][START_REF] Mehta | Properties of alite cements[END_REF].

For example, the graphs illustrated in Figure 1.24 clearly show that when the pH is close to 7±1, the ettringite can decompose to transform into gypsum. Moreover, once the aluminate phases fade away, the production of ettringite stops and the remaining sulfate ions react with calcium to produce gypsum [START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF]. 

Sulfate concentration and solution renewal

The previous studies and researches related to ESA insisted on the direct relation between the severity of the attack and the sulfate concentration in the attack solution [3,[START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF][START_REF] Revertegat | Effect of pH on the durability of cement pastes[END_REF]. In fact, this aspect is clearly shown in Figure 1.25 since the kinetics of the attack, illustrated in term of sulfate penetration and expansion, directly increase with higher sulfate concentration [3]. The results in the graphs of Figure 1.25 illustrate the sulfate profiles and expansion of Portland cement (CEM I) mortar samples after full immersion in three different Na2SO4 solutions. The results showed that at a high concentration (30g/L), the expansion rate is much bigger than the ones obtained with 10 g/L and 3g/L. In addition, the amount of sulfate ingress inside the material is much important when the concentration of the sodium sulfate solution increases [3]. The mechanism of ESA can change if the concentration of the solution is modified (see Table 1.1). Interestingly, it can be seen that with high sulfate concentrations the formation of gypsum becomes more noticeable [3]. For example, an elevated sulfate concentration of 300mmol -1 is mainly characterized by gypsum formation which presence is more dominant than ettringite for thermodynamic reasons based on the chemical equilibrium in the Ca-Al-SO4 system as illustrated in Figure 1.26 [START_REF] Damidot | Thermodynamic investigation of the CaOAl2O3 CaSO4 K2OH2O system at 25°C[END_REF]. However, it should be noted that in field conditions where the concentrations vary between 0.20 and 30mmol -1 , gypsum is stabilized and ettringite is the major produced compound [START_REF] Bellmann | Influence of sulfate solution concentration on the formation of gypsum in sulfate resistance test specimen[END_REF]. Another factor to be considered when studying the mechanism of ESA is the solution renewal frequency. This process is widely used in laboratory accelerated attacks in order to ensure continuous availability of sulfate in the system and constant concentration [START_REF] Planel | Les effets couplés de la précipitation d'espèces secondaires sur le comportement mécanique et la dégradation chimique des bétons[END_REF]. When the sulfate solution is frequently renewed, the precipitation of gypsum is slowed down in veins parallel to the surface where large pores start to form and in parallel with the progressive decalcification of C-S-H (see Figure 1.27) [START_REF] Planel | Les effets couplés de la précipitation d'espèces secondaires sur le comportement mécanique et la dégradation chimique des bétons[END_REF]. 

Size and geometry effects

The relation between the sample size and the resistance to sulfate attack was studied by El-Hachem et al. [START_REF] El-Hachem | New procedure to investigate external sulphate attack on cementitious materials[END_REF] by comparing the length variations of prismatic mortar samples made with CEM I and w/c = 0.6. The following sizes: 1⨯1⨯10; 2⨯2⨯16; 4⨯4⨯16 and 7⨯7⨯28 cm 3 were selected for sample placed in full immersion in a Na2SO4 solution (3 g/L of SO4 2-). It was found that the initiation of expansion was faster for small samples 1⨯1⨯10 and 2⨯2⨯16 cm 3 (at 130 days) whereas the expansion started at later immersion time (at 400 days) for the 4⨯4⨯16 cm 3 prisms. Interestingly, the largest samples (7⨯7⨯28 cm 3 ) did not show any signs of expansion even after over 600 days of immersion in the Na2SO4 solution (see Figure 1.28).

Figure 1.28: ESA-induced expansion of mortar samples with different geometries [115]

The results presented in Figure 1.28 suggest that the degradation induced by ESA is more severe for small size sample. The expansion initiates inside a sample when a minimum proportion of the section gets damaged due to the formation of ettringite and/or gypsum. In small samples, the time of initiation is short because this proportion gets affected in a short period of time [START_REF] El-Hachem | New procedure to investigate external sulphate attack on cementitious materials[END_REF]. In addition, small samples have a relatively smaller volume exposed to the attacking solution so critical size at which the expansion can be detected by the traditional methods of measurements can be reached faster.

The effect of geometry on the performance of cement-based material sample exposed to sulfate attack was investigated by Massaad et al. [START_REF] Massaad | Do the geometry and aggregates size influence external sulfate attack mechanism?[END_REF]. Prismatic (PRI), cylindrical (CYL) and three different hollow cylindrical (C30, C40 and C50) geometries were used to cast CEM I mortar samples with w/c = 0.6.

The results illustrated in Figure 1.29 show the absolute radius expansion as a function of longitudinal expansion. It is worth noting that the absolute radius expansion was obtained by dividing the measured radius by the initial radius.

Figure 1.29: Absolute radius expansion vs. longitudinal expansion of the different mortar samples. Hollow geometries (C30, C40 and C50); prisms (PRI) and cylinders (CYL) [116]

The deformation mechanisms were similar for the 5 tested geometries but the highest levels of deformation were reached by the hollow cylindrical samples (C30, C40 and C50) whereas the prismatic (PRI) and cylindrical (CYL) samples exhibited lower deformation rates. These results show that the geometry can influence the magnitude of some degradation parameters such as the expansion for the same reasons stated previously but without significantly changing the mechanisms [START_REF] Massaad | Do the geometry and aggregates size influence external sulfate attack mechanism?[END_REF]. One of the chapters in this thesis work is dedicated to our contribution to the national Perfdub project which includes a wide range of French research institutes. An acceleration method was applied on concrete samples with two different shapes (cylinders and prisms) and four different mixes exposed to 8.9 g/L Na2SO4 solution. This study confirms that the shape of the sample does not interfere in the kinetics of ESA, as highlighted in previous studies [START_REF] Massaad | Do the geometry and aggregates size influence external sulfate attack mechanism?[END_REF].

Effect of curing time

The degradation process induced by ESA can be affected by the curing regimes and duration [START_REF] Zhang | Influence of the initial moist curing time on the sulfate attack resistance of concretes with different binders[END_REF]. El-Hachem [START_REF] El-Hachem | Etude multi-critère de la dégradation des matériaux cimentaires par l'attaque sulfatique externe[END_REF] found that mortar samples made with CEM I and w/c = 0.6 and stored in water for a long period of time (6 months) exhibited faster expansion compared to the rest of samples left for less than a month in water (3 days, 14 days and 28 days) (see Figure 1.30). A long moist curing period especially for CEM I cement tends to increase the amount of CH formed in the cement matrix. During the exposure to the accelerated ESA, CH reacts with sulfates ions to produce gypsum that is considered one of the two main components, along with ettringite, leading to expansion.

Moreover, it was assumed that the microporosity of the samples stored for long duration is lower thus expansive products will not find enough empty spaces to form [START_REF] El-Hachem | Etude multi-critère de la dégradation des matériaux cimentaires par l'attaque sulfatique externe[END_REF]. The effects of the curing regimes and the curing duration on the performance of cement paste during ESA have been studied in details in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. Figure 1.31 shows the evolution of the sulfate content in OCP material, in g/g of the cement paste made with w/c = 0.6, as a function of depth for the two modes of exposure to the sulfate solution including early age (24 hours after casting) and matured case (1 year of cure in water). The sulfate profiles are different in the two cases, after two months of sulfate exposure. The sulfate content is more important in the case of the early age exposure at the first three millimeters because of the high porosity and permeability of the material at this early age. Beyond this depth (that is in an area near the propagation front) this difference is not significant.

Therefore, those observations suggest that although a diffusion process due to concentration gradient is initially at the origin of sulfate ingress in the porous medium, sulfate ions get physically and chemically trapped in the paste microstructure with a higher kinetic [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. No apparent degradation and no cracking were observed in the case of exposure at early age. These observations are valid even after 1 year of contact with the sodium sulfate solution. However, some cracks appeared after just two months of sulfate exposure for mature samples. These observations suggest that crystallization of AFt phases in the smaller pores and after an advanced hydration reaction (saturated pore in mature samples) is more harmful to the cement paste. In addition, in the case of mature samples, there is a sufficient amount of available portlandite to precipitate gypsum after its dissolution. This is not the case when sample is exposed at early age [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. 

Existing testing methods

Engineers try to find the most time and cost efficient methods to evaluate the performance of concrete structures exposed to a specific type of chemical attack. Consequently, researchers have developed accelerated testing methods to study the resistance of cement-based materials in a given exposure condition. In the case of ESA, there is a need to establish a standardized test. For example in Europe, the efforts to establish a standardized EN test method for ESA did not succeed due to the dispersion in terms of the expansion results obtained by the participating laboratories (see Figure 1.33) and resulting conclusions which makes the possibility of finding a unified testing method almost impossible. Also, it should be noted that the complexity of the mechanism of ESA is another factor exacerbating the situation.

-The majority of existing ESA tests used to evaluate the performance of concrete, mortar or cement applies specific exposure conditions to get results in the most acceptable duration:

-Exposure to a liquid solution containing sulfate in order to easily control its chemical composition as well as the transport process which is somehow difficult for materials subjected to sulfate bearing-soils.

-Complete immersion in sulfate solutions which is an exposure method easy to perform and control inside a laboratory rather than semi-immersion or wet/dry cycles.

-In most cases sulfate ions are coupled with sodium to form a sodium sulfate (Na2SO4) solution. When associated with sodium, the effect of sulfate ions on the cement-based material can be easily studied and evaluated. However, this process becomes more complicated with both magnesium (Mg 2+ ) and calcium (Ca 2+ ).

-Some methods control the pH of the solution using a titration method involving slowly adding an acidic solution in order to maintain the pH at a constant value. The pH control is usually accompanied by a regular renewal of the solution.

-The sulfate concentrations used to accelerate the attack can reach very high values (e.g. 30g/L) which change the mechanisms of the attack and make it different than the one encountered in field conditions. For example in seawater the concentration is less than 3 g/L.

-The w/c of the mix design is another factor that can either accelerate or slow down the ESA-induced deterioration of a given sample. As an example, a high w/c can enhance the transfer of ions into the core through the existing large pores.

Figure 1.33: The large dispersion of the ESA-induced expansion results between the different participating laboratories , after [119]

Several tests are available to study the different aspects of the ESA. Some of the experimental methods replicate the process of this attack by immersion of the samples in a test solution or by performing continuous wetting and drying cycles [START_REF] Folliard | Evaluation of class C fly ash in sulfate enviroments[END_REF][START_REF] Folliard | Mechanisms of Concrete Deterioration by Sodium Sulfate Crystallization[END_REF][START_REF] Bassuoni | Durability of self-consolidating concrete to sulfate attack under combined cyclic environments and flexural loading[END_REF].

Many types of sulfate solutions (calcium, sodium, and magnesium sulfate) and concentrations are used depending on the particular aspect of interest of the research.

In many studies [START_REF] Folliard | Evaluation of class C fly ash in sulfate enviroments[END_REF][START_REF] Folliard | Mechanisms of Concrete Deterioration by Sodium Sulfate Crystallization[END_REF][START_REF] Bassuoni | Durability of self-consolidating concrete to sulfate attack under combined cyclic environments and flexural loading[END_REF], the samples are immersed in the same test solution during the entire accelerated ageing period, but in some other studies [2,[START_REF] Chen | An approach for predicting the compressive strength of cement-based materials exposed to sulfate attack[END_REF][START_REF] Osborne | Durability of Portland blast-furnace slag cement concrete[END_REF]119] the solution is periodically renewed. Some parameters of the samples may also vary depending on the applied experimental protocol like the shape (prismatic or cylindrical) and size or the material under study (concrete, mortar or cement paste) or its w/c ratio.

All the different parameters considered in the experimental approaches influence the duration of each test method, which varies from a few weeks to a few months. More recently, the application of a testing method where the pH is kept constant by titration helped in exploring new aspects and indicators related to the resistance against ESA [2,[START_REF] Osborne | Durability of Portland blast-furnace slag cement concrete[END_REF]119,[START_REF] Folliard | Evaluation of class C fly ash in sulfate enviroments[END_REF]. In general, the deterioration of samples is characterized by investigating mass loss, expansion, sulfate concentration profiles, visual inspections and changes in the mechanical properties (compressive strength, flexural strength and elasticity modulus). Also, there are some other approaches used to study ESA where techniques like the microstructural analysis (SEM/EDX; XRD and XRF) are applied to study the formation of ettringite and gypsum in the pores of the attacked samples.

The ASTM standard, including ASTM C452 (ASTM C452-15) and ASTM C1012 (ASTM C1012/C1012M-18b), propose different experimental methods to evaluate the durability of mortar exposed to ESA. ASTM C452 suggests an experimental method to accelerate the ESA-induced expansion of mortar bars by adding sufficient gypsum to the dry OPC prior to mixing. In this way, the mixture contains around 7 percent by mass of the mixture of sulfur trioxide (SO3) which will lead to ettringite formation internally without external sulfates penetration. This method is not suitable for establishing the sulfate resistance of cement mixed in combination with pozzolans or slag. Mortar samples are cured in specific molds for 23 hours, demolded and have their lengths measured, before being immersed in deionized water. This short-duration immersion makes the test being recognized as one of the fastest to assess the mortar resistance to the sulfate attack. The sulfate durability test proposed in ASTM C452 is considered effective to differentiate high C3A and low C3A Portland cement according to their sulfate susceptibility. However, this test is not considered applicable for blended cements. This can be explained by the fact that compound binders require a curing time longer than 14 days for a sufficient hydration. Then, the test prescribed in ASTM C 452 can result to a sulfate attack of anhydrous compounds that does not correspond to chemical process occurring in field. This makes the testing conditions of ASTM C452 not similar to the field exposure which involves the ingress of sulfate ions into the concrete [START_REF] Folliard | Mechanisms of Concrete Deterioration by Sodium Sulfate Crystallization[END_REF][START_REF] Bassuoni | Durability of self-consolidating concrete to sulfate attack under combined cyclic environments and flexural loading[END_REF].

Due to the limitations imposed by the ASTM C 452, the ASTM C 1012/C 1012M-18b test was developed to be applicable to cement formulations containing mineral additions and then to assess SCM-binder's resistance to sulfate attack. Even if this test is not considered as the best or the most connected to the real life exposure conditions, it has been used by many researchers to evaluate the sulfate resistance of cement-based materials [3,[START_REF] Rozière | Durability of concrete exposed to leaching and external sulphate attacks[END_REF]. The experimental procedure implies to use a mortar mixture cast with 1 part of cementation material to 2.75 parts of sand by mass. The w/binder ratio is fixed at 0.485 for all non-air-entraining Portland cements and 0.460 for all air-entraining Portland cements and for mixtures incorporating Supplementary Cementing Materials (SCMs); water is added in order to reach a flow within ± 5 of the flow of the control mixture (plain Portland cement mortars with a 0.485 w/c ratio).

Samples used in this method are 25 x 25 x 285 mm 3 mortar prisms with stainless steel gauge studs embedded into the ends for length change measurements. Also, 50 mm 3 mortar cubes tested for strength are cast from each mixture. The curing process consists in placing all types of samples into a 35 °C ± 3 °C water bath for 23 hr ± 0.5 hr. After curing, the samples are demolded and two cubes are tested for compressive strength.

Once the average compressive strength of cubes has reached 20 MPa, the mortar bars are then placed into a 5% (50 g/L) sodium sulfate solution. Upon immersion in the sulfate solution, expansion measurements are performed at pre-determined time intervals: after 1, 2, 3, 4, 8, 13, and 15 weeks and 4, 6, 9, 12, 18 months thereafter. To be considered as sulfate resistant, the specifications of this test imply a sample's expansion limit of 0.05% based on the type of binder used in the mix after 180 days of immersion.

It was found that even though ASTM C 1012 is a much longer test method compared to ASTM C 452, it can still be considered as an efficient approach to assess the sulfate resistance of mortars made using Portland cement, blended cements designed to be used in combination with pozzolans or slags and blended hydraulic cements produced by blending two or more types of fine materials (Portland cement mixed with either blast-furnace slag, fly ash, silica fume or other pozzolans) [START_REF] Messad | Mise au point d'un essai de vieillissement accéléré de l'attaque sulfatique externe pour l'application du concept de performance équivalente dans le cadre de[END_REF][START_REF] Aguayo | External Sulfate Attack of Concrete: An Accelerated Test Method, Mechanisms, and Mitigation Techniques[END_REF][START_REF] Zhutovsky | Accelerated testing of cementitious materials for resistance to physical sulfate attack[END_REF].

Various experimental works are listed in the literature in order to accelerate the ESA; however, the majority of the testing procedures require a long duration of time. The experimental protocol proposed by Messad [START_REF] Messad | Mise au point d'un essai de vieillissement accéléré de l'attaque sulfatique externe pour l'application du concept de performance équivalente dans le cadre de[END_REF] includes only 12 weeks of exposure to accelerated ESA. This short exposure period is considered as one of the main advantages of this protocol where three parameters must simultaneously be controlled during the accelerated attack. The parameters include: i) controlled temperature (25°C), ii) high sulfate concentration (8.9 g/L), iii) pH of the sulfate solution kept constant (pH = 7) by adding sulfuric acid. In the protocol proposed by Messad, both the cylindrical (110 mm diameter and 220 mm height) and prismatic (7 cm ⨯ 7 cm ⨯ 28 cm) concrete samples are demolded and placed directly in water for 28 days. At the end of this phase, the concrete samples are subject to a drying phase (4 weeks at 60°C) before being saturated under vacuum with a sulfate solution having a high concentration (8.9 g/L sodium sulfate).

This pre-saturation cycle that lasts 48 hours can be considered as a mean of accelerating the test by reducing the time needed to obtain a sufficient amount of sulfate ions diffused inside the sample.

This step helps in overcoming the kinetics of penetration of sulfate ions linked to the physical resistance of concrete and is therefore an essential factor in the acceleration of the attack. At the end of the pre-saturation phase, the concrete samples are directly immersed in the sulfate solution (8,9 g/L sodium sulfate) for a period of 12 weeks with solution renewal taking place once every month. This short exposure period is considered as one of the main advantages of this protocol.

The application of drying-wetting cycles to evaluate the deterioration during ESA was put in place in a recent study by Chen et al. [START_REF] Chen | Study on the deterioration process of cement-based materials under sulfate attack and drying-wetting cycles[END_REF]. The evolution of deformation, mass, mechanical properties (compressive and flexural strengths) and damage rate was recorded for different mortar prisms (4 x 4 x 16 cm 3 ). It should be noted that the damage rate (D) was expressed as a function of the ultrasonic wave velocity of samples before (V0) and after (V1) damage using Equation 1.12:

D = (1 - 𝑉 1 2 𝑉 0 2 ) ⨯ 100% Equation 1.12
The samples used for the experimental work were designed with three w/c ratios (0.65, 0.5 and 0.26) [START_REF] Chen | Study on the deterioration process of cement-based materials under sulfate attack and drying-wetting cycles[END_REF]. Mortar Samples type M30-SR and M-30S were made with w /c = 0.65 whereas M50-S and M80-S mortar samples were made with w/c = 0.5 and w/c = 0.26, respectively.

It should be noted that only M30-SR samples were tested under restricted conditions by fixing them in a restrainer device using two bolts at both ends. All samples were placed for 90 days at a temperature of 20 (± 2°C) and 98% relative humidity. The dry/wetting cycles were applied by immersing the samples in a sodium sulfate solution (5% wt) for 8 hours at (20± 2 °C ) followed directly by a drying phase of 16 hours (50± 2 °C ). The results illustrated in Figure 1.34 show the evolution of the deformation during exposure to 360 drying/wetting cycles. At the end of the attack, the recorded deformations of the prisms showed that mortar samples type M30-S (w/c = 0.65) had the highest expansion (see Figure 1.34) compared to samples M50-S (w/c = 0.5) and M80-S (w/c =0.26) that exhibited lower expansion rates. M30-SR samples exhibited the lowest deformation due to the presence of external restrictions which stopped expansion progress. Overall, the results showed that the resistance of mortar to ESA is influenced by the w/c ratio since the deformation increased gradually by increasing the w/c ratio from 0.26 to 0.5 to 0.65 [START_REF] Chen | Study on the deterioration process of cement-based materials under sulfate attack and drying-wetting cycles[END_REF]. The obtained results were explained by the fact that with initial low water content, the material has structure filled with dense pores which reduces the transfer properties of the material and increases the resistance against ESA.

The data collected from this experimental work were interesting in order to identify the main factors affecting ESA. However, the acceleration method by drying-wetting cycles should have been compared to another protocol (full immersion and/or semiimmersion) in order to identify its efficiency in terms of accelerating the attack and causing more deterioration.

Inspired by the usual method of accelerating the penetration of chloride ions in concrete, a new way to accelerate the sulfate ingress in mortar samples was developed in [START_REF] Huang | Deterioration of mortars exposed to sulfate attack under electrical field[END_REF][START_REF] Huang | Accelerated sulfate attack on mortars using electrical pulse[END_REF]. In the experimental protocol, prismatic mortar samples (4 x 4 x 6 cm 3 ) with various types of cement (PC: CEM I, LP-30: CEM I with 30% Limestone powder and FA-30: CEM I with 30% Fly Ash) were casted into the middle part of a cubic mold (see Figure 1.35 (a)). One of the main objectives targeted in this experimental work is to analyze the combined effect of both the acceleration by full immersion and electrical pulses (see Figure 1.35). The samples were exposed to direct voltage (30V) applied for 20 seconds followed immediately by another 20 seconds rest [START_REF] Huang | Deterioration of mortars exposed to sulfate attack under electrical field[END_REF]. It was observed that accelerating the ESA via electrical pulse technique helped not only in increasing the migration of sulfate ions into the samples but also in accelerating the leaching process of Ca 2+ ions which lead to a major reduction in portlandite (CH) concentration followed by a decomposition of C-S-H [START_REF] Huang | Deterioration of mortars exposed to sulfate attack under electrical field[END_REF]. The reaction between the penetration sulfate ions and cement hydrates produced ettringite and/or gypsum which caused expansion and serious cracking. At the same time, the leaching of Ca 2+ ions affected the mechanical strength of mortar samples due to the decomposition of C-S-H gel and dissolution of portlandite [START_REF] Huang | Deterioration of mortars exposed to sulfate attack under electrical field[END_REF]. The application of electrical pulses has some advantages but at the same time, it can be considered difficult to implement since it requires a specific type of equipment.

Also, it should be noted that during this accelerated method both the diffusion of sulfate and leaching of hydroxide takes place which can cause some problems when analyzing the results since it becomes difficult to solely isolate the effect of sulfates without taking into consideration the effect of leaching hydroxide.

In general, the effect of exposing concrete to different sulfate environments and type of accelerated attacks is getting significant attention. Yu et al. [START_REF] Yu | Behavior of mortar exposed to different exposure conditions of sulfate attack[END_REF] investigated the durability of mortar samples under four exposure conditions including full immersion and drying-wetting cycles with two different Na2SO4 concentration (0% and 5%).

It was found that the behavior of mortar samples followed the same trend in all conditions; however, the deterioration mechanisms differed from one environment to another [START_REF] Yu | Behavior of mortar exposed to different exposure conditions of sulfate attack[END_REF]. Aye and Ogushi [START_REF] Aye | Resistance of plain and blended cement mortars exposed to severe sulfate attacks[END_REF], studied the resistance of mortar samples mixed with CEM I and pozzolans under four different exposure conditions, including full immersion, partial immersion and dry/wetting cycles (all these conditions performed at constant temperatures) while using 10% Na2SO4 and MgSO4 solutions. In the case of full immersion, the exposure to MgSO4 solution was more damaging than Na2SO4 solution.

On the other hand, samples under partial-immersion and wet/dry cycles suffered more deterioration when placed in contact with Na2SO4 solution [START_REF] Aye | Resistance of plain and blended cement mortars exposed to severe sulfate attacks[END_REF].

The mentioned studies in this section did not compare between the individual effects of different exposure conditions. Most of the test methods include full immersion, partialimmersion and dry/wetting cycles of mortar, concrete or cement paste in a sulfate solution with a specific concentration and with or without pH regulation. An appropriate test method to study the resistance against ESA must be reliable and reproducible but should also be realistic, rapid, relevant and practical without over exceeding expectations. However, it must be taken into consideration that while a test may generally address some specific performance and durability problems to response to industrial or scientific concerns, it should be as much as possible linked to the real conditions and in-situ scenarios. Conventional testing methods of ESA focus more on full immersion conditions where the chemical sulfate attack is more dominant. In such scenario, the damage is caused by the presence of expansive products resulting from the chemical reactions between sulfate ions and cement aluminates. It is worth noting that there are situations encountered in field exposures where the concrete structure is exposed at the same time to a physical sulfate attack related to the salt crystallization pressure (evaporative transport) and a chemical attack.

Based on this, it seems that there is a need in literature to a unique study that investigates the performance of cement based materials and at the same time the damage mechanisms of ESA under different exposure regimes. In order to answer to this necessity, this present work proposes three accelerated attacks, including full immersion, semi-immersion and dry/wetting cycles without temperature, relative humidity or pH control using a 15 g/L Na2SO4 solution. These three conditions will be presented and explained in detail in chapter 2.

Bond mechanism in reinforced concrete

One of the main objectives of this thesis is to increase the knowledge on the durability of reinforced concrete structures exposed to ESA. Based on this, an experimental program has been developed in which the bond behavior between concrete and reinforcing bars is studied by performing a series of pull-out tests on reinforced concrete specimens placed in contact with a sodium sulfate solution.

Bond behavior

The stability of a RC structure is maintained by the bond strength between concrete and steel reinforcements. The tensile forces are resisted by the steel reinforcement while the compressive forces are controlled by the concrete. Based on this, the role of the bond stress between concrete and steel reinforcing bars (rebars) is of prime importance in order to prevent the reinforcement from pulling out which can lead to the failure of the structure [START_REF] Alavi-Fard | Bond Characteristics of High Strength Concrete[END_REF]. In fact, the load transfer from concrete to steel (and vice versa) is accomplished by the addition of three mechanisms [START_REF]ACI 408R, Bond and development of straight reinforcing bars in tension[END_REF]. In the first one, the adhesion is due to chemical bond that is created directly at the surface of contact between concrete and steel reinforcement (see Figure 1.36 (a)). However, this bond only participates at the load transfer during the first stage of loading (path A-B of the Figure 1.36 (b)) and is rapidly destroyed when slip occurs. The second mechanism of adhesion is caused by the interface roughness that creates friction forces between the steel bar surface and surrounding concrete resisting to the slip (see Figure 1.37 (a)). The bond stress-slip resulting from this type of mechanism is illustrated in Figure 1.37 (b) where the bond stress remains constant during the loading phase (B=D). The third mechanism ensuring a strong bond of rebars with surrounding concrete involves a mechanical anchorage or interlock between concrete and the ribs of steel. In this mechanism, the shear bond increases as the displacement becomes more significant.

The first two mechanisms (chemical adhesion and friction) are more observed with smooth bars while the mechanical interlock is directly related and responsible for the bond strength-slip behavior (see Figure 1.38) [START_REF] Torre-Casanova | A steel-concrete bond model for the simulation of industrial structures[END_REF][START_REF] Wang | A strain-softening model for steel-concrete bond[END_REF][START_REF] Bamonte | High-Bond Bars in NSC and HPC: Study on Size Effect and on the Local Bond Stress-Slip Law[END_REF][START_REF] Gambarova | Bond in reinforced concrete: where do we stand today?[END_REF]. 

Concrete related factors influencing the bond strength

Several parameters can affect the bond strength between steel reinforcement and concrete. In this section we will mainly focus on the effect of concrete cover and concrete properties, considering that our work investigates the impact of a specific concrete pathology (the ESA) on the interaction between concrete and reinforcement. Consequently, influences of steel properties, diameter of the bar, bars spacing in the RC structure and reinforcement confinement are not discussed in the following. Moreover, as steel deformed rebars are now mainly used in construction, the following discussion will only refer to the bond of this kind of reinforcement.

Bond of deformed rebars

The shape of the rebars can have a significant influence on the bond strength. This is directly related to the mechanical anchorage action between the ribs. It was stated in several studies that the bond strength increases by increasing the rib relative area (𝑅 𝑟 ) which is controlled by the geometry of the rib. [START_REF] Cairns | An evaluation of bond pullout tests and their relevance to structural performance[END_REF][START_REF] Darwin | Effect of Deformation Height and Spacing on Bond Strength of Reinforcing Bars[END_REF][START_REF] Rizkalla | Bond Characteristics of High-Strength Steel Reinforcement[END_REF][START_REF] Wardeh | Bond and Cracking Behavior of Reinforced Concrete Members Incorporating Recycled Aggregates[END_REF]. However, it is assumed that the bond resistance capacity of deformed bars is mainly governed by the bearing of the ribs against the surrounding concrete. Then, concrete material properties, and thickness of concrete involved in load transfer are important factors affecting the bond capacity.

Concrete cover and bar spacing

The concrete cover (𝑐 𝑐 ) is the distance between the exterior face of concrete and the first layer of steel reinforcement. It is an important parameter in the design of a RC structure as it enables the mechanical anchorage of the ribs of the deformed rebars. In general, the increase in the concrete cover improves the bond strength [START_REF] Tepfers | Cracking of concrete cover along anchored deformed reinforcing bars[END_REF][START_REF] Chana | A test method to establish realistic bond stresses[END_REF]. In addition, it is a very important parameter because it can affect the mode of failure (pullout or tensile splitting) [START_REF] Darwin | Effect of Deformation Height and Spacing on Bond Strength of Reinforcing Bars[END_REF][START_REF] Tepfers | Cracking of concrete cover along anchored deformed reinforcing bars[END_REF][START_REF] Ferguson | Development Length for Large High Strength Reinforcing Bars[END_REF][START_REF] Eligehausen | Local Bond Stress-slip Relationships of Deformed Bars Under Generalized Excitations: Experimental Results and Analytical Model[END_REF]. According to [START_REF]ACI 408R, Bond and development of straight reinforcing bars in tension[END_REF], large concrete covers lead to pullout failure whereas small concrete covers contribute to splitting tensile failure. This mechanism was studied by [START_REF] Ehsani | Bond of Hooked GFRP Rebars to Concrete[END_REF][START_REF] Yalciner | An experimental study on the bond strength between reinforcement bars and concrete as a function of concrete cover, strength and corrosion level[END_REF] where, for example it was confirmed that a concrete cover larger than (2d) would cause pullout failure [START_REF] Yalciner | An experimental study on the bond strength between reinforcement bars and concrete as a function of concrete cover, strength and corrosion level[END_REF].

In [START_REF] Torre-Casanova | A steel-concrete bond model for the simulation of industrial structures[END_REF] a relation between bond strength and concrete cover was established via two equations obtained based on a numerical approach using a finite element code (Cast3m) to predict the evolution of bond strength. Equation 1.13 illustrates the splitting failure (c/d > 1):

𝜏 𝑚𝑎𝑥 𝑓 𝑐𝑡 = 1.53 𝑐 𝑑 + 0.36 Equation 1.13
And Equation 1.14 was used for pull-out failure:

𝜏 𝑚𝑎𝑥 𝑓 𝑐𝑡 = 7.2 Equation 1.14
The results obtained in this study [START_REF] Ferguson | Development Length for Large High Strength Reinforcing Bars[END_REF] confirmed the previous conclusions concerning the importance of increasing the concrete cover as a method to obtain more bond strength. Also, the equations were considered as a good tool to estimate the behavior of the bond and the mode of failure as a function of the concrete cover. However, it should be noted that the increase in the concrete cover can have some negative effects by increasing the possibility of the formation of cracks at the level of the surface.

Effect of mechanical properties of concrete (compressive strength and tensile strength)

In general, the transfer of stresses inside a RC structure from rebars to surrounding concrete occurs through compression and shear forces. Consequently, it was observed that the increase in compressive (𝑓′ 𝑐 ) and tensile strength (𝑓 𝑐𝑡 ) (respectively 𝑓′ 𝑐 and 𝑓 𝑐𝑡 ) improve the bond behavior between concrete and reinforcement (for example [START_REF] Ferguson | Development Length for Large High Strength Reinforcing Bars[END_REF][START_REF] Tepfers | A Theory of Bond Applied to Overlapped Tensile Reinforcement Splices for Deformed Bars[END_REF] among many others). Although, it is established now that an adequate capacity of the concrete cover (i.e adequate thickness and adequate strength of the concrete) is sufficient to prevent a spilling failure, in author's knowledge, there is no available data to link a probable loss of this capacity to a concrete pathology.

In this research, we will explore such link through experimental measurement of the bond capacity of deformed rebars embedded to RC elements subjected to ESA. Then, the next section propose a short review of main existing test methods used to study the bond between reinforcing bars and concrete.

Pull-out tests to characterize bond strength between steel and concrete

The bond-slip behavior can be evaluated using different test setups and methods (see Figure 1.39). However, the pull-out test is the most commonly applied of these testing methods. It has been widely used in many studies to investigate the steel-concrete bond behavior [START_REF] Torre-Casanova | A steel-concrete bond model for the simulation of industrial structures[END_REF][START_REF] Abosrra | Corrosion of steel reinforcement in concrete of different compressive strengths[END_REF][START_REF] Al-Sulaimani | Influence of Corrosion and Cracking on Bond Behavior and Strength of Reinforced Concrete Members[END_REF][START_REF] Caré | HDR: Effets mécaniques de la corrosion des armatures dans les structures du béton armée[END_REF][START_REF] Almusallam | Effect of Reinforcement Corrosion on Flexural Behavior of Concrete Slabs[END_REF][START_REF] Lutz | Mechanics of Bond and Slip of Deformed Bars in Concrete[END_REF]because of the simplicity of the setup and the possibility to solely focus on the behavior of the bond between steel and concrete [START_REF] Alavi-Fard | Bond behavior of high strength concrete under reversed pull-out cyclic loading[END_REF][START_REF] Chan | Development of Bond Strength of Reinforcement Steel in Self-Consolidating Concrete[END_REF][START_REF] Campione | Steel-concrete bond in lightweight fiber reinforced concrete under monotonic and cyclic actions[END_REF][START_REF] Cattaneo | Bond between Steel and Self-Consolidating Concrete: Experiments and Modeling[END_REF]. It can be used to test the steel-concrete bond response to monotonic or cyclic loads. Pullout specimens are made of a steel bar placed in a concrete block. In other studies [START_REF] Shin | Bond characteristics of reinforcing bars embedded in high strength concrete[END_REF][START_REF] Esfahani | Local Bond Strength of Reinforcing Bars in Normal Strength and High-Strength Concrete (HSC)[END_REF] the pull-out eccentric test was used. This type of pull-out test consists on placing the reinforcing bars eccentrically (corner region) in the concrete specimens in order to study the effect of the cover.

Based on this, the decision was made to perform the pull-out eccentric test in this thesis instead of the concentric in order to isolate the effect of the penetrating sulfate ions on the concrete cover, hence the bond behavior between concrete and reinforcing steel.

During the test, the rebar is pulled out which can lead to three different types of failure: A setup for the pull-out test as well as sample specifications have been proposed by RILEM-CEB RC6 [START_REF]RILEM/CEB/FIP, Tests and specifications of reinforcements for reinfirced and prestressed concrete[END_REF] which are very similar to the recommendations listed in NF EN 10080 (see Figure 1.41) [START_REF]Steel for the reinforcement of concrete -Weldable reinforcing steel[END_REF].

Based on the RILEM recommendations, the steel bar should be casted in the middle of a cubic concrete sample that has sides equal to 10 times the diameter of the steel bar. The anchorage length should be equal to 5d and the non-adherent part of the steel is provided by a PVC tube (see Figure 1.42).

Figure 1.41: The RILEM-CEB RC6 pull-out test set up [START_REF]RILEM/CEB/FIP, Tests and specifications of reinforcements for reinfirced and prestressed concrete[END_REF][START_REF] Carvalho | Experimental Investigation of Steel-Concrete Bond for Thin Reinforcing Bars[END_REF] It should be noted that the setup presented by RILEM-CEB RC6 was originally inspired by the one designed by Rehm [START_REF] Rehm | The basic principle of bond between steel and concrete, Deutcher Ausschuss fur stahlbetom[END_REF] back in the sixties but with some modifications. The changes included the isolated lengths that were shifted away from the core of the central part of concrete as a precaution to avoid the arch-effect [START_REF] Tepfers | Bond of Reinforcement in Concrete-State of art[END_REF]. Also, a rigid protection (PVC or rubber) to have a non-adherent zone in the steel bar was installed in order to eliminate the friction between concrete and steel which could alternate the bond behavior during the pull-out test [START_REF] Tepfers | Bond of Reinforcement in Concrete-State of art[END_REF]. However, in another attempt by Eligehausen and Bertero [START_REF] Eligehausen | Local Bond Stress-slip Relationships of Deformed Bars Under Generalized Excitations: Experimental Results and Analytical Model[END_REF], it was found that transverse loading and adequate confinement were not enough to prevent splitting failure especially when the concrete specimen is reinforced with large diameter bar. These different pull-out test set-ups are illustrated in Figure 1.43. [START_REF] Rehm | The basic principle of bond between steel and concrete, Deutcher Ausschuss fur stahlbetom[END_REF]; RILEM-CEB [START_REF]RILEM/CEB/FIP, Tests and specifications of reinforcements for reinfirced and prestressed concrete[END_REF]; Losberg [START_REF] Losberg | Bond Failure of Deformed Reinforcing Bars Based on the Longitudinal Splitting Effect of the Bars[END_REF]; Rehm and Eligehausen [START_REF] Rehm | Bond of Ribbed Bars Under High Cycle Repeated Loads[END_REF]; Eligehausen and Bertero [START_REF] Eligehausen | Local Bond Stress-slip Relationships of Deformed Bars Under Generalized Excitations: Experimental Results and Analytical Model[END_REF]; Tassios [START_REF] Tassios | Analytical Studies on Reinforced Concrete Members Under Cyclic Loading Based on Bond Stress-Slip Relationships[END_REF] The durability and long-term performance of concrete structures is dependent on the adherence between steel and concrete. Then, recently, a pull-out set-up was designed in a study by Ouglova et al. [START_REF] Ouglova | The influence of corrosion on bond properties between concrete and reinforcement in concrete structures[END_REF] to investigate the bond behavior on corroded concrete specimens by combining the traditional bond stress-slip results with software image analysis.

It was found that the bond stress increases with a lower corrosion level. Samples having a corrosion level of 0.4% and 0.76% experienced a decrease in bond stress before reaching negligible values (see Figure 1.44). These results were attributed to the existence of thick layer of corrosion products caused by carbonatation rather than chloride ions at the level of interface between concrete and reinforcing steel. However, as ever underlined, in author's knowledge, similar approach was not applied to investigate a potential loss of bond capacity induced by a concrete pathology. The experimental approaches associated with pull-out test vary from a study to another based on the required objectives with many parameters coming into play. This test provides simplicity and direct evaluation of the bond strength which is measured based on the slip-displacement graph.

These characteristics make the pull-out test very appropriate to study the effect of different concrete mixtures on the steel-concrete adherence in the case of corrosion, sulfate attacks or other harmful phenomenon. The pull-out test has been widely used in literature to examine the durability of the interface steel/concrete in different exposure conditions. In a study by Chen et al. [START_REF] Chen | Accelerated aging tests for evaluations of durability performance of FRP reinforcing bars for concrete structures[END_REF], concrete structures reinforced by fiber reinforcing polymer (FRP) bars were exposed to an accelerated aging test using five different solutions, including tap water, two alkaline solutions with pH values of 13.6 and 12.7, mixture of sodium chloride (NaCl) and sodium sulfate (Na2SO4) and mixture of NaCl and potassium hydroxide (KOH) with pH of 13. It was suggested after analyzing the pull-out test results that the bond strength of the FRP bars is highly dependent on the type of concrete as well as the shape, surface and size of the reinforcing bars. The bond behavior of glass reinforcing polymers (GFRP) bars to concrete under corrosion was investigated by Zhou et al. [START_REF] Zhou | Durability and service life prediction of GFRP bars embedded in concrete under acid environment[END_REF].

The concrete structures were fully immersed in acid solutions with different concentrations and the pull-out test was selected to study the bond behavior because it is one of the most economical and simple mechanical testing methods used to evaluate the bond performance.

In another study, Davalos et al. [START_REF] Davalos | Effect of FRP bar degradation on interface bond with high strength concrete[END_REF], the pull-out test helped in determining the bond strength of bars subjected to harsh environmental conditions such as immersion in tap water at 60°C and thermal cycles between 20°C and 60°C. However, in all these studies, the potential deterioration of the bond of concrete with rebar was investigated in relation with durability issues of FRP rebars and not with concrete pathology.

Nevertheless, based on this, it seems that the pull-out test can be considered as an interesting tool to follow the evolution of the bond behavior of the concrete/rebar interface induced by chemical or physical attacks including ESA. Based on this, one of the objectives in this present work is to perform a series of Pull-out tests in order to study the bond behavior between reinforcing steel and concrete in reinforced concrete specimens exposed to a sodium sulfate solution.

Conclusion

Nowadays, the corrosion of steel reinforcement caused by the penetration of chlorides or carbonation of the concrete is considered as the main cause of deterioration of RC structures. However, these structures are also exposed to environments that are chemically or biologically aggressive for concrete. Recently, the durability studies have been shifting their interest towards the dangerous consequences of ESA [START_REF] Baghabra Al-Amoudi | Attack on plain and blended cements exposed to aggressive sulfate environments[END_REF].

Exposure to solutions (in soil for example) containing sulfate ions may affect the durability and performance of cementitious materials. Due to this, interest has increased concerning the different aspects of sulfate attack. Despite past and recent research efforts, the mechanism of external sulfate attack (ESA) is still debatable. This attack involves series of chemical interactions and physical and microstructural changes. Based on this, it is difficult to classify the attack as a single mechanism phenomenon [START_REF] Marchand | Materials science of concrete: sulfate attack mechanisms[END_REF].

Usual ESA testing methods are based on the principle of immersion where samples are subject to diffusion of sulfate ions during the attack [START_REF] Bonen | Magnesium sulfate attack on portland cement paste -II. Chemical and mineralogical analyses[END_REF][START_REF] Kamali | Material and environmental parameter effects on the leaching of cement pastes: Experiments and modeling[END_REF][START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack. I. Ordinary portland cement paste[END_REF][START_REF] Kamali | Modelling the leaching kinetics of cementbased materials--influence of materials and environment[END_REF]. They allow obtaining the change in length and mass in parallel with visual inspection [START_REF] Mehta | Evaluation of Sulfate-Resisting Cements by a New Test Method[END_REF][START_REF] Chabrelie | Mechanisms of degradation of concrete by external sulfate ions under laboratory and field conditions[END_REF][START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF]176,[START_REF] Brown | Ettringite and thaumasite formation in laboratory concretes prepared using sulfate-resisting cements[END_REF]. However, the long duration of such test that takes from several months to more than one year is an important obstacle. Moreover, there is the question of the representativeness of the mechanisms involved in the accelerated test compared to those developed in the field.

The existing test methods are criticized for their slowness or their exposure conditions (e.g. the pH and the amount of sulfate in the immersion solution) [START_REF] Rebel | The right sulfate test makes a difference[END_REF][START_REF] Mehta | The Development of ASTM Method C 1012 with Recommended Acceptance Limits for Sulfate Resistance of Hydraulic Cements[END_REF][START_REF] Folliard | Evaluation of class C fly ash in sulfate enviroments[END_REF][START_REF] Lee | Sulfate attack and role of silica fume in resisting strength loss[END_REF]. Indeed, these parameters change over time if the solution is not periodically renewed [START_REF] Folliard | Mechanisms of Concrete Deterioration by Sodium Sulfate Crystallization[END_REF]. Some authors suggest maintaining the pH of the contact solution at a constant value (pH = 8 for the sea water) with a periodic renewal of the sulfate solution [START_REF] Tian | Does gypsum formation during sulfate attack on concrete lead to expansion?[END_REF][START_REF] Marchand | Materials science of concrete: sulfate attack mechanisms[END_REF][START_REF] Rebel | The right sulfate test makes a difference[END_REF][START_REF] Hughes | Sulphate resistance of OPC, OPC/fly ash and SRPC pastes: pore structure and permeability[END_REF][START_REF] Van Tittelboom | Test Methods for Resistance of Concrete to Sulfate Attack -A Critical Review[END_REF]. Introducing the idea of pH stabilization is to eliminate some problems associated with ASTM methods and to increase significantly the rate of sulfate attack. Also, the control of this parameter is more likely to occur in real environment. Then again, it should be noted that the pH conditions can affect the mechanism of the ESA.

Another important aspect in the study of ESA is the type of cement used in the concrete mix. In the cement industry, there is always preference to use Portland cement (CEM I). However, problems related to the long-term performance of concrete structures, especially when in contact with sulfate solutions, forced construction firms to think more about blended cements containing supplementary cementitious materials as a possible solution to reduce the damage caused by sulfate attacks and due to ecological reasons. However, the decision to prioritize such blends over normal Portland cement as a precaution to resist sulfate ingress is yet to be validated by durability studies.

The most known added materials to the original mix include slag, fly ash, pozzolans, silica fume and metakaolin. These additives can be used as a replacement for the clinker or in other cases separately inserted in order to decrease the amount of cement in the mix.

The blast furnace slag has been widely used with percentages of replacement varying between 20 and 65% in weight to improve the performance of cementitious materials subjected to attack by external sulfate sources [START_REF] Peukert | Cement sulfate resistance evaluation by the draft European standard of direct of testing method[END_REF][START_REF] Dhir | Modern Concrete Materials: Binders, Additions and Admixtures : Proceedings of the International Conference Held at the University of[END_REF]. However, some studies showed that even with the presence of slag, the material was affected by the penetration of sulfates after a long time of exposure.

In reality, the problems related to the long term performance and durability of RC structures are the main challenge in the field of civil and construction engineering. Due to this, the standards are continuously updated in order to respond to all requirements. For example, the actual standard NF EN 206/CN [183] was introduced in 2014 to replace NF EN 206-1 which was put in place as a replacement for NF P 18-305. This change allowed for a transition from an approach built on defining limitations for concrete materials and components to a performance approach where experimental methods are used to evaluate the performance of a certain type of concrete against a specific exposure condition. However, the standard NF EN 206/CN [183] does not define a specific experimental methodology or investigation method to evaluate the performance of a structure exposed to harsh conditions. Nowadays, we cannot find a standardized testing method for ESA due to the large deviation in the interpretation and explanation of the mechanisms associated to ESA.

Current deterioration state can be immediate in field tests and this can be related to the difficulty to control the exposure conditions such as the temperature and relative humidity. Cement based materials exposed to sulfate solutions in controlled laboratory conditions have experienced a good level of distress and failure. However, the ability to reproduce and transfer the techniques used for ESA during researches to construction projects remains uncertain. The methods used to evaluate the concrete quality in real structural sites are mainly oriented towards performing non-destructive tests to analyze the properties of the structure at a given stage.

Concerning ESA, there is a need to propose and develop an in-situ investigation method sufficiently representative of the degradation process in field conditions.

Based on this, this present work proposes an investigation method consisting in measuring the sulfate ions penetration front directly on structures exposed to ESA after undergoing a short drying regime. The technique can be used as an on-site core test evaluation method for structures by giving a quantitative and visual evaluation on the evolution of ESA by measuring the depth of the penetration front of sulfate ions. The specimens are broken in half after being removed from the solution and stored in a climatic chamber at a controlled temperature and relative humidity for 2 to 3 hours. Then, the penetration fronts are obtained within few minutes which make this method faster, easier and cheaper than the Induced Coupled Plasmatic (ICP-AES) technique. The types of results are different between the two methods since ICP-AES provides sulfate profiles whereas the drying method allows measuring a penetration depth. The outputs provided by ICP-AES and reflecting the sulfate content and/or sulfate ingress cannot be generated in a short period of time.

The application of such technique in real construction sites is almost impossible which makes the measurements obtained via the drying protocol a serious alternative in order to estimate the durability of structures exposed to sulfate attack.

As discussed previously, the acceleration of the attack has been highly based on modifying some parameters related to the exposure condition like the sulfate concentration and/or the pH of the sulfate solution.

Also, the composition of the material (w/c ratio and/or type of cement) can play a role in accelerating the attack and the degradation process [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. However, it remains difficult to confirm that one parameter is better than the other in accelerating ESA. As for the exposure set-ups and conditions (full immersion, semi-immersion or drying/wetting cycles), there is no clear indication and confirmation that one type of contact with sulfate solution is far superior to the others in term of accelerating the attack and its evolution. In addition, the sustainable development in the field of construction materials is gaining a lot of momentum recently. This aspect makes it interesting for any durability study to evaluate the effect of additions like blast furnace slag and pozzolans on the performance of cement based material especially against ESA.

Considering all the information presented above, the experimental work in this thesis will be divided into three main parts based on the nature of the sample (cement paste, mortar and reinforced concrete) and each has defined objectives:

Part one (cement paste samples):

-Defining an investigation method (diagnosis) by a visual follow-up of the sulfate ions penetration depth which can help in laboratory investigation or in evaluating the current state of a structure exposed to ESA.

Part two (mortar samples):

-Understanding the effects of supplementary cementitious materials (SCMs) like slag and pozzolans on the resistance against ESA.

-Understanding the microstructure change due to ESA or different types of mixes.

-Evaluating the effect of ESA on the overall behavior of different types of mixtures based on the expansion and mass measurements in addition to the mechanical properties.

-Applying and comparing three different accelerating tests (full immersion, semiimmersion and drying/wetting cycles) in a search to find the most appropriate method to generate significant damage within a reasonable exposure time.

Part three (reinforced concrete specimens):

-Evaluating the evolution of the bond strength between reinforcement steel and concrete on structures exposed to ESA.

-Follow-up of the sulfate penetration depth in real scale RC specimens.

-Evaluating the effect of ESA on RC specimens based on the change in length and visual inspection and investigating the potential influence of rebar location.

Experimental work 2.1. Introduction

As stated in the first chapter, the mechanisms of ESA as well as its effects on the material are still not fully understood. In general, the attack affects the material on a macroscopic level by generating expansion and cracking. The interpretation of the expansion produced during ESA raises many questions on whether this mechanism is caused only by ettringite precipitation in the capillary pores and/or in the gel pores [3,[START_REF] Santhanam | Effects of gypsum formation on the performance of cement mortars during external sulfate attack[END_REF] or both ettringite and gypsum formation. In some cases, gypsum was not considered as a cause of expansion since it was observed only after cracks initiation [3]. Furthermore, gypsum is unable to stabilize when the material is exposed to low sulfate concentrations like the ones found in seawater (0.2 -30 mmol/L) [3]. However, in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] the presence of gypsum was reported in the damaged parts of the material (microcrack spaces and interface between cement paste and aggregate). These findings were considered as indicators of the contribution of gypsum in expansion and degradation mechanisms during ESA especially at low values of pH.

To face these issues and enhance the analysis of ESA-induced degradation mechanisms, it was decided in the present work to investigate the different changes in the pore size distribution in parallel with the degradation process during the attack. Such an analysis is supposed to provide clear indications on the actions taking place at the level of the capillary pores especially during ettringite formation. In addition to the macroscopic effects, ESA can lead to serious microscopic changes and alterations that can be detected via the analyses of the overall pore structure parameters of the material such as the pore volume size distribution and porosity. It should be noted that the overall porosity percentage can be affected by the initial shape of the existing pores in the material and by another factor related to whether the pore system is well connected or not. The testing method has an important role in evaluating the pore structure since some type of fracture porosity can be produced while performing the attack which can modify the final percentage of porosity. Also, in some cases the test itself can induce some type of deformation or hydrothermal adjustments into the original pore constitution of the tested material which can affect the properties of its porous structure. The methods used to evaluate the porosity nature in a cement-based material can be direct like the scanning electron microscope (SEM). On the other hand, there are some indirect methods like the mercury intrusion porosimetry (MIP), water accessible porosity test (WAPT) and DVS (dynamic vapor sorption). It is very difficult to reach and cover a complete pore size distribution while using only one technique. Due to this, coupling several testing methods in the same study is of prime importance to capture the largest possible range of information.

Considering that our study aims at investigating different exposure conditions that can be found in environments rich in external sulfate sources and at the same time properly analyze the performance of cement-based materials in these aggressive conditions, the experimental work is divided into three parallel durability studies involving different attack protocols and different scale of samples.

In the first study performed on cement pastes, a new simple method is proposed to detect the penetration depth of sulfate ions into cement paste samples. The depths assessed by visual observation are obtained after an accelerated ESA and are compared to migrated sulfate content of samples (sulfate profiles) extracted from different depth during exposure to an accelerated ESA, measured by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry) technique during a previous study conducted in our laboratory by Ragoug Touhami [20].

Another topic covered in this section concerns the potential use of optical fibers (OF) for the monitoring of ESA-induced expansion. To explore this innovative approach, a series of cement paste prisms are equipped with a polyimide coated OF embedded in the cement paste and are submitted to accelerated attack. The expansions measured with OF are then compared to those obtained from the current method involving a high precision comparator.

The second part of the experimental work described in this thesis is more concerned about the mechanisms related to ESA. In other words, the macroscopic and microscopic behaviors of cement-based materials are evaluated during the attack while using different durability conditions tests. The investigations are carried out on mortar samples cast from different types of mixtures in order to study the effect of the cement type and water to cement ratio on the overall performance against sulfate attacks. The accelerated test protocols performed in the laboratory are designed to be in accordance with the different scenarios that can be encountered in real life when a structure is exposed to sulfate ingress coming from external sources. The objectives of the experimental study carried out on mortar samples are the following:

1. Studying the effects of ESA on a microstructural level. This includes the application of two techniques: mercury intrusion porosimetry and water accessible porosity test.

With MIP, only pores having a diameter between 3.7 nm and 400 𝝁m are detected whereas all pores with diameters bigger than 0.1 𝝁m are captured by the WAPT [START_REF] Meyer | Porous solids and their characterization methods of investigation and application[END_REF][START_REF] Bertin | L'impact du séchage au jeune âge sur la carbonatation des matériaux cimentaires avec additions minérales[END_REF]. In this part of the study, the effect of sulfate penetration on pore distribution and total porosity is evaluated before, during and after the attack carried-out on different types of cement mixes and performed under different exposure conditions. This approach could help in identifying the location in the microstructure of the material where ettringite starts to form. The Environmental Scanning Electron Microscopy technique is used to obtain a qualitative characterization of the mortar samples subjected to ESA. The SEM technique provides images that help in getting information on the spatial distribution of different cement paste phases like ettringite and gypsum [2].

2. Studying the macroscopic behavior of samples by measuring their mass and length variations (expansion) during ESA. Mortar samples considered in this part of the study are made of different types of binders, cast with different water to cement ratios and exposed to different conditions. Usually, the ESA-induced expansion follows two evolution stages (see Figure 2.1). As described in [START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF], the attack in the first stage starts to slowly build up inside the material with low expansion values (stage 1) before reaching a turning point where the expansion suddenly increases which declares the beginning of the deterioration phase until reaching complete destruction of the material (stage 2). In addition, the mechanical properties of considered mortar materials are evaluated and compared at several stages of the ESA for all tested exposure conditions. Measured mechanical characteristic are the compressive strength and flexural strength.

3. Studying the effect of the exposure condition on the kinetic of the ESA-induced degradation process of mortar samples made of different types of cement mixes. The comparison between the accelerating testing methods is mainly founded on the experimental results gathered from the investigations techniques previously listed in the first and second objectives.

The third and final part of the experimental program designed in this thesis includes an investigation on RC, in particular on the effect of ESA on the bond behavior between reinforcement steel and concrete. Based on this, specific reinforced concrete specimens were prepared to undergo the pull-out test in order to study the bond strength in the RC structure during the exposure to sulfates. In addition, the performance of concrete was evaluated by testing the mechanical properties and the evolution of ESA-induced expansion of the RC structures during the ESA. The two stages process of expansion during external sodium sulfate attack [START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF] At the beginning of this chapter, it was underlined the importance of developing an experimental protocol of ESA related to real exposure conditions and at the same time applicable and feasible in a laboratory.

By referring to Table 2.2 and previous studies in literature, it can be found that different sodium sulfate concentrations have been used. However, the expansion results illustrated in Figure 2.2 show that a concentration of 15 g/L of Na2SO4 (10 g/L of SO4 2-) seems to be a relevant choice in order to have an assumed representative accelerated test that causes real damage to samples at a reasonable period of time (it was also previously noted that a very high Na2SO4 concentration can lead to a change of ESA mechanism). Also, the pH of the sulfate solution in most of the studies (see Table 2.2) was regulated and kept between 7 and 8 (8 is the value of pH in seawater).

The high concentration of sodium sulfate (15 g/L) and a value of the pH around 8 makes the surrounding environment classified as highly aggressive (XA3) (see Table 2.1).

Based on this, we decided to proceed to all ESA tests with an attacking solution of 15 g/L sodium sulfate for all parts of the experimental work in this thesis. However, the pH regulation is only applied in the study performed on cement paste sample and was not applied to the two other parts of the work (the ones applied to mortar samples and reinforced concrete elements). As mentioned previously, the experimental approach applied in the case of cement paste samples was similar to the one used in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. Based on this, it was imminent to maintain a constant pH for the attacking solution. On the other hand, the large experimental campaign conducted on mortar samples and reinforced concrete elements made it difficult to control the pH during ESA. 

Experimental work performed on cement paste samples 2.3.1. Materials

For this study, only one type of cement is used: cement type CEM I 52.5 N CE CP2 NF and only one water to cement ratio (w/c = 0.6). These choices were in accordance with the experimental program applied in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. The composition of the cement is given in Table 2.3 and the anhydrous content was calculated using the Bogue equation (see Table 2.4). The samples were all cylindrical with a diameter of 10 cm and a length of 15 cm (see Figure 2.3) and they were casted inside rigid PVC molds sealed at both ends by plastic covers. This type of molds was used in order to reduce the risks of desiccation that might occur during the hydration process especially occurring with high water content pastes. During casting, the molds were filled in three layers and each layer was compacted by vibration. This process was important to eliminate voids.

After casting, the cylinders were treated to make sure they are well homogeneous and to avoid any risk of separation between the solid particles and water especially when using the high water to cement ratio of 0.6.

This separation can affect the properties of the cement since it contributes to bleeding that manifests by the presence of a film of water at the level of the upper surface of the material. ∑ 99.97 Free lime 1.39

Due to this, the samples were placed in a large cylindrical device (see Figure 2.4) to undergo rotation at low speed (1cycle/min) for 16 hours directly after casting. This technique was used in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] and was originally inspired by a technique previously used in [START_REF] Touzet | Recueil des modes opératoires pour l'analyse des ciments, bétons, roches et sols[END_REF]. Figure 2.4: The rotation device used to treat the cylinders and avoid bleeding [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] At the end of the treatment, the cylinders were cut into two identical slices (length = 5cm and diameter = 10cm) and 1 cm was removed from both sides in order to eliminate the edge effects and obtain homogeneous cylindrical cement paste samples (see Figure 2.5). The lateral surface of each slice was coated with epoxy resin (see Figure 2.6) and left for 24 hours. This type of protection was applied to make sure that the sulfate ions present in the immersion solution are transferred only in one direction into the cement paste. 

Exposure condition

Directly after demoulding after 1 month of cure in water, the samples were placed in semi-immersion (at a depth of 1 cm) in a Na2SO4 solution with a concentration of 15 g/L as previously mentioned. The acceleration method required a pH-control, therefore, the setting illustrated in 

Testing method

As noted previously, the main purpose of the first part of the experimental work carried out in this thesis was to follow-up the penetration depth of sulfate ions into cement paste samples by a new method. The procedure applied in this experimental work lasted for 6 months and consisted on observing the salt precipitation at the following time intervals:

-after 15 days of semi-immersion in sodium sulfate solution -after 30 days of semi-immersion in sodium sulfate solution -after 45 days of semi-immersion in sodium sulfate solution -after 60 days of semi-immersion in sodium sulfate solution -after 3 months of semi-immersion in sodium sulfate solution -after 6 months of semi-immersion in sodium sulfate solution At each time interval, a cylinder was removed from one of the baths (see Figure 2.8.a.) and cut in half (see Figure 2.8.b.) to obtain two parts that were placed in a climatic chamber at 50% RH and T = 20°C for 2 to 3 hours. At the end of this drying phase, the presence of a whitish precipitate was visually investigated and measured with a stainless steel ruler (see Figure 2.8.c.). The precipitate is caused by the growth of salt crystals resulting from the phase changes between thenardite (Na2SO4) and mirabilite (Na2SO4.10H2O) under exposure to high concentration Na2SO4 solution at specific temperature and relative humidity conditions [START_REF] Skalny | Sulfate attack on concrete[END_REF][START_REF] Rodriguez-Navarro | How does sodium sulfate crystallize? Implications for the decay and testing of building materials[END_REF][START_REF] Müllauer | Sulfate attack expansion mechanisms[END_REF].

The measured depth was compared to the results of sulfate penetration obtained in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] using ICP-AES method. This ICP-AES method enables quantification of sulfate content in the cement paste samples by obtaining the total sulfate concentration ([SO3] wt % in g/g of anhydrous cement). 

Optical-fiber based method for measurement of ESA-induced expansion

An optical-fiber based method was tested to monitor ESA-induced expansion. The samples used to conduct this monitoring were prepared using the CEM I 52.5 N CE CP2 NF with a water to cement ratio of 0.6.

Six small cement paste prisms (3 x 4 x 16 cm 3 ) were fabricated. Three prisms were equipped with a polyimide coated OF as illustrated in Figure 2.9. Each of these three prisms were also equipped with a pair of stainless steel pins bonded on one face of each of these three samples in order to record expansion using an extensometer. The prism face equipped with the pair of pins was the nearest one to the OF. The After demoulding, the prisms were left to cure in water for 30 days. Directly after, they were fully immerged in a 15 g/L Na2SO4 solution. The expansion measurements were recorded on the samples equipped with OF by connecting each OF sensor to an interrogation unit consisting of an Optical Rayleigh Frequency-Domain Reflectometer (OFDR). This device captures and correlates different OFDR traces which help in converting the spectral shifts into strain profiles [START_REF] Henault | Quantitative strain measurement and crack detection in RC structures using a truly distributed fiber optic sensing system[END_REF][START_REF] Rolland | Experimental investigations on the bond behavior between concrete and FRP reinforcing bars[END_REF].

Experimental work performed on mortar samples 2.4.1. Sample design

The samples used in this part of the study were all standard 4 x 4 x 16 cm 3 mortar prisms. The types of mixes designed for this experimental work are presented in Table 2.5. It is to note that three types of cement (CEM I, CEM III and CEM II/B) are used in this part of the study in order to study the effects of adding replacements on the total performance of mortars against ESA. More details about the types of cements are provided in the next section. 

*M refers to mortar

The choice to use standard mortar prisms was motivated by the interest in shortening the time of response to sulfate penetration which can accelerate the process of ESA. Also, the study on mortars allows for a better analysis of the binder behavior by assessing the performance of different types of binders against ESA in different exposure conditions. Thus, the concrete properties and characteristics could indirectly be evaluated and at the same time the inconvenient that could result from performing the test on large concrete samples are totally avoided. Moreover, the effect of the water content on the resistance against ESA is taken into consideration in this part by choosing a high water to cement ratio of 0.6 and a moderate water to cement ratio of 0.45. All types of mortar prisms were exposed to three different exposure conditions (full immersion, semiimmersion and drying/wetting cycles).

The compositions of cements CEM I and CEM III are present in Table 2.7. The content of the cement CEM I was calculated using the Bogue equation given in Table 2.4.

The mortar prisms were prepared by introducing water and cement first and mixing them at low speed. The sand was added steadily to the mixer while switching to a higher speed. The samples were directly moulded after mixing by using prismatic moulds made of polystyrene.

The samples were vibrated using a tube. For the samples manufacturing, three-gang expanded polystyrene mould were used in order to fabricate the large number of prisms used in this part of the study. In fact more than 600 mortar samples were casted in two days. Before casting, the inner faces were covered with oil to facilitate the demolding process after 24 hours. However, the type of formwork slightly affected the surface texture of some samples that were not perfectly smooth (see Figure 2.21) but this was not considered as a major concern that can affect the continuity of the experimental program. Three different exposure conditions (see Figure 2.14) were considered to study the effects of the exposure environment on accelerating the interaction between sulfates and a cement-based material. In addition, the comparison between three testing methods could be interesting to identify the most appropriate method that leads to significant level of deterioration within a short time interval. The exposure settings were:

-Full immersion; -Semi-immersion; -Drying/wetting cycles. The ESA on mortar prisms was launched after 90 days of moist cure. The mortar prisms were distributed into 14 small baths to carry out the accelerated attacks (see Figure 2.15). The deployment organization of samples in baths was based on the type of cement, water to cement ratio and exposure condition. It should be noted that the full immersion and semi-immersion were applied to all types of samples while drying/wetting cycles were only performed to samples made of CEM I. The choice to study the effect of drying/wetting cycles while using solely cement type I was made due to the difficulty of placing and preparing more baths inside the limited space that was reserved to carry out the study. It should be noted that mortar samples made with the same mix design and subjected to the same exposure condition were all stored in the same bath. They were maintained in vertical position via a steel holder (see Figure 2.16). As a summary, the 14 baths containing the mortar samples used during the experimental work were divided based on the following criteria:

-six baths for full immersion (each bath contains one type of cement with one water to cement ratio); -six baths for semi-immersion (each bath contains one type of cement with one water to cement ratio); -two baths for drying/wetting cycles (only for M I-0.45 and M I-0.6).

Bath numbers, exposure conditions and sample mixes used during the experimental work performed on mortar samples are summarized in Table 2.8. It should be noted that the recorded values of relative humidity in the location where the test was carried out oscillated between 45% RH and 65% RH and the temperatures varied between 15°C and 25°C.

Concerning the drying/wetting cycles, it must be specified that during the wetting phase (3 days), the samples stored in the bath containing solution (right bath in Figure 2.16) were fully immerged in the sulfate solution. The process of filling the bath with the liquid solution was done manually. After 3 days, the drying phase was applied with the help of an electric/automatic pump installed directly under the prisms' steel holder. The pump empties the bath from the sulfate solution via a tube connected to the other bath -Every week for the first month -Every two weeks for the second and third months -Every week for the rest of the study

The ratio of the volume of the sulfate solution to the volume of mortar samples was higher than 8.5 in the case of full immersion and drying/wetting cycles whereas the ratio was around 3.5 for semi-immersion.

The changes in pH measured immediately before the renewal by a pH strip placed inside the Na2SO4 solution are illustrated in Figure 2.17. One bath was selected for each exposure condition in order to record the pH values during this study. The initial pH of the Na2SO4 solution used with the three exposure conditions was 8±0.5. The recorded values varied by ±0.5 due to the uncertainties of the measuring method. It is believed that the formation of Ca 2+ and OH -occurs at the same time inside the baths. As a result, the dissolution of Ca(OH)2 once a new Na2SO4 solution is added increased the pH to 14 and caused leaching of calcium ions (Ca 2+ ).

The effect of leaching was clear during the first month when the renewal frequency was the highest (every week). However, during the following months this effect diminished and the values of the pH of the solution started to decrease and come closer to the initial value of 8 ±0.5.

Figure 2.17: pH variation during 52 weeks of exposure to ESA

The solution was prepared in the laboratory by mixing 15 grams of anhydrous Na2SO4 for every 1 L of deionized water. The process of solution fabrication was done under controlled conditions while using a heating magnetic paddle that can rotate at low and high speed.

Exposure conditions 2.4.3.1. Full immersion

Before launching the casting procedure, it was important to justify the choice of applying three different exposure conditions. It was also important to design the duration of the drying/wetting cycles. Based on this, the variations in the degree of saturation experienced by mortar samples were analyzed during full immersion, semi-immersion and drying/wetting cycles. A series of simple calculations were performed using a Finite Element Method (FEM) implemented in CESAR-LCPC F.E. code [START_REF] Martin | Importance of considering the coupling between transfer properties, alkali leaching and expansion in the modelling of concrete beams affected by internal swelling reactions[END_REF]. Basic idea of the calculation is that the fluctuation in the relative humidity can affect the transport process of sulfate ions which can have direct impact on the mechanisms of ESA as well as the resistance of the samples against sulfate ingress [START_REF] Ikumi | Numerical assessment of external sulfate attack in concrete structures. A review[END_REF]. Then demonstrating that the three considerate exposure conditions lead to three different saturation profiles in the sample was the targeted result of the following calculation.

Due to the different symmetries of the problem, 2D analysis was performed and only the half (2 x 2 x 16 cm 3 ) of the original (4 x 4 x 16 cm 3 ) mortar sample was considered. FE analysis was then performed in the domain presented in Figure 2.18. This domain was meshed with standard four node (linear) quadrilateral elements.

Considering that samples were cured by fully immersion in water before being submitted to the exposure condition, initial state of the sample for calculation is a uniformly saturated state (see Figure 2.20.a).

Due to the symmetry of the problem, the flux boundary conditions at the symmetry axis

are: 𝜑 = 𝜕 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝜕 𝑥 = 0,
where 𝜕 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 refers to the degree of saturation of the sample and x refers to the xdirection (see Figure 2.18). It should be noted that the lowest relative humidity recorded in the laboratory was around 45% RH. This value was the chosen for boundary condition applied during semi-immersion and wetting/immersion cycles (see Figure 2.19). The full immersion consists on placing the mortar prisms in a fully saturated condition by keeping them fully immerged in the high concentration Na2SO4 solution and without pH and temperature control. This type of accelerated attack is applied in many of ESA research studies due to its simplicity in terms of experimental preparation and realization. As expected, the FEM calculations showed that in this case mortar samples remain under full saturation as illustrated in Figure 2.20. This basic result was presented here to highlight the differences obtained with the following calculation results that simulate semi-immersion and wetting/drying cycles.

This type of exposure can be encountered especially in the case of piles and submerged foundations. However, it does not take into consideration the effects of the variations in relative humidity compared to semi-immersion and drying/wetting cycles. 

2.4.3.2.Semi-immersion

The exposure setting consisted on placing the samples in the baths while being semiimmerged in the liquid sodium sulfate solution (15 g/L) without a pH, temperature and relative humidity control. This type of exposure to external sources of sulfate ions represents the cases of harbor structures.

The attack is mainly characterized by an important salt crystallization especially in the dry portion of the structure or sample which can lead to more damage and deterioration due to the combined effect of evaporation and capillary raise mainly caused by the change in relative humidity [START_REF] Scherer | Stress from crystallization of salt[END_REF].

This whole acceleration process of this configuration is evaluated and compared to full immersion and drying/wetting cycles. The calculations using the FEM showed major changes in the degrees of saturation in the upper portions of the mortar samples directly in contact with the surrounding air. The variations during the first 5 days of exposure to the 15 g/L Na2SO4 solution are given in Figure 2.21. Contrary to full immersion, the red color indicates the presence of a high degree of saturation whereas the blue color represents a low degree of saturation. Based on this, we can notice that the lower parts of the prisms remained red from day 1 to day 5 which was expected since this part is in direct contact with the exposure sodium sulfate solution. However, the presence of the red color gradually diminished in the upper portions and the blue color (dry state) increased after 5 days of semi-immersion. The noticeable changes in the degrees of saturation taking place especially in the drying portion of the sample can lead with time to a significant deterioration caused by the crystallization of sulfate ions inside the pores especially at the level of the dry-wet interface inside the material [START_REF] Chen | Deterioration mechanism of plain and blended cement mortars partially exposed to sulfate attack[END_REF]. 

Drying/wetting cycles

The set-up for the drying/wetting cycles was prepared and developed at Ifsttar laboratories by implementing a pump in a bath where the mortar prisms are vertically positioned via steel holder (see Figure 2.16). Each cycle lasted for 7 days (one week) to have a total of 52 cycles per year (duration of the attack). The wetting cycles lasted for 3 days and started from the moment the bath containing the samples and the pump was completely filled with liquid sodium sulfate solution. Directly after this phase, the samples were left 4 days to completely dry by being directly exposed to the surrounding environment present in the laboratory space (from 45% to 65% RH and 15°C to 25°C as previously mentioned). This type of exposure to external sources of sulfate ions represents the cases of tidal zones structures (bridge piles, dikes …).

The calculations using the FEM helped in obtaining the variations in the relative humidity at 4 different locations (A, B, C and D) each situated at 0.4 cm as illustrated in Figure 2.22 Point A is directly situated at the external face of the mortar sample; point B is located at 0.4 cm from A, point C at 0.8 cm from A and point D at 1.2 cm from A. The calculations showed important variations in relative humidity (RH) between 0.45 and 1 after one month of exposure to drying/wetting cycles (see Figure 2.23). The changes obtained at point C and D had a much lower amplitude than the ones obtained at A and B which can be an indicator to the presence of a growing dry-wet interface inside the mortar specimen. At the level of the interface the rate of sulfate solution moving upward by capillary sorption equals the rate of sulfate solution leaving the specimen by evaporation which leads to higher degradation levels due to sulfate accumulation and crystallization [START_REF] Chen | Deterioration mechanism of plain and blended cement mortars partially exposed to sulfate attack[END_REF].

In addition, the obtained results verified that 3 days of wetting followed by 4 days of drying are optimal to cause serious changes in the degrees of saturation, hence increasing the rate of deterioration by ESA sue to sulfate crystallization inside the material. 

Reference samples

The reference samples were totally immersed in tap water for the whole duration of the study. In total, 72 mortar prisms were selected to serve as reference case, 12 prisms for each type of cement and w/c ratio. It should be noted that water was not renewed and the reference samples were mainly used to compare the mechanical properties (compressive strength and flexural strength) between the undamaged and damaged samples.

Physical changes 2.4.4.1. Length change (expansion)

The expansion response of hardened mortar samples at ESA is basically evaluated by recording their continuous change in length. The method consists on placing two pairs of stainless steel pins on two parallel faces in order to record the variation in length with an extensometer and a steel reference length bar (see Figure 2.24). The pins are stuck on samples after demolding by using strong chemical glue which resists to the chemical attack in solutions such as sulfate solution. It should be noted that the pins have a tiny hole on the top which matches with the pointers of the extensometer and the reference length bar. Each pair of pins was kept aligned in the middle axis of the face of the prism at an initial length of 100 mm (see Figure 2.25) to form a generating line. In total, 42 samples were equipped to perform the change in length measurements during ESA (see Table 2.9). The expansion measurements were conducted on two faces for each sample every week during the first 6 months of the attack and then every 2 weeks for the remaining 6 months. The original length was taken directly at the end of the moist cure that lasted for 90 days and before launching the accelerated attacks. The pointers of the extensometer were inserted in the holes of the reference length bar and at the same time the dimension observed on the screen of the extensometer was tarred to 0.

After this, the extensometer was removed and its pointers were inserted in the holes of the two pins of the same generatrix to record their initial spacing (in micrometers).

In fact, the measurement process (at initial time or at each stage of measurement) was performed three consecutive times to obtain the average measurement. The expansion along a generatrix is calculated by using Equation 2 Finally, the average value of the two generatrix' expansions provides the average expansion of the mortar sample.

Mass measurement

The mass variation was recorded on 3 mortar prisms made of each mix and for all exposure conditions (42 samples in total). The measurements were taken every week for the first 6 months of the attack and then every 2 weeks for the remaining 6 months as for the expansion measurements. The same balance was used to maintain a high level of precision. I t should be noted that the surface of the prisms was dried up with towels before measuring the mass in order to eliminate the irregularities that can be caused by water present on the surface. The mass variation was calculated using Equation 2. Each measurement was performed on three samples for bending and on 6 cubes for compression. For each kind of test the average measured value was calculated. 

. Water accessible porosity test

The water accessible porosity test is considered as one of the easiest and simplest technique to measure the porosity of mortars and concrete (see Figure 2.27).

The procedure used during our research is in accordance with NF P18-459 [194]. The method consists in placing samples under vacuum which can force water to penetrate into large pores (diameter > 100 nm). In the first phase of the test, mortar samples are placed under vacuum at 30 mbar during 4 hours in order to eliminate the air present inside the pores.

Directly after, the glass containers were filled with water to signal the start of the second phase and as a result samples were immersed in water under a constant pressure of 30 mbar for 44 hours. After 48 hours of such curing (4h under vacuum plus 44h immersed), samples were removed and dried in an oven at a constant temperature of 105°C. The weight was recorded every 24 hours until reaching mass stabilization (less than 0.05% of mass variation). The porosity accessible to water is calculated in percentage using Equation 2. 

Mercury Intrusion Porosimetry

The main purpose of the MIP test carried-out on samples exposed to ESA is to evaluate the evolution of their microstructure during the attack, based on the pore size distribution as well as the total porosity measured at different time intervals of the ESA. Mercury is used in this technique because it is known to be a non-wetting liquid with contact angle larger than 90 degrees that can intrude capillaries once placed under pressure. The total volume of mercury intruded during the test allows determining the percentage of total porosity. On the other hand, the pore size distribution is obtained by referring to the volume of mercury intruded at different pressure increments. In general, the pores inside a material can have different shapes and connection types. However, during the MIP test it is assumes here that pores are cylindrical. This assumption means that mercury can penetrate from the surface of the sample to reach all pores without exception [START_REF] Winslow | The validity of high pressure mercury intrusion porosimetry[END_REF]. The test begins by evacuating the sample as a preliminary step to eliminate all air, moisture or liquids that might be present in the pores. Directly after this operation, the sample is placed under low pressure (0.1 MPa) and at the same time it starts to be filled with mercury. At the end of this phase, the weight of the penetrometer containing mercury and the weight of the sample are recorded. The pressure increase slowly during the test which allows mercury to reach the larger pores inside the sample or even the voids that can be present between sample parts. It should be noted that the sample is protected inside a cell that is connected to a glass tube known as the "capillary stem". This stem is surrounded by a metal sheet. In fact, the variations in the electrical capacities between the mercury found in the stem and the metal sheet are used to determine the volume of intruded mercury.

After application of the low pressure phase, the sample is placed under high pressure that can reaches up to 414 MPa and is completely surrounded by a hydraulic fluid.

The pore size distribution is determined using Young-Laplace and Washburn equation (see Equation 2.4) [START_REF] Washburn | The Dynamics of capillary flow[END_REF]:

P = 𝛾( 1 𝑟 1 + 1 𝑟 2 ) = 2𝛾 cos 𝜃 𝑟 𝑝 Equation 2.4
with:

r1 and r2 = curvature of the interface 𝛾 = surface tension of mercury (0.474 N/m) 𝜃 = angle between the solid and mercury for cementitious materials (141.3° [START_REF] Adolphs | Changes in pore structure and mercury contact angle of hardened cement paste depending on relative humidity[END_REF]) rp = pore size [START_REF] Adolphs | Changes in pore structure and mercury contact angle of hardened cement paste depending on relative humidity[END_REF])

As for the total porosity, it is obtained based on the ratio of the cumulative intruded volume of mercury at every change in pressure to the bulk volume of the material. The device used to perform the MIP test in this thesis is the "Micromeritics Auto-Pore II Porosimeter" available at Ifsttar (see Figure 2.28).

The back-scattered electrons increase in function of the atomic number Zi of the irradiated atoms of the elements present inside the mortar sample. The following parameters were used when applying the SEM technique:

-15 keV acceleration voltage -Pressure 50 Pa -10 mm distance between the detector and the sample -High magnification (⨯ 600) -Electrons are accelerated under low vacuum (10 -4 to 10 -5 mbar) -Electrons are focused up to a spot size of 1 to 5 nm

The SEM samples were prepared by cutting the 4⨯4⨯16 cm 3 mortar prisms to retain 2 x 2 x 2 cm 3 cubes. It is worth noting that the hydration of the obtained cubes was blocked by undergoing lyophilization (under vacuum at -46°C for 72 hours). A the end of this treatment phase, the test samples were subject to epoxy resin impregnation in order fill the voids and support the microstructure against shrinkage and cracking. Due to this, the sample is placed on its most flat surface inside a 30 mm diameter mould that is filled with epoxy resin. The moulds were left to cure for 14 hours before applying two types of polishing in order to obtain a highly polished surface that leads to optimum SEM imaging. 

Experimental work on reinforced concrete specimens

Considering that precise effects of ESA on reinforced concrete were rarely discussed in literature, it was decided to experimentally explore the effects of sulfate ions penetration on the performance of RC specimens. Then, the behavior of RC prisms exposed to accelerated ESA was investigated. More precisely, the ESA-induced evolution of the bond behavior between steel reinforcing bar (rebar) and the surrounding concrete is considered in this part of the research, as well as the capacity of steel rebars to restrain concrete expansion during ESA. In addition, plain concrete compressive strength evolution is also followed.

To study the effects of ESA, experiments were carried out by exposing RC prisms and concrete cylinders to accelerated attack. To reach a significant level of concrete deterioration and increase the sulfate ingress into the material in a short period of time, the ESA was accelerated by placing the RC samples in full immersion in a high Na2SO4 concentration solution.

Due to the different kind of tests to perform, the need to obtain realistic and representative experimental results, and the requirement to perform simple tests, a specific experimental campaign involving specially designed sample was performed. The investigations combine expansion measurement of RC prism performed near or away the rebar location, compressive test conducted on concrete cylinders and pull-out tests to follow the evolution of the bond behavior between the rebar and concrete (bond stress-slip response and bond strength).

2.5.1.Materials

In this section, we present the mixes and compositions of the concrete specimens used for the experimental study

Cement

Only one type of cement was considered in this study. This cement is the CEM I 52.5 N CE CP2 NF previously used to prepare cement paste and mortar samples while maintaining the same chemical composition and proportions already listed in Table 2.3.

Fine aggregate and coarse aggregate

The fine aggregates used to cast concrete specimens were of the same type of sand (Palvadeau sand 0/4) used to cast mortar samples. The coarse aggregates were crushed limestone aggregate divided into two classes with two different sizes (4-8 mm and 8-12 mm). Both coarse and fine aggregates were dried before casting. The choice was made to pick siliceous aggregates in order to avoid the risk of inducing alkali silica reaction.

Steel reinforcement

For this experimental study, the reinforcing bars were 12 mm diameter steel ribbed rebars made of high yield steel classified as Fe500S based on the standard NF A 35-080-1 [198].

Mixes design and casting procedure

The RC specimens were mixed using two different water to cement ratios (0.45 and 0.55) in order to analyze the effect of water content on the performance of concrete against ESA. It is to note that if the two water to cement ratios were considered for RC specimens devoted to expansion measurement, RC pull-out specimens were fabricated with the concrete mix using the lower water to cement ratio. For each concrete mix, 6 reinforced prisms (18 x 12.5 10 cm 3 ), 15 reinforced prisms (6 x 12.5 x 10 cm 3 ) and 20 cylinders (diameter = 11 cm and length = 22 cm) were casted.

These three kinds of specimens were fabricated to follow ESA-induced evolution of specific characteristics: 18 cm long RC prisms for concrete expansion, 6 cm long RC prisms and companion plain concrete cylinders respectively for bond strength and compressive strength.

Prior to fabrication, all types of molds were oiled. For all RC prisms (18 cm and 6 cm long prisms), the formworks were prepared from wood with a reinforcing bar placed horizontally (see Figure 2.30 and Figure 2.31). Concrete was compacted using a vibrating table. For the cylinders (see Figure 2.32), the molds were made from cardboards and were filled by concrete in three layers while being compacted using a vibrating tube. After 24 hours from casting, all specimens were de-molded and placed in full immersion under tap water to undergo a moist cure for 90 consecutive days. 

Specimen design for pull-out test

The RC specimens used to perform the pull-out tests were 6 x 12.5 x 10 cm 3 prisms made of concrete with w/c of 0.45 and reinforced with a single ribbed steel bar of 12 mm diameter. The rebar was placed at the corner of the prism respecting a 3 cm concrete cover in order to simulate actual construction practice (see Figure 2.33) The bond length of the rebar was equal to 5 times the diameter of the bar.

The rebar extends by about 40 mm away from one base of the prism for measuring the slip of the rebar at the free end (see Figure 2.34) and by about 100 cm from the opposite base to provide an adequate length for gripping the specimen in the testing machine (see Figure 2.35). 

Pull-out test

As ever discussed, the direct pull-out test is one of the most common methods used to evaluate the bond behavior between the rebar and concrete [START_REF] Rolland | Experimental investigations on the bond behavior between concrete and FRP reinforcing bars[END_REF].

Static direct tension pull-out tests were conducted with a specific loading system developed in the EMGCU laboratory at Ifsttar in accordance with the Rilem recommendations, EN 10080 and ACI 440.3R-04 [START_REF]Steel for the reinforcement of concrete -Weldable reinforcing steel[END_REF]199,200].

The testing stet-up uses a hollow hydraulic jack fixed on a frame fixed on the strong floor. The RC specimen is placed in the top of the jack with rebar centered inside the jack.

The rebar passes through different equipment (steel bearing plates with central hole, load cell, spherical plain bearing) and is finally fixed in vertical direction by a rebar chuck which bears against an end plate. The testing device illustrated in Figure 2.36 and Figure 2.37 has a maximum capacity of 1100 kN.

The purpose of the test program is to investigate the bond strength between the steel bar and the surrounding concrete. Then, during testing, the pull-out load and rebar slip displacement are measured and recorded automatically. The load cell is located between the end plate and the rebar chuck. The slippage of rebar is measured by a LVDT, with a range of 5 to150 mm and a precision of 0.1 μm, attached to the concrete surface and measuring relative displacement of the free end of the rebar (see Figure 2.38).

The load was applied under a closed-loop displacement control. The jack was run at a constant displacement rate of 0.03 mm/s as measured by a displacement sensor associated to the jack opening. Pull-out tests were performed on three specimens at each considered time period. with: 𝜏 𝑢 = bond strength in MPa (N/mm 2 ) P = the applied load in kN 𝑑 𝑏 = the steel bar diameter in mm 𝑙 𝑏 = the bond length in mm

Specimen for expansion monitoring

The concrete specimens used to follow the change in length during ESA were the 18 x 12.5 x 10 cm 3 prisms made with w/c = 0.45 and w/c = 0.55 and reinforced with a single ribbed steel bar of 12 mm diameter embedded at corner of the specimen respecting two side concrete cover thicknesses of 30 mm (see Figure 2.39).

Figure 2.39: Geometry of the specimens used for expansion monitoring for both concrete mixes

From each concrete mix, three prisms were equipped with several pairs of stainless steel pins in order to perform expansion measurement. The pins were fixed on three different faces of RC specimen to monitor several generating line. Faces are labeled F1, F2 and F3 in accordance with The increase in the distance between two glued pins from the same generating lines was recorded every week during the first 6 months of ESA and every two weeks for the remaining period.

Concrete sample for the monitoring of ESA induced compressive strength evolution

Plain concrete cylinders with a length of 22 cm and diameter of 11 cm were casted for concrete mix made with CEM I and w/c = 0.45. These cylinders were used as companion samples of pull-out specimens and helped to investigate the changes in the compressive strength of concrete during ESA.

At each measuring period, three cylinders were used to perform the required tests in accordance with PR NF EN 12390-3 [201]. The average values for the three cylinders tested at the age of 90 days were considered as the initial compressive strength before launching the accelerated attack.

Chapter 3: Experimental results and analyses

Experimental results and analyses

In this chapter, we describe the experimental results of the studies on ESA conducted by exposing cement paste, mortar and RC samples in contact with a sodium sulfate solution.

The experimental investigations carried out on cement paste samples include a feasibility study of the measurement of ESA-induced expansion by an optical-fiber based method as well as monitoring of sulfate penetration depth using both drying and visual inspection of the surface degradation. In this second technique, the sulfate penetration depths are compared with the results of the sulfate ion transport profiles obtained using ICP-AES (Inductively Coupled Plasma). For mortar samples, the results present the measurements of length and mass, variations of water accessible porosity, pore size distribution obtained from MIP, mechanical test results (compressive and tensile strengths) and visual inspection for signs of deterioration. The effects of ESA on reinforced concrete were investigated by length change measurements and mechanical testing (compressive strength) whereas the bond behavior (adhesion) between concrete and reinforcing bars was studied by performing pull-out tests. All techniques and associated testing protocols have been previously presented in Chapter 2.

-The cement paste samples were made with CEM I Portland cement and with water-tocement ratio (w/c) of 0.6 and were partially submerged in a 15 g/L Na2SO4 solution for 6 straight months at constant pH 8±0.1.

-For mortars, six mixes were studied: i) two mixes made with CEM I Portland cement and two different w/c of 0.45 and 0.6 (M I-0.45 and M I-0.6), ii) two mixes made with CEM III (64% slag) with w/c = 0.45 and w/c = 0.6 (M III-0.45 and M III-0.6) and iii) two mixes made with CEM I + 30% fly ash with two w/c of 0.45 and 0.6 (M II-V-0.45 and M II-V-0.6). The mortar prisms were submitted to different exposure conditions including full or partial immersion in a 15 g/L Na2SO4 solution for 12 straight months. Also, a series of drying/wetting cycles were performed on CEM I mortars, alternating 3 days of full immersion in a 15 g/L Na2SO4 solution followed by 4 days of drying at the laboratory conditions (with relative humidity ranging between 45% RH and 65% RH and temperature between 15°C and 25°C). In parallel, each mortar mix had companion samples stored in tap water that were used as reference case to perform mechanical testing at specified experimental time intervals (0, 3, 6 and 12 months).

Finally, the performance of reinforced concrete in a sodium sulfate solution was investigated on specimens made with CEM I Portland cement with w/c = 0.55 and w/c = 0.45 both fully immersed in a 15 g/L Na2SO4 solution. On the other hand, specimens designed to undergo pull-out tests were made with the lower w/c of 0.45 while maintaining the same type of cement and exposure condition but with a higher sodium sulfate concentration (30 g/L Na2SO4) to increase the kinetics of ESA and then to reduce the time of the test study.

Cement paste samples

Visual inspections

The macroscopic degradation was monitored during ESA for cement pastes with w/c = 0.6 at different time intervals (3, 5 and 6 months). After 3 months of exposure (see Figure 3.1.a), circumferential cracks appeared at the edges of the immersed base of the sample (it is recalled that the 50mm high cylinder is immersed in 10mm of Na2SO4 solution Figure 2.6). The cracks got wider and larger after 5 months while progressing from the edges. At the same time, the cylinders started to lose cohesion and showed damage patterns (see Figure 3.1.b).

The serious deterioration around the edges of the cylinder was clear after 6 months (see Figure 3.1.c). The damage and loss of cohesion was significant at the peripheries whereas the center of the cylinders did not exhibit visual signs of damage. The observations captured from side (see Figure 3.1.d) and front (see Figure 3.1.e) are comparable to the ones obtained by Rim et al., [2]. The presence of this particular cracking pattern characterized by the onset of ortho-radial macro-cracks and deterioration of peripheral areas was attributed to the significant tensile stresses exerted during ESA [2]. The entire degradation process was explained by the crystallization pressure theory where the crystal must develop from a super saturated solution in order to generate the required energy to produce expansion. In addition, the precipitation of the crystal must occur in a small pore space to ensure that the stresses produced by expansion are higher than the tensile strength of the material [2,[START_REF] Ping | Mechanism of sulphate expansion I. Thermodynamic principle of crystallization pressure[END_REF]. 

Discussion on the cracks appearance in cylindrical cement paste samples

The visual monitoring conducted on the cement paste samples after 6 months of accelerated ESA showed the formation of circumferential cracks just after 2 months of semi-immersion in the Na2SO4 solution. These cracks initiated in the form of thin layers appearing at the edges and progressively propagated to reach the center of the cylindrical samples. After 3 months of exposure to ESA, the cement paste began to lose cohesion and showed signs of serious macroscopic damage. Based on this, it appears that the peripheries of the samples were the most affected by the ESA-induced degradation whereas the core remained considerably intact.

Despite the fact that the ESA-induced expansion was not monitored during this campaign, the visual macroscopic deformations suffered by the cement paste samples confirm that the occurring degradation is mainly caused by expansion (see Figure 3.2).

To understand the mechanism of formation of the circumferential cracks, a physicochemical and mechanical modelling performed in the fame of the Finite Element Method (FEM) and implemented in CESAR-LCPC software is used in this section. This model, developed at Ifsttar to re-assess structures affected by Internal Sulfate Attack (ISA), helped in modelling the swelling of the cement paste cylinders exposed to ESA even if each type of sulfate attack has a specific physico-chemical mechanism.

It should be noted that this model only gives a qualitative assessment and explanation of the process of ESA-induced expansion evolution while qualitatively determining the possible cause of cracks appearing during ESA. As a consequence, the damage mechanism suffered by the cement paste cylinders is assessed from the hypothesis that the both ESA and ISA lead to the same consequences (expansion of the material and development of cracks) even if the mechanism of degradation of cementitious materials exposed to ESA is totally different from the one encountered with ISA.

The deformation of the cylindrical sample predicted by the model after 3 months of exposure to accelerated ESA is illustrated in Figure 3.2. Due to the symmetry of the problem, only one quarter of a cylinder is characterized. The expansive forces are more significant in the saturated portion (in contact with the Na2SO4 solution) of the semiimmersed sample which causes significant tensile stresses acting near the periphery of the sample (see Figure 3.3). This numerical prediction qualitatively confirms the experimental visual inspections that showed the existence of circumferential cracks at the surface level of the lower portion exposed to the attacking solution (see Figure 3. The local mechanical response accounts for the damage generated within the region directly affected by sulfate penetration. In this region, model recognizes the generation of damage associated to the expansive strengths (see total displacements in Figure 3.

3).

A tension state, leading to cracking in the circumferential region, is due to compressive stresses near the core of the sample and possible tensile stresses at the zone directly exposed to the sulfate penetration. These tensile stresses which exceed certainly the tensile strength are generated by the high displacements in the peripheral exposed surface of the samples. 

Sulfate profiles

The long-term durability of concrete structures can be severely affected by ESA. It is believed that sulfate ions reacting with tricalcium aluminate and hydrates penetrate into the cement matrix of concrete by a transfer mechanism [3,[START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Santhanam | Mechanism of sulfate attack: a fresh look[END_REF]. The degradation mechanism associated with ESA is known to be complex and dependent on the surrounding exposure conditions as well as parameters directly related to the material like the type of cement including its chemical composition and w/c ratio [4,[START_REF] Mehta | Mechanism of expansion associated with ettringite formation[END_REF][START_REF] Xiong | Deterioration of pastes exposed to leaching, external sulfate attack and the dual actions[END_REF]. Usually, the macroscopic aspects of the attack are the first to be studied and analyzed by monitoring the changes in length (expansion), mass and mechanical properties [7,[START_REF] Winnefeld | Hydration of calcium sulfoaluminate cements-Experimental findings and thermodynamic modelling[END_REF][START_REF] Damidot | Kinetics of Tricalcium Silicate Hydration in Diluted Suspensions by Microcalorimetric Measurements[END_REF]. Recently, the transfer process and its effects on the transport of sulfate ions from an external source into the cement matrix, have gained more interest when studying ESA.

In this study, the penetration front of sulfate ions was investigated on cement pastes by visually monitoring the depth of the zone corresponding to the formation of a white, fine and powdery precipitation.

The measured values of the penetration depth were compared to the sulfate profiles obtained in a previous thesis project by Rim Ragoug [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] were ICP-AES technique was used. The exposure conditions applied in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] were reproduced in the present work in order to make the results obtained from the proposed investigation method and ICP-AES results highly comparable. The proposed technique gives a qualitative evaluation of the degradation of cement paste exposed to ESA based on visual observations and quantitative measurements of the penetration front of free sulfate ions transferred into the cement matrix during exposure to semi-immersion in a Na2SO4 solution. For more details about the procedure used to obtain sulfate profiles by ICP-AES, the reader is referred to [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF].

As ever specified, the cylindrical specimens were placed under semi-immersion in a Na2SO4 solution (15 g/L) for 6 months. The pH of the test solution was maintained constant at 8 - + 01 which is believed to be representative of field exposures especially in the case of RC structures partially immersed in water. As previously described in Chapter 2, the cement pastes were prepared using a CEM I (CEM I 52.5 N CE CP2), compliant with the European standards EN 197-1 and with w/c = 0.6.

The penetration front of sulfate ions is measured on one cement paste sample at each experimental time interval: 15, 30, 45, 60, 120, 150 and 180 days (see details of the measurement technique in section 2.3.3). When in semi immersion, the capillary rise mechanism causes the sulfate ions present inside water to move upward from the immersed portion to the drying portion. When the sample is cut, the supersaturated solution evaporates from the air exposed part which leads to salt crystallization and efflorescence on the surface of the material [START_REF] Chen | Deterioration mechanism of plain and blended cement mortars partially exposed to sulfate attack[END_REF]. At excessive evaporation rates similar to the ones used in this study, the crystallization of sodium sulfate crystals inside the material pores (subflorescence) takes place which could leave a white precipitate [START_REF] Rodriguez-Navarro | How does sodium sulfate crystallize? Implications for the decay and testing of building materials[END_REF].

Based on this, we believe that the air exposed parts of the cement paste samples have a drying front on the surface whereas the inner cross sections evaluated by drying method have a front corresponding to the crystallization of free sodium sulfate crystals (Na2SO4) under higher evaporation conditions [START_REF] Scherer | Crystallization in pores[END_REF][START_REF] Bassuoni | Durability of self-consolidating concrete to sulfate attack under combined cyclic environments and flexural loading[END_REF][START_REF] Pettifer | Alkali metal sulphate: a factor common to both alkali aggregate reaction and sulphate attack on concrete[END_REF]. This explanation needs to be confirmed in the future by SEM (scanning electron microscopy) investigations in order to detect the phases formed in the white zone.

The transfer occurring during ESA includes the diffusion of sulfate ions into the cement matrix and leaching of calcium ions to the outer solution. This two-mode process includes a concentration gradient transfer where the diffusion, considered as the dominant phenomenon, is directly followed by a physicochemical fixation of sulfate ions in the cement matrix [2]. Once stabilization is reached between the inner and outer solutions, the rate of sulfate ingress relatively decreases and the ions that already penetrated into the cement matrix and accumulated at the level of the surface are the ones that can be observed [2]. Based on this, we assume that sulfates detected via the drying method are the ones corresponding to the amount of free sulfates remaining in the interstitial porous solution that crystallized under applied evaporation conditions (T = 20°C and RH = 50%).

The degradation depths for 3 experimental time exposures are illustrated in this section with a zoom on the affected area of the cement paste sample. The zoomed images were treated by increasing contrasts in order to better visualize the white zone. The photos of the depths obtained at the remaining time intervals can be found in the Appendices. The depth for each specimen was the average originated from seven measured values and was equal to 0.5 mm at 15 days (see Figure 3.4), 1.5 mm at 1 month, 2.5 mm at 45 days (see Figure 3.5), 4 mm at 4 months (see Figure 3.6), 5 mm at 5 months and 6 mm at 6 months. The sulfate profiles measured in [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] by ICP-AES (see Figure 3.7) were considered in order to obtain the penetration front depth (mm) as a function of the exposure time (week) for the cement paste samples made of CEM I and w/c = 0.6. The sulfate concentration was computed from the total sulfate concentration ([SO3] % in g/g of anhydrous cement). Based on this, the sulfate content measured by ICP-AES corresponds more to the solid phase content including total sulfates present in the matrix (free and combined sulfates) [START_REF] Harrison | Informal discussion. Sulphate resistance of buried concrete[END_REF][START_REF] Kchakech | Risk of Delayed Ettringite Formation in Concrete Heated at a Mature Stage: Experimental Quantitative Evidence[END_REF]. This means that the sulfate content obtained by ICP-AES is more significant compared to drying method that accounts only for free sulfates [START_REF] Kchakech | Risk of Delayed Ettringite Formation in Concrete Heated at a Mature Stage: Experimental Quantitative Evidence[END_REF][START_REF] Metalssi | A new model for the analysis of the structural/mechanical performance of concrete structures affected by DEF -Case study of an existing viaduct[END_REF].

The comparison between the results obtained by ICP-AES and drying method is illustrated in Figure 3.8. The error bars correspond to ±0.5 mm due to the measuring method errors. The sulfate ions penetration depths illustrated in Figure 3.8 for ICP-AES method were obtained at each exposure period (2 weeks, 4 weeks, 6 weeks, 8 weeks, 12 weeks, 16 weeks and 24 weeks) by selecting the depth value in Figure 3.7 corresponding to the intersection between the curve of sulfate content measured at a specific exposure duration with the black dashed line illustrating the amount of sulfate initially existing in the sound cement paste (which is of the order of 2% in g/g of anhydrous cement). From the comparison between the two techniques (see Figure 3.8), we can see that the penetration depth obtained by both drying and ICP-AES followed a two-stage process separated by a red line. In the first stage (0 to 8 weeks), the depths increased to reach 4.5 mm for ICP-AES and 3 mm for drying method at week 8 of exposure. In the second stage (week 8 to week 24), both methods exhibited similar behavior and the increase in the depth followed two parallel paths with different amplitudes as the highest depth recorded by ICP-AES was equal to 6.5 cm compared to 5 cm for drying method. The differences in the results between the two measuring methods can be explained by the important physically and chemically combined sulfate content found in the solid phase which kept the depths obtained by ICP-AES higher than the ones measured by drying method revealing only free sulfates contribution. 

ESA-induced expansion measurement using optical-fibers

To study the feasibility of using optical fibers (OF) to measure ESA-induced expansion, six cement paste prisms (3 ⨯ 4 ⨯ 16 cm 3 ) were cast using CEM I type cement and w/c = 0.6. All specimens were fully immersed in a 15 g/l sodium sulfate solution for a period of 3.5 months. As described in chapter 2, one OF was embedded in each specimen of a set of three samples also equipped with a pair of stainless steel pins on one face of each of these three samples in order to record expansion using an extensometer. In addition to these prisms devoted to the expansion measurement, three other prisms were fabricated for mass variation monitoring. Results of the expansion measured by extensometer are illustrated in Figure 3.9 whereas the mass variation is described in Figure 3.10

All the recorded values for both expansion and mass increased during the first 10 days of exposure mainly due to the water uptake and then continued to slightly increase following the same path for the three cement paste specimens. The final average value of expansion recorded for the three tested samples after 100 days of exposure to ESA was around 0.066%. On the other hand, the final mass variation was almost the same for the three tested prisms at a value of around 9%. As illustrated in Figure 3.11 expansion values obtained on the set of prisms by the OF were highly repeatable. Moreover, as it can be concluded from Figure 3.12 OF measurements were also comparable to the ones obtained by extensometer. The average final expansion recorded by both extensometer (0.066%) and OF (0.069%) was relatively close. In addition, the expansion evolution paths were almost identical in both cases regardless of the measuring method.

Unfortunately few days after the last measurement, OF failed due to uncertain reasons (chemical attack of the coating and/or mechanical rupture induced by too frequent handling when performing measurement with the extensometer). However, based on this, we can state that by implementing the OF into the cement paste samples we are able to follow the evolution of expansion and obtain values that were very similar to the ones recorded using traditional extensometer. Furthermore, the results obtained in this experimental study prove that OF based method can be considered as a relevant alternative that can be used to follow the ESA-induced expansion, hence evaluate the behavior of cement-based materials during ESA. 

Summary and conclusions related to the study on ESA-induced behavior of cement paste

The visual inspections of cement paste cylinders submitted to ESA have revealed that these samples have lost cohesion, particles and were severely damaged at the periphery due to the onset of transverse cracks. The degradation started to appear after almost three months and reached its highest degree after 6 months. As ever discussed in the bibliography, the cracks induced by ESA in a cement paste are due to excessive tensile stresses exerted inside the material. The global behavior of the sample (deformed shape and induced crack patterns) was predicted by the model that attributed the formation of circumferential cracks at the edges to the excessive stresses exerted by the expansive products and sulfate crystallization during ESA. At the advanced stages of the attack, these stresses start to act on the pore walls before exceeding the tensile strength of the material which leads to formation of cracks and complete deterioration of the sample.

Concerning the method proposed to assess the depth of the affected zone due to ESA and applied in this study on cement paste samples, it appeared to be quite efficient.

The evaporation conditions (T = 20°C and RH = 50%) used in the proposed technique forced sodium sulfate to crystallize inside the material which created a sort of white precipitate on the inner surface of the cross sections. Even if the quantitative results provided by the drying method were different from to the ones obtained by ICP-AES, the same trends and slopes were observed with both methods especially after 8 weeks of exposure.

The observed difference can be explained by the fact that sulfate content examined by the drying method represents the amount of free sulfates remaining in the interstitial solution whereas ICP-AES takes into account of all the total sulfate (free and combined sulfates) concentration.

The proposed process saves time and does not require previous preparations before taking the measurements. In addition, the results can be obtained and read easily within few minutes since they are delivered by a simple steel ruler. On the other hand, the quantification of the affected depth by ICP-AES requires many hours and the samples need to be carefully prepared while respecting and following very determined steps.

Moreover, it must be noticed that the quantitative identification of the penetration front of sulfate ions by drying method seems to be applicable in-situ, to assess the depth of the sulfate front in a real RC structure. To perform such evaluation, it is proposed to core a sample and let air dry the sample surface.

However, the drying method is not as accurate as the ICP-AES technique. Also, it is believed that the detection of visible white precipitate when using cross sections of samples made with sulfate resisting cements (CEM III and CEM II/B) is almost impossible due to the dark texture of these types of binders. Finally, the main concern with applying the drying method is the fact that only free sulfates present in the interstitial solution of the cement matrix are detected.

In order to complete and improve the technique presented in this section, some aspects should be taken into consideration in further works. For example, the obtained photos could be treated and analyzed with a specific image analysis program/software. Also, the whitish precipitation could be better detected if any sort of colored indicator is found to be reactant with sulfate ions. The final aspect is related to the treatment conditions (RH and temperature) which could be modified by applying more or less aggressive climatic conditions in order to compare their effects to create a more detectable visual contrast between cement past and the attacked zone.

Considering the expansion measured by the OF, it appeared that the obtained results were comparable to the ones monitored using the traditional method (extensometer). The comparison did not show significant differences in terms of values and evolution paths which helped in stating that the OFs can be very useful in monitoring the ESAinduced expansion. However, this technique requires a high level of precision during the preparation phase including the fabrication of the moulds and integration of OFs before casting the samples. In the present study, the only type of optical-fiber tested (polyimide coated OF) was corrupted after 3.5 months of exposure in the Na2SO4 solution due to uncertain reasons. Based on this, one of the major improvements that can be envisaged for future studies is to test other coatings of OF and to increase the number of samples to follow expansion of a set of samples equipped with OF and another set of samples equipped with stainless steel pins in order to overcome the risk of damaging OFs during measurement with the extensometer.

3.2.Mortar samples

Visual inspections

All mortar mixes were visually monitored at determined experimental time intervals for all exposure conditions in order to identify the macroscopic degradation for each mix during ESA. The prisms shown in this section have been selected at the beginning of the experimental program to undergo visual inspection and at the same time they were used to obtain mass variation measurements.

CEM I samples

The external appearances of M I-0.45 mortar samples made with CEM I and w/c = 0.45 after 12 months of exposure to ESA are presented in Figure 3.13. The M I-0.45 prisms placed in full immersion, partial-immersion and the ones undergoing drying/wetting cycles in the 15 g/L Na2SO4 solution did not show important signs of deterioration after 12 months of testing. The main aspect observed with the three exposure conditions was some sort of spalling around the edges as well as little surface scaling. The visual inspections after 12 months of ESA conducted on M I-0.6 samples (made with CEM I and w/c =0.6) placed in full immersion in the Na2SO4 solution are illustrated in Figure 3.14. The observations showed that samples were so damaged and completely destroyed that they even could break when removing them from the baths.

The M I-0.6 prisms lost all kind of cohesion and showed some sort of yielding that started with the formation of longitudinal and transverse cracks as well as significant swelling at the edges. Based on this, the presence of significant tensile stresses was suggested to be the cause of the total damage and loss of material observed in full immersion.

Figure 3.14: Visual appearance of M I-0.6 prisms after 12 months of full immersion a) top view of prisms, b) front view of prisms

After 12 months of semi-immersion, the M I-0.6 prisms showed clear signs of deterioration. Longitudinal and transverse cracks appeared at the edges and the surface of the samples was disintegrated (see Figure 3.15). The degree of deterioration varied between the upper portions exposed to the surrounding atmospheric conditions (temperature and RH) and the lower portions submerged in the Na2SO4 solution.

Salt crystallization was clearly identified at the drying portion (see Figure 3.15.b) in the form of white sodium sulfate crystals.

The growth of crystals is caused by capillary absorption that forces the liquid solution containing sulfate ions (SO4 2-) to move upward from the immersed portion to the drying portion. The changes in temperatures and relative humidity lead to evaporation and salt crystals start to develop directly above the sodium sulfate solution to expand in all directions [START_REF] Chen | Deterioration mechanism of plain and blended cement mortars partially exposed to sulfate attack[END_REF].

On the other hand, the immersed parts were severely damaged and became loose with the appearance of circumferential cracks across the top surface of samples, pitting damage, scaling at the edges and loss of material and particles (see Figure 3.15.c).

The difference in the degradation processes exhibited by the lower and upper parts confirms the presence of physical and chemical sulfate attacks when a cementitious material is exposed to semi-immersion. The observations suggest that the chemical attack is more dominant in the immersed part whereas in the drying portion, both chemical and physical attacks take place with the latter being the driving mechanism. In fact, the upper parts showed signs of surface scaling and loss of material that are less significant than the ones shown by the lower parts.

The chemical attack generates from the different reactions between sulfate ions diffusing into the cement matrix and the hydrated and aluminate products to form ettringite and/or gypsum. This attack leads to expansion, cracking, surface scaling and serious strength loss before declaring the total damage of the material [START_REF] Najjar | Damage mechanisms of twostage concrete exposed to chemical and physical sulfate attack[END_REF]. The mechanism completely varies during a physical attack where salt crystals grow due to the continuous exposure to drying conditions under varying temperature and relative humidity [START_REF] Haynes | Salt Weathering Distress on Concrete Exposed to Sodium Sulfate Environment[END_REF][START_REF] Najjar | Damage mechanisms of twostage concrete exposed to chemical and physical sulfate attack[END_REF].

The degradation was monitored for M I-0.6 samples that underwent a series of drying and wetting cycles for 12 consecutive months without controlling the temperature and RH of the surrounding atmosphere. The visual inspections showed serious deterioration with the appearance of longitudinal and transverse cracks at the edges and corners. Interestingly, one of the monitored samples suffered from cracks expanding in all directions (see Figure 3.16.a) at the level of the surface exposed to air during casting.

Based on this, the exposure to drying during cement setting and later during drying/wetting cycles caused this exceptional behavior and initiation of significant cracks. Loss of material and surface scaling were found at the top and bottom parts that were heavily damaged (see Figure 3.16.b).

Figure 3.15: Visual appearance of M I-0.6prisms after 12 months of semi-immersion a) prisms after removing the crystals growing on the surface, b) front view of drying portions, c) front view of immersed portions Figure 3.16: Visual appearance of M I-0.6 samples after 12 months of drying/wetting cycles, a) top view of samples b) front view of samples

The macroscopic behavior during drying/wetting cycles can be explained by the phase change where thenardite (Na2SO4) crystals increase by 314% in volume and transform to mirabilite (Na2SO4.10H2O) crystals. The formation of mirabilite induces significant crystallization pressure inside the material.

This pressure can become more aggressive and destructive with a continuous drop/increase in temperature and relative humidity which causes serious surface damage and onset of large cracks [START_REF] Hime | Sulfate attack," or is it?[END_REF][START_REF] Martinek | Salt Hydration Distress[END_REF].

Effect of w/c ratio

The visual monitoring conducted on CEM I mortar samples (M I-0.45 and M I-0.6) showed that the severity of degradation was related to the w/c ratio. Prisms made with higher water-to-cement ratio (M I-0.6) were completely damaged after 12 months of ESA. The samples exposed to full immersion, partial immersion and drying/wetting cycles suffered material loss and severe degrees of disintegration before reaching total deterioration. On the other hand, the M I-0.45 samples remained in a good condition and did not show severe deterioration signs during the three exposure conditions.

The comparison between the macroscopic behavior exhibited by M I-0.6 and M I-0.45 prisms is presented in Figure 3.17 for full immersion, in Figure 3.18 for semi-immersion and in Figure 3.19 for drying/wetting cycles.

Therefore, it is clear that the damage mechanisms are accelerated and more severe when increasing the w/c ratio from 0.45 to 0.6. The different degradation mechanisms exhibited by both CEM I mixes suggests that the damage process during ESA depends on the porosity of the cementitious material which is related to the water content. It is believed that the interaction of the penetrating sulfate ions with the microstructure of the material could affect the mechanical response.

Hence, the degree of pressure exerted by the products formed during ESA (ettringite and/or gypsum) could vary based on the range of porosity in which these components are formed [2].

In general, the total volume of pores and their connectivity increase by having higher water content which allows for more sulfate ingress into the cement matrix, thus more damage [START_REF] Nehdi | Investigation of concrete exposed to dual sulfate attack[END_REF].The increase in the w/c ratio lead to a significant porous structure which allows for an accelerated sulfate ingress [START_REF] Erten | Effect of cement type and w/c ratio on the durability performance of mortars in sodium sulfate solution[END_REF]. The important role of w/c ratio on the performance of cementitious materials during ESA was discussed in many previous studies [START_REF] Monteiro | Empirical Models to Predict Concrete Expansion Caused by Sulfate Attack[END_REF][START_REF] Monteiro | Time to failure for concrete exposed to severe sulfate attack[END_REF][START_REF] Khatri | Role of permeability in sulphate attack[END_REF][START_REF] Young | The science and Technology of Civil Engineering Materials[END_REF]. However, it was highlighted in [4] that the mechanism associated to ESA is very complex which makes it difficult to isolate the influence of w/c ratio from other parameters such as the type of cement and cation present in the sulfate.

The molar volumes of AFt and gypsum formed during ESA are relatively larger than the molar volumes of AFm and portlandite initially found in the cement paste. In addition, the molar volume theory relates between expansion and the presence of enough space inside the material. According to this theory, a mortar sample with low w/c ratio and low porosity does not have enough space to accommodate for the extra volume resulting from the precipitation of AFt and gypsum which causes more deterioration. However, the visual inspections in our study counter the molar volume theory and are more in accordance with the crystallization pressure theory that relates the mechanical behavior to the range of pore inside the material [2]. Based on this, the degradation process observed during ESA is related not only to the precipitation of ettringite and/or gypsum but also to the presence of a range of pore that allows these newly formed products to cause expansion stresses that overcomes the tensile strength of the material [2]. 

Effect of exposure condition

The influence of the exposure condition on the macroscopic degradation was evaluated for M I-0.6 samples because they suffered the highest degree of macroscopic damage compared to M I-0.45 samples that remained almost intact except some material loss especially at the edge. The comparison between the three types of exposure for the M I-0.6 prisms is shown in Figure 3.20. The visual inspections clearly indicate that the damage was total for samples placed in full immersion.

Although, prisms did not break like in full immersion, the initiation of cracks in semiimmersion and under drying/wetting cycles in addition to the serious surface scaling and loss of material, were all signs that the samples are significantly damaged.

From this comparison it seems difficult to rate the exposure conditions from the most to less damaging. Thus, the results of visual inspections must be associated with other parameters especially expansion in order to better evaluate the durability of the used materials. 

prisms after 12 months of full immersion and 12 months of semi-immersion

It can be observed that all prisms mixed with cements containing mineral additions (slag for CEM III and fly ash for CEM II/B) did not show signs of exterior visual damage. This behavior confirms that supplementary cementitious materials are recommended to improve resistance against sulfate attack by at least avoiding severe macroscopic degradation.

This is might be attributed to the limited amount of C3A (3%) in the cement paste found in the CEM III mixes reacting with sulfate ions to form expansive products compared to 7.9% in CEM I samples.

As a result, the severity of the damage caused by expansion and development of cracks is reduced [START_REF] Nehdi | Behavior of blended cement mortars exposed to sulfate solutions cycling in relative humidity[END_REF]. Moreover, the pozzolanic reactions occurring in mixes containing CEM II/B consume the majority of portlandite (CH) in the system and convert it to C-S-H which lowers gypsum formation during ESA and gives the material extra strength [START_REF] Nehdi | Behavior of blended cement mortars exposed to sulfate solutions cycling in relative humidity[END_REF].

Effect of type of cement

The benefits of designing mortar with sulfate resisting cement are shown in Figure 3.25.

The damage suffered after 12 months of full immersion was more visible in samples made using CEM I. On the other hand, mortar bars containing mineral additions like slag (CEM III) and fly ash (CEM II/B) remained in a good condition without visual signs of deterioration. Figure 3.25 shows that for the same w/c ratio of 0.6 and same exposure condition (full immersion), the type of cement has a big influence on the macroscopic response during ESA. Indeed, these observations suggest that the level of damage caused by sulfate ingress is influenced by the chemical composition of the used cement.

These observations are in accordance with the results obtained in [START_REF] Erten | Effect of cement type and w/c ratio on the durability performance of mortars in sodium sulfate solution[END_REF] where CEM III mortar samples resisted to ESA better than CEM I samples after 322 days of exposure in a 50 g/L Na2SO4 solution. This behavior was attributed to the lower amount of C3A and the finer structure of blended mixes which reduced the deterioration caused by ettringite formation during ESA [START_REF] Erten | Effect of cement type and w/c ratio on the durability performance of mortars in sodium sulfate solution[END_REF]. This behavior was attributed to the presence of higher capillary volume due to high water content. As a result, the capillary rise increases which leads to more salt crystallization and surface damage [START_REF] Najjar | Damage mechanisms of twostage concrete exposed to chemical and physical sulfate attack[END_REF].

The use of supplementary cementitious materials such as slag and fly ash helped in improving the macroscopic performance during ESA independently from the value of w/c ratio and type of exposure to sulfates. The blended cements are characterized by having a low C3A content and being finer due to the high amount of particle-to-particle connections. These characteristics helped in improving the resistance against sulfate ingress by reducing the damage resulting from the ESA-induced expansion even with an increase in the w/c ratio. The relation between the macroscopic degradation and the degree of expansion is presented in section 3.2.9.

Length changes

The length changes were recorded on three 4⨯4⨯16 cm 3 prisms selected from each type of mortar mix. Stainless steel pins were glued on two parallel faces (face 1 and face 2) as shown in Figure 3.26. The computed graphs from the measurements give the percent of expansion on the vertical axis and on the horizontal axis the number of weeks during which the mortar bars were placed in contact with the 15 g/L Na2SO4 solution. Based on these results, it appears that expansion is much more significant with a higher w/c ratio. The values reached with w/c = 0.6 were extremely higher than those reached with w/c = 0.45. An increase in w/c ratio cause more porous structure so ingress of sulfate ions becomes easier and leads to a higher expansion.

Interestingly, the kinetics and amplitudes of expansion during ESA are very close in all exposure conditions but with a pronounced effect for the w/c ratio. The measurements for M I-0.45 prisms showed that the rates of expansion followed the same trend under full immersion, semi-immersion and drying/wetting cycles. The highest kinetics of expansion were exhibited by CEM I samples mixed with higher w/c ratio. 

Three-stages behavior

The evolution of expansion seems to follow a three-stage behavior: The length change measurements in our study show a first stage (stage 1) corresponding to the preliminary phases of the attack when sulfate ions start to diffuse into the cement matrix to react with cement hydrates to form expansive products (ettringite and/or gypsum) without generating expansion stresses. During stage 2, the precipitation of the new products inside the empty pores start to create stresses that lead to elevated rates of expansion and formation of micro cracks but without expressing any visual or macroscopic deterioration signs.

At stage 3, cracks start to develop and get larger and wider which increases the sulfate ions ingress into the material through the cracked microstructure.

As a result, the attack becomes more aggressive due to the formation of ettringite and/or gypsum inside the new cracks and the expansion suddenly increases before reaching total failure. This process is apparent for CEM I mortar samples with the three types of exposure. The three stages (stage 1, stage 2 and stage) are shown in the graph given in Figure 3.28. However, the effect of the exposure condition was more obvious with the M III-0.45 samples since full immersion lead to an expansion level slightly more elevated (0.35%) than the one observed in semi-immersion (0.31%). Low length changes were observed for M II/B-0.45 and M II/B-0.6 samples and the expansions stayed below 0.3% for both w/c ratios whether in full immersion or semi-immersion. The results indicate that the material was slightly affected by sulfate penetration even after 48 weeks of contact with the Na2SO4 solution.

The length changes for mixes containing mineral additions were less significant than the ones exhibited by CEM I based mixes which suggest that CEM III and CEM II/B are more resistant to sulfate ingress. The impact of the w/c ratio was not so evident, however, the expansion rates were relatively higher for M III-0.6 and M II/B-0.6 mixes. Interestingly, a two-stage behavior was observed when analyzing the expansion results.

The expansion was extremely low in stage 1 (from 0 to week 35) and became slightly higher in stage 2 (after week 35). The initiation of expansion is related to the diffusion of sulfate ions into the cement matrix. Hence, the lower the rate of diffusion the more time is required to generate expansion which translates into a better performance against ESA. 

Effect of cement type

For w/c = 0.6, samples mixed with CEM I were less resistant to ESA and this trend was observed in the case of full immersion (see Figure 3.31) and semi-immersion (see Figure 3.32). It is clear that in full immersion, the addition of slag (M III-0.6 Imm) and fly ash (M II/B-0.6 Imm) was beneficial by drastically decreasing the expansion rates that were negligible compared to M I-0.6 Imm. At the end of the accelerated attack, the significant increase in expansion M I-0.6 Imm amounted to 2.53% whereas the length changes for M III-0.6 Imm and M II/B-0.6 Imm were almost five times less, 0.41% and 0.25% respectively.

The same behavior was found with partially immersed samples. The results confirm that the performance of mortars exposed to accelerated sulfate ingress is highly dependent on the type and nature of binder and its chemical composition. Samples cast with CEM I (M I-0.6 Semi-Imm) attained high expansion rates (2.44%) after 48 weeks of semiimmersion in the 15 g/L Na2SO4 solution. However, M III-0.6 Semi-Imm and M II/B-0.6 Semi-Imm samples did not experience elevated rates, 0.38% and 0.20% respectively. The results for both exposure conditions are comparable and as expected, the type of binder used to cast mortar prisms had the biggest influence on the resistance against ESA. Interestingly, the type of exposure did not affect the kinetics of expansion. The presence of slag and fly ash improved the resistance of CEM III and M II/B mortar samples against ESA due to the reduced amount of C3A available in the cement. Furthermore, the pozzolanic reactions occurring in M II/B mortar samples play a huge role in preventing gypsum formation by limiting the amount of CH in the cement matrix.

The comparison between the expansion rates attained by the three mortar mixes made with w/c = 0.45 (M I-0.45, M III-0.45 and M II/B-0.45) in full immersion (see Figure 3.33) and semi-immersion (see Figure 3.34) lead to a conclusion similar to the one found in the case of w/c = 0.6. Once again the type of cement seems to be one of the main determining factor of whether or not a mortar mix is enough resistant to ESA. 

Subconclusions

In general, the degree of degradation caused by swelling due to the reaction between sulfates and hydrates is determined by the chemical composition of the cement. The expansion test measurements in this thesis confirmed that additions in the form of slag or fly ash decreases expansion and leads to a better response against ESA, which is consistent with the results found in previous studies [START_REF] Higgins | Increased sulfate resistance of ggbs concrete in the presence of carbonate[END_REF][START_REF] Wee | Sulfate Resistance of Concrete Containing Mineral Admixtures[END_REF][START_REF] Cao | The effect of cement composition and pH of environment on sulfate resistance of Portland cements and blended cements[END_REF]. The presence of a slag replacement rate of more than 60% in CEM III based mixes and fly ash replacement rate of 30% in the M II/B based mixes helped in lowering the expansion compared to the CEM I mixes and this is related to the chemical composition of the blended cements. The low C3A content in the cement paste found in CEM III (2.8%) reduces the severity of expansion caused by the formation of ettringite and/or gypsum during sodium sulfate attack [START_REF] Veiga | Sulfate attack on a white Portland cement with activated slag[END_REF]. Ettringite production is mainly influenced by C3A content of the cement whereas gypsum formation is affected by the amount of Ca 2+ supplied into the system. As for M II/B mixes, they are believed to have better resistance to ESA due to the effect of pozzolanic reactions that limit the amount of CH (portlandite) available to produce gypsum once it reacts with sulfate ions [START_REF] Zhang | Study on the expansion of concrete under attack of sulfate and sulfate-chloride ions[END_REF][START_REF] Thorvaldson | Performance of concrete: resistance of concrete to sulphate and other environmental conditions[END_REF][START_REF] Swenson | Contributions of Thorbergur Thorvaldson to Cement and Concrete research -A historical review in: Performance of Concrete -Resistance of concrete to sulphate and other environmrntal conditions: a symposium in honour of Thorbergur Thorvaldson[END_REF]. In addition, secondary C-S-H is liberated during pozzolanic reactions, which makes the pore structure and the transition zone of the cement-based material denser. As a result, sulfate ions penetration through the pores of the material gets hindered.

Even though, the CEM III and M II/B based mixes were considered as sulfate resistant when compared to CEM I mixes, their expansions started to increase after almost 35 weeks. These observations were found in full immersion and semi-immersion and for the two tested w/c ratios. This increase indicates that sulfate attack is progressing inside the material which makes it interesting to continue the expansion measurements based on long-term data in order to identify the initiation of stage 3 leading to failure if it really exists.

For CEM I based mixes, a three-stage process was identified. Previously in literature [START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF], a two-stage process was attributed to the expansion process as illustrated in Figure 3.35 A first stage characterized by a low and stable expansion followed by a second stage where expansion suddenly increases to cause deterioration.

The length measurements of CEM III and M II/B mixes in this work followed a two-stage process. However, the increase in length exhibited in stage 2 by M III and M II/B samples is preliminary and not destructive. Based on this, it is preferable to continue monitoring length changes over a long period of time in order to prove the existence of a third stage. 

Mass variation 3.2.3.1. Effect of w/c ratio

The mortar samples made with CEM I exposed to three different accelerated attacks (full immersion, semi-immersion and drying/wetting cycles) began losing mass after almost 30 weeks of contact with the 15 g/L Na2SO4 solution (see Figure 3.36). The CEM I based samples (M I-0.45 and M I-0.6) showed little increase in initial mass that was directly followed by an important mass loss especially near the final weeks. This is mainly caused by material loss as particles started to fall down from the prisms.

The mass loss was more significant for M I-0.6 samples which expanded more and experienced severe macroscopic damage. It is clear that the mass variations results can be separated into a two stage behavior. The switch from one phase to another occurs at week 30. The first stage (stage 1) is latent where mass slightly increases due to the precipitation of AFt and/or gypsum but remains stable. The mass uptake is related to the molar volume of these newly formed expansive products that is 3 times as large as the molar volume of AFm and portlandite. In stage 2, it is believed that the first signs of mass loss are related to the effects of leaching leading to dissolution of CH and decalcification of C-S-H which produces more calcium ions inside the cement matrix. The presence of more calcium can produce gypsum and later AFt once the Ca 2+ interacts with sulfate ions [2].

The important weight loss observed near the end is mainly caused by the complete deterioration of the samples especially the ones mixed with w/c = 0.6. M I-0.45 samples showed a similar mass loss pattern with the three exposure conditions. However, the mass gain observed in stage 1 is more significant for samples mixed with w/c = 0.6 due to the important sulfate ingress leading to more AFt and/or gypsum precipitation.

Also, the mass loss variations reached by M I-0.6 samples in stage 2 were much higher (around -6% for M I-0.6 Imm) whereas M I-0.45 Imm samples attained around -3% of mass variation at week 48.

The mass variation results clearly indicate that increasing the w/c ratio from 0.45 to 0.6 did not improve the resistance of mortars against ESA, regardless of the type of exposure to sulfate ions. Furthermore, compared with M I-0.45 samples, M I-0.6 prisms showed an important decrease in mass in stage 2, which correlates with visual observations that showed serious loss of material and surface scaling for all M I-0.6 samples. These results are in accordance with the findings in [START_REF] Nehdi | Investigation of concrete exposed to dual sulfate attack[END_REF] where concrete cylinders made with OPC (Ordinary Portland cement) and w/c ratio = 0.6 experienced severe mass loss after 6 months of semi-immersion in a 50g/L Na2SO4 solution whereas mass loss observed with cylinders prepared with OPC and w/c = 0.45 was not significant.

The mass variations confirm what was previously stated when analyzing the expansion results by showing that the type of cement used in the mortar mix plays a major role in defining the behavior under ESA. Interestingly, stage 2 of mass variations characterized by severe mass loss started at week 30 which corresponds to the same exact exposure time at which the expansion began to increase.

For both w/c ratios, the mass variation results are associated to the expansion measurements. The mass variation as a function of the increase in expansion is presented in Figure 3.37 for M I-0.6 samples that experienced more damage than the rest of mixes used in this study.

The relationship between mass and expansion can be divided into three main stages. A zoom on the relationship between mass and expansion in stage 1 is shown in Figure 3.38 by taking the case of M I-0.6 Imm samples.

-Stage 1: characterized by a slight increase in both expansion and mass without causing any sort of damage. -Stage 2: both expansion and mass variations significantly increased in parallel until reaching stage 3 -Stage 3: expansion reached its highest levels whereas the mass loss remained stable. The behavior in stage 1 likely represents the early phases of the attack due to the low to moderate sulfate ingress where sulfate-bearing products start to form in small amounts inside the empty spaces in the cement matrix leading to a slight increase in mass and expansion. This slight increase in mass is also related to water absorption due to the higher w/c ratio and porosity.

The sudden increase in expansion and the decrease in mass both observed in stage 2; indicate that the microstructure is being altered by the initiation of microcracks and swelling products (ettringite and/or gypsum). This leads to a higher and faster penetration of sulfate ions into the material and causes more ettringite and/or gypsum precipitation deeper in the material.

In stage 3, the expansive strength exerted by the newly formed crystals inside the confined spaces leads to major stresses that exceeded the material's tensile strength and caused complete failure. It is worth noting that for both w/c ratios, this relationship was not affected by the type of accelerated attack which shows that the kinetics and amplitudes of the changes in mass and expansion are mainly affected by type of cement and w/c ratio. The mass variations results for mixes containing slag M III-0.45 and M III-0.6 (see Figure 3.39) and fly ash M II/B-0.45 and M II/B-0.6 (see Figure 3.40) showed a less aggressive mass loss rate compared to CEM I samples. The M III-0.6 prisms had a mass loss of (-0.59%) when subjected to full immersion and (-0.64%) in semi-immersion. The mass variations observed for M III-0.45 were smaller in immersion (-0.33%) and in semi-immersion (-0.25%). A similar trend was found for mortar samples prepared with M II/B. The mass variations were very similar especially at the end of the accelerated attacks. Almost all M II/B samples reached the same mass loss variation (between -0.2% and -0.25%) after 48 weeks of exposure to sulfate ions. Overall, the results of CEM III and M II/B were in accordance with the expansion and visual inspection results and they confirmed that both types of cements improve the performance against ESA, regardless of the type of exposure. The influence of increasing w/c ratio was more obvious in the case of CEM III, which means that even with sulfate resistant cements, it is preferable to lower the w/c ratio. 

Effect of type of cement

The effect of type of cement is shown by comparing the mass variation results for mixes made with CEM I, CEM III and CEM II/B and both w/c ratios when exposed to full immersion in the 15 g/L Na2SO4 solution. As expected, the graphs in Figure 3.41 and Figure 3.42 clearly show that mixes containing mineral additions exhibited a significantly lower mass loss rate compared to CEM I based prisms. For both w/c ratios (0.45 and 0.6), the performance of CEM III and CEM II/B based mixes was significantly better by exhibiting similar mass variation trends. The mass loss rates were significantly different by changing the type of cement used in the mortar mix. This is consistent with visual observations and expansion results that all pointed out to the fact that the composition of the cement is an important parameter that affects the response of the material during ESA.

The results for the exposure under semi-immersion in the 15g/L Na2SO4 solution showed similar trends as the ones found for full immersion. The mass variation after 12 months (48 weeks) is shown in Figure 3.43 for samples mixed with w/c = 0.45 and in Figure 3.44 for samples mixed with w/c = 0.6. Same as in full immersion, samples made with CEM I exhibited poor performance as M I-0.6 Semi-Imm and M I-0.45 Semi-Imm experienced significant mass loss rates, (-5.8%) and (-2.8%) respectively, after 48 weeks of semi-immersion.

On the other hand, blended cements exhibited low changes in mass which is completely correlated to the visual observations since the CEM III and CEM II/B based samples remained visually intact and showed some minor material loss and flaking especially at the corners.

The serious mass loss associated with CEM I is a result of the total damage and material loss in the mortar samples whereas the lower decrease in mass experienced by CEM III and CEM II/B is explained by the intact state of the surface material.

These findings confirm once again that CEM I cement is less resistant to sulfate attack whereas the additions of slag and fly ash improve the performance. The increase in the rate of mass loss was more notable with CEM I mixes that began to lose mass after 30 weeks of exposure, whether in full immersion or semi-immersion, and were completely damaged at the end of the tests. Based on this, it is difficult to decide which type of exposure is more accelerated and lead to faster deterioration since the differences in mass variation results were not very significant between the two exposure methods. 

Subconclusions

The mass evolution of CEM I mortar mixes showed a two-stage behavior described as follows:

-Stage 1: Negligible mass gain -Stage 2: Significant mass loss

The order remained the same in stages 1 and 2 with CEM I samples experiencing the highest mass gains and highest mass losses followed by CEM III and CEM II/B.

Both M I-0.45 and M I-0.6 mortar samples started losing mass after 30 weeks of exposure to the Na2SO4 solution. The negligible mass gain observed in stage is related to the process of filling the pores inside the material due to the reaction between sulfate ions and cement hydrates during the early phases of ESA [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF]. Interestingly, stage 2 starts at the same experimental time both in mass and expansion for the three exposure conditions and both w/c ratios. The mass loss observed in stage 2 is due to the effect of leaching at first than the effect of loss of material once the surface of the sample gets damaged. During leaching, the dissolution of CH and decalcification of C-S-H gel liberates calcium ions (Ca 2+ ). The Ca 2+ once dissolved in the pore solution start to diffuse outwards under low pH conditions. It is believed that the decrease in mass observed after week 30 is caused by Ca 2+ leaching due to the decomposition of CH and C-S-H of cement matrix which made the mortar samples more loose [START_REF] Xiong | Deterioration of pastes exposed to leaching, external sulfate attack and the dual actions[END_REF]. At the same time, an increase in expansion experienced by CEM I samples occurred (after week 30).

Based on this, it seems interesting to correlate between expansion and mass variations of M I-0.6 samples that suffered the highest degrees of expansion and mass loss. The relationship followed a three-stage behavior:

-Stage 1: slight increase in expansion and mass due to the penetration of sulfate ions and beginning of formation of expansive products -Stage 2: fast increase in expansion associated with a high mass loss rate. In this stage the samples enter in the damaged range when the material becomes more sensitive to the stresses (crystallization pressure) exerted by the formed crystals inside the pores.

-Stage 3: significant expansion inducing macroscopic damage and loss of material. The mass loss stabilizes at the end of this stage which indicates that the material reached the failure range.

For the blended mortar mixes, the mass loss rates were very low which correlated with evolution of expansion that did not reach high levels even after 48 weeks of exposure to ESA. The addition of slag or fly ash in a mix decreases the amount of C3A, CH and C-S-H. The CaO presence in the cement matrix will be low which decreases the content of CH. As a result, the leaching process and the formation of ettringite and/or gypsum are both restrained and the material will resist better against ESA.

Furthermore, the addition of slag and fly ash has a physical aspect by increasing the proportion of large voids which helps the cement matrix to accommodate the low quantity of expansive products and delays the initiation of expansion [START_REF] Xiong | Deterioration of pastes exposed to leaching, external sulfate attack and the dual actions[END_REF].

Finally, expansion and mass loss occurred earlier and faster on samples fabricated with CEM I and more specifically with a higher w/c ratio. The behavior of M I-0.45 samples was not the best but it is surely better than M I-0.6 samples. The higher porosity found in samples mixed with w/c = 0.6 allows for more sulfate ingress and leaching during ESA. Due to this, the increase in expansion and mass loss experienced by M I-0.6 samples was the highest and fastest.

Compressive strength

The evolution of the compressive strength of all mortar mixes at an age of 0, 12, 24 and 48 weeks is presented in this section. The compressive strength was obtained at the same ages for reference (control) samples that were left immersed in tap water for 12 months. It is obvious that the compressive strength of mortar bars mixed with CEM I followed a two-stage behavior as illustrated in Figure 3.45 for w/c = 0.45 and in Figure 3.46 for w/c = 0.6.

M I-0.45: The compressive strength increased from 61 MPa to reach a peak value after 3 months (12 weeks) of exposure, and then it dropped down at the remaining stages (see Figure 3.45).

The comparison between the different types of accelerated attacks show that samples under full immersion (M I-0.45 Imm) experienced the most significant strength loss by going down from 67 MPa at 3 months to 43 MPa at 12 months. For the semi-immersed samples, the compressive strength was recorded for the dried and wet parts. The compressive strength loss of the immersed portions, marked in blue, was higher than that of drying portions, marked in green, which is likely attributed to the chemical attack that is more dominant in the submerged part.

M I-0.6: As illustrated in Figure 3.46, the compressive strength for samples mixed with higher w/c ratio increased at 3 months at different rates regardless of the type of exposure. At 6 months, a significant decrease occurred, except for the control samples that maintained a constant strength. Samples M I-0.6 Imm and M I-0.6 Cycles experienced the most severe strength losses by going from 64 MPa at 3 months to 38 MPa (M I-0.6 Imm) and 40 MPa (CEM I-0.6 Cycles) at 12 months.

The compressive strength results for CEM I based mixes show that the strength loss was significant with a higher w/c ratio. The compressive strength gain during the first three months of exposure to the Na2SO4 solution is due to the precipitation of the first amount of produced ettringite and/or gypsum inside the pores [START_REF] Sahmaran | Effects of mix composition and water-cement ratio on the sulfate resistance of blended cements[END_REF]. These products tend to compact the microstructure of the cement matrix and improve its density and strength, resulting in the sudden increase in compressive strength [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF].

After 6 months of exposure to ESA, the products started to affect the pore walls by exceeding the pore limitation and creating expansive stresses that exceeded the tensile strength of mortar samples. As a result, microcracks form and get wider and larger so the overall compressive strength significantly decreases [START_REF] Yu | Behavior of mortar exposed to different exposure conditions of sulfate attack[END_REF].

The compressive strength loss for both w/c ratios was more significant for fully immersed samples than for semi-immersed samples and samples under drying/wetting cycles.

The results for the M I-0.6 mixes, which suffered high degrees of degradation, show that M I-0.6 Imm samples lost 42% of compressive strength over 12 months of full immersion, which is more than the decrease recorded in other types of exposure. In addition, these samples were totally fractured at 12 months (see Figure 3.25, photos at left), which explains the huge drop in compressive strength. On the other hand, it seems that the dual sulfate attack (physical and chemical) encountered in semiimmersion and drying/wetting cycles certainly affected the compressive strength evolution. The serious cracks and loss of material suffered by the partially immersed portions of the M I-0.6 Semi-Imm samples and the damage experienced by the M I-0.6 Cycles samples are all consistent with the strength losses obtained at the end of the exposure period. Interestingly, the drying portions of the M I-0.6 Semi-Imm samples did not experience a severe strength loss as it increased from 54 MPa at 0 month to 60 MPa at 3 months, then slightly dropped to 51 MPa at 12 months. These changes are much less than that experienced by the immersed portions that reached 44 MPa at the end of semiimmersion. The exposure to uncontrolled drying conditions causes severe water evaporation and salt crystallization on the parts exposed to the surrounding atmosphere.

Furthermore, this physical attack generates at the external surface before affecting the core of the material that remains intact for a certain period of time. As a result, there is a possibility that the drying portion does not suffer direct strength loss [START_REF] Nehdi | Investigation of concrete exposed to dual sulfate attack[END_REF].

The two CEM III mixes M III-0.45 (see Figure 3.47) and M III-0.6 (see Figure 3.48) did not experience significant changes in resistance to compression and maintained decent mechanical strength in both exposure conditions. The results for CEM I, CEM III and CEM II/B mixes clearly show that the variations in compressive strength were highly influenced by the type of cement. For mortar samples made with CEM I, the strength drastically decreased regardless of the exposure condition while the strength of the slag and fly ash blends did not witness huge drops and remained fairly stable after 12 months of exposure to accelerated sulfate ingress.

In order to better isolate the influence of the type of cement on the changes in compressive strength, the values computed for the three tested mixes over 12 months of full immersion and semi-immersion (the two exposure conditions common between CEM I, CEM III and CEM II/B samples) were compared for w/c = 0.6 where the highest degrees of damage were experienced.

The strengths of the CEM I samples (M I-0.6 Imm) decreased by 42% over 12 months while the CEM III and CEM II/B samples did not experience strength loss (see Figure 3.51). A similar trend was obtained for samples under semi-immersion (see Figure 3.52). In both cases, mortar bars containing CEM I exhibited a poor performance during ESA tests whereas CEM III and CEM II/B cements helped in maintaining and/or gaining strength. 

Subconclusions

These findings are so consistent with the visual observations that clearly showed the high level of damage suffered by CEM I mixes especially M I-0.6 prisms. The high expansion and significant mass loss exhibited by these samples made the compressive strength results somehow expected. The reduction in strength and stiffness are one of the main degradation aspects caused by the precipitation of ettringite and/or gypsum inside the material leading to the cracks appearance [START_REF] Al-Dulaijan | Sulfate resistance of plain and blended cements exposed to varying concentrations of sodium sulfate[END_REF][START_REF] Baghabra | Effect of Magnesium Sulfate and Sodium sulfate on the Durability Performance of Plain and Blended Cements[END_REF]. Samples mixed with mineral additions performed better in full immersion and semi-immersion in the 15 g/L Na2SO4 solution and did not show important strength loss. The very low decrease in strength experienced by CEM III samples indicates that the reaction products of sulfate attack did not yet reveal their destructive effect. The slight increase in the compressive strength of CEM II/B samples after 12 months of exposure can be attributed to pozzolanic reactions in addition to filling the pores with ettringite and/or gypsum [START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF][START_REF] Sideris | Sulfate resistance and carbonation of plain and blended cements[END_REF]. These results are consistent with the results of expansion and mass variations, where both CEM III and CEM II/B samples resisted ESA regardless of the exposure condition and w/c ratio. The evolution of compressive strength followed a two-stage behavior that was more evident with CEM I mixes. The process includes the following:

-Stage 1: increase in the compressive strength in the early period of exposure (first 3 months) due to the filling of pores and capillaries of hardened pastes after sulfate penetration [START_REF] Xiong | Deterioration of pastes exposed to leaching, external sulfate attack and the dual actions[END_REF].

-Stage 2: fast drop in compressive strength caused by the onset of micro cracks and excessive expansion stresses exerted by the newly formed and precipitated crystals. The significant decrease in compressive strength of M I-0.6 samples near the end of the attack is due to surface damage and deterioration of the prisms.

The compressive strength exhibited by CEM III and CEM II/B mixes during ESA slightly decreased after 3 or 6 months of exposure and remained almost stable for the remaining period. This is related to the chemical and physical aspects of slag and fly ash that help in weakening the actions of ESA and maintaining a good level of compressive strength.

Tensile strength (measured by 3 points bending test)

Tensile strength of all mortar mixes has been measured by a 3 points bending test. The loss rates of tensile strength of CEM I samples M I-0.45 and M I-0.6 are presented in Figure 3.53 and Figure 3.54. Both mixes showed important decrease in tensile strength, but the drop was more aggressive and marked for M I-0.6 samples after 12 months of exposure to full immersion, semi-immersion and drying/wetting cycles. The losses in mechanical strength (compressive and tensile strengths) are more pronounced for CEM I based mixes which is correlated with the high expansion values, serious mass loss and severe macroscopic damage.

The comparison between the tensile strength results obtained for the three types of cement used in this study all exposed to the same exposure condition (full immersion) is illustrated in Figure 3.59. The most significant drop in tensile strength was experienced by CEM I mortar samples followed by CEM III and finally CEM II/B samples. These results prove once again that blended cements resist better to ESA by maintaining their tensile strengths even when made with a high w/c ratio. On the other hand, ESA caused serious drop in mechanical strengths of CEM I mixes (both compressive and tensile) which correlates with the previous expansion, mass and visual observation results and shows the importance of incorporating mineral additions in order to reduce the damage caused by ESA. 

Porosity

The distribution of porosity accessible to water obtained using hydrostatic weighing is presented in Figure 3. It is worth noting that this method provides the total number of open porosity (micro, meso and macro pores) and reflects the permeability state of the material. The presence of high porosity means that the cement matrix is subjected to excessive sulfate ions penetration through the open connected porosity. As a result, the precipitation of the reaction products formed during ESA becomes more significant and faster inside the material, leading to total damage. Moreover, the porosity measured by hydrostatic weighing is dependent on pore continuity and microcracks inside the material [START_REF] Bamforth | The water permeability of concrete and its relationship with strength[END_REF]. The porosity percentage changed following a two-stage process. The results of M I-0.6 samples showed that the porosity decreased from 23.12% before any contact with the 15 g/L Na2SO4 solution to 17.37% at 3 months (14 weeks) of full immersion, 17.24% at 3 months of semi-immersion and 15.29% at 3 months of drying/wetting cycles. On average, the porosity of the M I-0.6 samples diminished by 39% over 3 months.

By taking into consideration the three exposure conditions for M I-0.6 samples, the porosity percentage decreased on average by 28% after 12 weeks of exposure to ESA. This is related to the process of filling the pores as a result of the precipitation of ettringite and/or gypsum as well as sulfate crystallization [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF].

The sudden increase in porosity observed afterwards is attributed to the release of expansive stresses by the sulfate attack products coupled with the excessive stresses exerted during sulfate crystallization which affect the pore walls and create more voids [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF]. After 48 weeks of ESA, the porosity percentage of M I-0.6 mortar samples increased from the initial porosity by 47.7%. The presence of such a high porosity percentage makes the microstructure looser and leads to microcracks formation.

The precipitation of ettringite and/or gypsum inside the material by filling the empty spaces, decreases pores and limits their connectivity. Directly after, the porosity increased as high porosity percentages were found at 12 months for samples under full immersion M I-0.6 Imm (44.73%), samples under semi-immersion M I-0.6 Semi-Imm (40.82%) and samples undergoing drying/wetting cycles M I-0.6 Cycles (47.14%). Microcracks induced by the excessive expansion stresses exerted by the reaction products leave the door open for more sulfate ions to diffuse into the cement matrix which causes more damage and certainly increases total pores (cracks). The porosity results for M I-0.45 samples showed a similar trend to that experienced by M I-0.6 samples but at lower percentage rates and amplitudes. The increase observed after 3 months of exposure might be related to the decalcification of C-S-H inside the cement matrix leading to the presence of more Ca 2+ which can interact with sulfate ions to produce AFt and gypsum [2].

The results for CEM III mixes (M III-0.45 and M III-0.6) and CEM II/B mixes (M II/B-0.45 and M II/B-0.6) each exposed to two conditions (full immersion and semi-immersion) are presented in Figure 3.61 and Figure 3.62. For both types of blended cements, the mortar samples did not experience significant changes in porosity and the percentages almost remained constant over 12 months. The negligible fluctuations in porosity indicate that the microstructure of these samples is almost intact. Interestingly, the evolution of the porosity was more influenced by increasing the w/c ratio from 0.45 to 0.6 rather than the type of exposure and this was common for all types of cement. 

Subconclusions

The porosity evolution during ESA tests were consistent with the mechanical properties results, length measurements, mass variations and visual observations by proving once again that the type of cement has the biggest influence on the performance under ESA. Figure 3.63 puts more emphasis on the role of the type of cement by comparing the results of total porosity found for CEM I, CEM III and CEM II/B samples all mixed with w/c =0.6 and placed under full immersion. Apparently, the presence of mineral additions helped in decreasing the capillary porosity and the amount of sulfate ions penetrating through the porous material [START_REF] Cao | The effect of cement composition and pH of environment on sulfate resistance of Portland cements and blended cements[END_REF][START_REF] Veiga | Sulfate attack on a white Portland cement with activated slag[END_REF]. As a result, the CEM III and CEM II/B samples approximately maintained the initial porosity percentage, 24.6% and 24.8% respectively, even after 12 months of full immersion. The dilution effect of adding slag in CEM III samples and the pozzolanic reaction in CEM II/B samples allowed for more portlandite (CH) consumption which makes the cement matrix denser and makes it more resistant to sulfate ingress [START_REF] Cao | The effect of cement composition and pH of environment on sulfate resistance of Portland cements and blended cements[END_REF][START_REF] Veiga | Sulfate attack on a white Portland cement with activated slag[END_REF]. The M I-0.6 samples demonstrated low resistance to ESA by having a very high porosity percentage at the end of the accelerated attack and this is related to the chemical composition and the high alumina content.

In addition, based on the expansion results theses samples started to enter the damage range after almost 7.5 months (30 weeks) of attack which explains the presence of a high total porosity after week 30. The formation of micro cracks resulting from expansion stresses allows for faster and higher sulfate penetration. As a result, the sample suffers from more expansion, surface scaling takes place and strength decreases which lead to the formation of more voids inside the material.

The relationship between compressive strength and porosity percentages of M I-0.6 mortar samples including the three exposure conditions is illustrated in Figure 3.64. As we can see, a negative correlation exists between the porosity and compressive strength. The increase in porosity during ESA was coupled with a decrease in the mechanical properties. At the early stages of the sulfate attack, the compressive strength was at its highest value whereas the porosity was low. The compressive strength started to decrease and attained its lowest value (45 MPa) when the porosity percentage was high at around 41%. As previously stated, the filling of pores by ettringite and/or gypsum as well as salt crystals during the first three months of exposure to ESA increased the strength of the mortar samples and reduced the percentage of voids. As ESA progressed, the expansive forces released by the newly formed products and the stresses caused by sulfate crystallization started to affect and damage the pore walls which increased porosity percentages and reduced the mechanical strengths [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF]. 

Pore size distribution

The classification of pores in hardened cement paste includes various dimensions and types. As illustrated in Figure 3.65 the gel pores are found between 1 and 4 nm whereas the size of capillary pores can range from 10 to 10 3 nm. Furthermore, the figure shows that the main hydrated phases in Portland cement, portlandite (CH) and C-S-H, fill different pore sizes. Interestingly, it is believed that the pore size distribution can be modified and influenced by the dissolution of CH and decalcification of C-S-H. As highlighted in previous studies [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack III. Sulfate-resisting portland cement: Reactions with sodium and magnesium sulfate solutions[END_REF][START_REF] Van Gerven | Effects of carbonation and leaching on porosity in cement-bound waste[END_REF][START_REF] Haga | Effects of porosity on leaching of Ca from hardened ordinary Portland cement paste[END_REF][START_REF] Saito | Leaching tests on different mortars using accelerated electrochemical method[END_REF], the increase in pore volume within the zone of capillary pores (10 to 10 3 nm) was found to be caused by the dissolution of CH whereas the decalcification of C-S-H has a direct impact on gel pores (less than 10 nm).

During ESA, the formation of ettringite and/or gypsum and the growth of micro cracks inside the cement matrix can modify the microstructure by directly changing the pore size distribution. Due to this, the principle of kinetics/balance of the following processes: dissolution of CH, decalcification of C-S-H, ettringite and/or gypsum precipitation and formation of microcracks is applied to determine the pore volume changes obtained by MIP [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF]. [START_REF] Monteiro | Concrete: microstructure, properties, and materials[END_REF] In this study, the pore size distribution was determined by MIP at the surface layer of samples exposed to ESA. For each mix and exposure condition the measurements were performed at 0 (T0), 3 (T1), 6 (T2), 9 (T3) and 12 (T4) months of exposure to ESA. The MIP results helped in obtaining the total porosity and its distribution in different pore ranges.

CEM I samples

Full immersion

The pore size distribution in the surface layer of CEM I mortar samples exposed to 12 months of full immersion in the 15 g/L Na2SO4 solution is illustrated in Figure 3.66 for w/c = 0.6. The initial state represents the pore size distribution of samples after 90 days of cure in water whereas the final state represents the pore size distribution after 12 months of ESA. The pore volume of M I-0.6 samples decreased due to ESA and the main variations occurred in pores located below 1000 nm. In fact, it is believed that ettringite forms in pores less than 0.1 𝝁m (100 nm) [3]. The variations of the pore volume in different pore ranges are better illustrated in Figure 3.67. The pore diameters were classified into five different zones according to the pore volume variations during ESA. Based on this, the percentage of porosity was determined in each zone at each experimental time interval. From Figure 3.67 we can see that the major decreases in porosity occur between 43-2000 nm. The percentage of porosity in this zone decreased from 33.94% before ESA to 21.48% at the end of the attack. The 43-2000 nm pore range is within the gel and capillary pores which suggest that the changes are caused by the precipitation of ettringite in addition to the possibility of having dissolution of CH. On the other hand, the increase in the porosity between 2000-15000 nm after ESA (5.29% before ESA to 10.51% after ESA) can be related to the formation of microcracks and loss of material especially near the final weeks of the attack [3,[START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF]. M I-0.6 samples suffered severe degrees of macroscopic damage, exhibited high rates of expansion and experienced important mass loss and significant decrease in mechanical strength. All these aspects are consistent with the changes in pore volumes which reflect the presence of an affected microstructure due to sulfate ingress.

The increase in the porosity within the 2000-15000 nm range from 5.29% at the initial state (before ESA) to 10.51% after 12 months of ESA can be attributed to two different processes. The CH dissolution occurring within the 2000-3000 nm range and the formation of microcracks in the 3000-15000 nm are both responsible for the important increase in porosity observed between 2000-15000 nm (see Figure 3.65).

The pore size distribution of M I-0.45 prisms is presented in Figure 3.68. The changes were not so significant when compared to samples mixed with higher w/c ratio. The variations in the pore volume in different pore ranges illustrated in Figure 3.69 did not witness major decreases or increases during 12 months of ESA. The effect of w/c ratio on the pore size distribution before and after ESA is illustrated in Figure 3.70 for samples mixed with CEM I and placed in full immersion. Only the initial (before ESA) and final (after ESA) states are presented and compared. M I-0.6 samples experienced a significant drop in pore volume between 43-2000 nm. On the other hand, the variations in pore volume for M I-0.45 prisms showed a slight decrease was observed between 3.7-6 nm caused by filling the gel pores with expansive products without causing serious damage. The porosity percentages distributed into the different pore ranges (see Figure 3.71) confirmed that the changes in microstructure were more important in CEM I samples mixed with high w/c ratio. For example, the porosity distribution remained almost the same before and after ESA in the case of M I-0.45. Very small decreases were spotted from 3.7 nm all the way till 2000 nm. Between 2000-15000 nm, the porosity increased from 10.06% to 14.6% which is related to the formation of minor microcracks.

The changes observed in M I-0.6 samples were relatively more important especially between 43-2000nm. The porosity decreased by 28% at this level and this is attributed to expansive products precipitation especially ettringite. From this comparison between two mixes made with same cement but different w/c ratio it can be concluded that the influence of w/c ratio is clear which is consistent with the previous results (visual inspection, mass, expansion, compressive strength and WAPT) that proved the importance of using a lower w/c ratio in order to improve resistance against ESA. 

Semi-immersion and drying/wetting cycles

The evolution of the pore volume as a function of pore diameter for CEM I samples made with both w/c ratios during semi-immersion is shown in Figure 3.72. The variations at the initial state (before ESA) and final state (after ESA) are the ones presented.

The porosity distribution in different pore ranges is presented Figure 3.73. Once again, a major decrease in the zone between 43-2000 nm was observed especially with M I-0.6 samples with the porosity percentage in this zone going from 33.94% down to 21.46%. As stated previously, this decrease within the gel and capillary pores is most likely related to ettringite precipitation. Similarly to full immersion, M I-0.45 samples experienced an increase in macropores between 2000-15000 nm attributed to formation of microcracks. The results confirm that whether in full immersion or semiimmersion, increasing w/c ratio from 0.45 to 0.6 lead to more damage to the microstructure due to ESA. The pore size distributions for M I-0.45 and M I-0.6 samples subjected to continuous drying and wetting cycles are illustrated in Figure 3.74. The trends exhibited by these samples in full immersion and semi-immersion were similar to the ones found during drying/wetting cycles. Major decreases in pore volume and porosity were identified between 43-2000 nm for M I-0.6 samples (from 33.94% to 25.44%) in addition to an increase in macro-porosity (between 2000-15000 nm) for both w/c ratios (see Figure 3.75).

Similarly to full immersion, M I-0.6 mortar samples exposed to semi-immersion and drying/wetting cycles experienced a significant increase in the porosity in the 2000-15000 nm range from 5.29% (before ESA) to 15.66% (semi-immersion) and 13.31% (drying/wetting cycles) after ESA. As previously stated, this increase is explained by the dissolution of CH within the 2000-3000 nm range and formation of microcracks from 3000 to 15000 nm (see Figure 3.65). The MIP results of CEM I based mixes were directly influenced by the w/c ratio rather than the exposure condition. Independently from the type of accelerated ESA, compositions made with higher water content experienced significant drops in pore volume in a zone located between 43-2000 nm. This confirms that the resistance of mortar to sulfate ingress decreases by increasing the w/c ratio from 0.45 to 0.6. Moreover, the results in this section proved that the main variations in the pore structure during ESA occur within gel capillary pores and CH dissolution range. These findings are consistent with some studies [3,[START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Mather | A discussion of the paper "theories of expansion in sulfoaluminate-type expansive cements: Schools of thought[END_REF][START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF][START_REF] Schmidt | Physical and microstructural aspects of sulfate attack on ordinary and limestone blended Portland cements[END_REF][START_REF] Nielsen | Investigation of resistance of cement paste to sulfate attack[END_REF] highlighting that during ESA most of the expansive products (ettringite and/or gypsum) are found to form in gel and capillary pores that are located within the 1 to 1000 nm range. In addition the variations could be linked to CH dissolution happening in 2000-3000 nm range and the cracks appearance in 3000-15000 nm range [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack III. Sulfate-resisting portland cement: Reactions with sodium and magnesium sulfate solutions[END_REF].

Based on previous studies [START_REF] Irassar | Microstructural study of sulfate attack on ordinary and limestone Portland cements at ambient temperature[END_REF][START_REF] Mather | A discussion of the paper "theories of expansion in sulfoaluminate-type expansive cements: Schools of thought[END_REF][START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF][START_REF] Schmidt | Physical and microstructural aspects of sulfate attack on ordinary and limestone blended Portland cements[END_REF], the presence of ettringite in more dominant than gypsum within the gel and capillary pores.

Due to this, we suggest that the changes in microstructure suffered by CEM I samples (especially M I-06) and recorded at surface layer are caused by ettringite crystals that developed between 23-2000 nm. This explains the aggressive loss of material and surface scaling visually observed on M I-0.6 prisms after 12 months of ESA. This suggestion is consistent with a previous study [3] performed on mortar samples (size 4⨯4⨯16 cm 3 ) where the transformation of the majority of AFm phases into ettringite was found to take place in the surface layer. This phenomenon was attributed to the presence of excessive amounts of sulfate ions penetrating from the exterior solution and accumulating in the surface [3]. Nielsen [START_REF] Nielsen | Investigation of resistance of cement paste to sulfate attack[END_REF] found that during a sodium sulfate attack, the surface layer directly exposed to sulfate ingress is more susceptible to suffer major microstructural changes caused by ettringite precipitation in gel and capillary pores as well as the initiation and development of micro-cracks [START_REF] Mehta | Concrete: structure, Properties and materials[END_REF].

Concerning CH dissolution, it can cause an increase in porosity between 2000 -3000 nm (see Figure 3.65). The increase in the pore volume at pores larger than 2000 nm (2 µm)) was observed with both w/c ratios and the three exposure conditions. This is directly related to the formation of microcracks due to expansion and to the CH dissolution. It is believed that the microcracks start to develop in a pore range of few microns [START_REF] Diamond | Microstructure of cement-based systems/Bonding and interfaces in cementitious materials[END_REF].

The effect of the exposure conditions on the porosity distribution is studied by taking the case of M I-0.6 samples (see Figure 3.76). The porosity at the initial state is compared to the porosity at the final state for each exposure condition. Similar trends were observed and the decrease in pore volume between 43-2000 nm was maintained regardless of the exposure condition. Also, the final percentages of porosity reached at the final state after ESA were almost identical (21.48% for full immersion, 21.46% for semi-immersion and 25.44% for drying/wetting cycles). This confirms that the kinetics of the attack and behavior of the pore structure post ESA are not highly dependent on the type of exposure. The most influencing parameters are the w/c ratio and type of cement. 

Pore volumes measured by MIP and Water Accessible Porosity Test (WAPT)

The application of both methods in this present study to characterize pores makes it interesting to compare the pore volume results obtained by each technique in order to better understand the effects of sulfate ingress on the pore structure and sizes. The water accessible porosity test (WAPT) represents the variations in the total porosity inside a material based on hydrostatic weighing whereas MIP gives more indications about the pore volume variations and pore size distribution.

In this study, MIP was performed at the level of the surface based on this a comparison between both WAPT and MIP cannot be performed. However, it seemed interesting to evaluate and analyze the differences in the porosity values obtained by both methods.

Only CEM I based mixes were evaluated in this section because they suffered most of the damage due to ESA. The total porosity values measured by MIP and WAPT before (initial) and after (final) ESA are presented in Table 3.1 and Table 3.2. The values varied between both techniques as the total porosity measured by WAPT significantly increased after an extended period of exposure to ESA for both w/c ratios and with all exposure conditions. However, the total porosity measured by MIP followed a completely different trend since it decreased due to the reduced pore volume caused by the precipitation of ettringite especially in samples mixed with w/c = 0.6.

The porosity values obtained by MIP for w/c = 0.45 almost remained stable with very minor decreases which was expected and at the same time consistent with the pore size distribution results. For example, in the case of M I-0.6 samples the porosity measured at the initial state by WAPT was 35% higher than the one computed by MIP.

The MIP and WAPT results recorded for M I-0.45 and M I-0.6 mortar samples confirmed once again that the resistance against ESA decreased by increasing the w/c ratio from 0.45 to 0.6. The minor changes in the porosity of M I-0.45 samples measured by MIP showed that this type of CEM I mix was not severely affected by ESA.

On the other hand, the important decrease in the porosity of M I-0.6 samples obtained by MIP confirmed the previous results (expansion, mechanical properties, etc) and showed that this mix had a poor performance during ESA.

The significant increase in porosity measured by WAPT for M I-0.6 samples were in accordance with the macroscopic behavior of these mortar samples that experienced total damage with development of cracks and loss of material. The increase in WAPT porosity observed in the case of M I-0.45 was associated with less signs of visual deterioration since these samples remained almost intact after ESA. This analysis confirms the expansion results for M I-0.45 that showed that the increase in the ESAinduced expansion was delayed and began after 12 months of expansion.

It is worth mentioning that huge differences between the porosity measured by WAPT and MIP were also found in previous studies [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF][START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF]. This was attributed to the fact that the total porosity measured by WAPT is overestimated especially when used with samples containing water soluble minerals [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF].

The WAPT technique consists in applying a saturation phase at low pressure (40 mbar) which leads to the dissolution of minerals. As a result the measured total porosity increases. Moreover, the microcracks formed during the attack could be another potential reason to obtain important porosity values with the WAPT method. Based on this, it seems difficult to characterize the pore structure via WAPT even if it is considered as an easy and rapid method to reflect the amount of pores in cement based materials.

Pore size distribution of CEM III and CEM II/B samples

The pore size distribution of mortar samples fabricated with CEM III is presented in Figure 3.77 for w/c = 0.45 and in Figure 3.78 for w/c = 0.6. For both cases, the pore size distribution at the initial state is compared to the one at the final state for full immersion and semi-immersion.

The pore volume variations at the end of ESA (final state) were similar for fully immersed and partially immersed samples. A very low decrease in the pore volumes located between 10-100 nm was observed which can be explained by the beginning of formation of expansive products without leading to any sort of damage to the microstructure.

The same trend was observed with samples made with w/c = 0.6 for both exposure conditions but with more variations especially with the 3.7-6 nm range. The small changes in the pore volume experienced by CEM III samples (M III-0.45 and M III-0.6) after 12 months of ESA confirm that the microstructure along the surface layer was not affected by sulfate ingress. This is correlated to the expansion, mass and mechanical properties results as well as the visual inspections that altogether marked out the good performance of CEM III during ESA.

The CEM II/B samples made with w/c = 0.45 and exposed to semi-immersion for 12 months showed an increase in the pore volume between 3.7-80 nm (mainly gel pores) (see Figure 3.79). The increase is due to decalcification of inner C-S-H which provides higher capacity to accommodate for the precipitation of expansive products which is correlated to the low expansion values and good performance of these mixes.

On the other hand, the MIP results of M II/B-0.6 samples (see Figure 3.80) showed that the pore volume variations after ESA were almost identical for both exposure conditions. The increase in pore volume between 24-80 nm was directly followed by a decrease in the zone between 80-2000 nm. As previously mentioned, the higher gel pore volumes allows the expansive products to precipitate without causing excessive stresses and destructive expansion whereas the decrease is directly related to the presence of ettringite that forms within capillary pores. If we correlate the MIP results of CEM III and CEM II/B based mixes to the expansion, mass, mechanical properties, porosity (WAPT) and visual inspection results, there is a clear indication that the changes in pore volume observed in this section do not reflect major deteriorations in the microstructure.

The CEM III and CEM II/B mortar prisms remained visually intact and exhibited very low expansion rates as well as minor drops in mass, porosity and mechanical strength. This necessarily means that the microstructure is still in a good condition without eliminating the possibility of having some changes taking place that did not lead till now to any major complications or deterioration inside the material.

The results presented in this section shows that the addition of slag and fly ash reduced the harmful impacts induced by sulfate ions on the microstructure.

Contrary to CEM I samples that showed significant decreases in pore volume in the range below 2000 nm, CEM III and CEM II/B mixes had decent and even higher gel and capillary pore volumes. This suggests that ettringite was able to precipitate in gel and capillary pores of CEM III and CEM II/B samples without causing excessive expansion stresses and damage. As a result, the microstructure remained intact and the samples did not experience severe signs of deterioration.

The effect of the type of cement on the changes in the microstructure is illustrated in Figure 3.81 by comparing the porosity percentages distribution in different pore ranges before and after ESA. The three types of cement used in this study (CEM I, CEM III and CEM II/B) made with w/c = 0.6 and exposed to full immersion in the Na2SO4 solution were selected to do the comparison.

The decreased pore volume between 43-2000 nm is more significant in the case of M I 0.6 samples (Fin-I-0.6-Imm). For M III-0.6 and M II/B-0.6 samples, the changes were not so evident. Based on this, we suggest that CEM III and CEM II/B are more resistant to ESA than CEM I which is absolutely consistent with the previous conclusions obtained in this study. The increase in porosity within the 2000-15000 nm range observed with M I-0.6 samples exposed to full immersion and semi-immersion is related to CH dissolution and development of microcracks.

On the other hand, this trend was not observed in the case of M III-0.6 and M II/B-0.6 where the porosity between 2000-15000 nm slightly decreased both in full immersion and semi-immersion. This behavior experienced by the blended cements mixes prove the importance of adding slag and fly ash in order to resist better to ESA. Also, it confirms the visual inspections results for M III and M II/B where no visible signs of cracks were observed on the surfaces.

It seems that the main changes in the microstructure occur between 43-2000 nm which are pore ranges consistently within the gel and capillary pores where ettringite precipitation occurs. Very high expansion rates have been reached by M I-0.6 samples (2.53%) after 12 months of full immersion in the Na2SO4 solution. This means that the presence of ettringite is very dominant and that the calcium released during CH dissolution (2000-3000 nm) and decalcification of CSH in the range between 3.7-100 nm reacted with aluminum and sulfate ions to produce more ettringite in the system. It is worth noting that the pore volume of CEM III-0.6 samples and CEM II/B-0.6 between 3.7-24 nm was higher than the pore volume of CEM I-0.6 samples due to the differences in the pore structure between the types of cements.

The addition of slag or pozzolans decreases the permeability and pore refinement which improves the resistance against sulfate ingress [START_REF] Hansen | Attack on Portland Cement Concrete by Alkali Soils and Water-a critical review[END_REF].

Furthermore, the presence of higher porosity between 3.7-24 nm (gel pores) gives the samples enough space to accommodate the expansive products which delays the initiation of expansion and protects the material against ESA.

The MIP results at the final state for CEM I, CEM III and CEM II/B partially immersed samples are presented in Figure 3.82. The changes in porosity percentages followed the same trend of fully immersed samples by showing the importance of adding slag or fly ash into the cement mix in order to improve the durability against ESA. The porosity percentages distributed along the five selected pore diameter zones showed once again that the decrease in porosity in the surface layer, especially for capillary pores, was more significant in samples made with CEM I. The CEM III and CEM II/B samples did not experience significant changes in the percentages within the capillary pores range. The influence of the exposure condition was not evident and the main factors affecting the microstructural behavior of samples during ESA were the chemical composition of the cement and the w/c ratio. 

Subconclusions

The pore size distribution results of the mortar samples exposed to ESA allows concluding that:

-The changes in the microstructure caused by sulfate ingress are much more significant in mortar samples mixed with CEM I and high w/c ratio.

-The major changes in the pore volume at the level of the surface of the sample occur between 43-2000 nm. The pores located within this zone are gel and capillary pores where ettringite is found to precipitate. In addition, CH dissolution that promotes more ettringite formation occurs between 2000-3000 nm which explain the increase of this range of porosity during ESA. Based on this, the decrease in porosity experienced by M I-0.6 samples is believed to be caused by ettringite precipitation.

-Mortar samples mixed with CEM III and CEM II/B witnessed some changes in the pore size distribution after ESA. However, the microstructure was able to accommodate the precipitation of expansive products and as a result crystals did not induce obvious expansion and damage. 

SEM Analysis

The SEM micro morphology of mortar prisms before and after exposure to full immersion (after 12 months) is presented in this section. The SEM analysis combined with EDS was performed in order to locate the presence of sulfate bearing phases in the surface layer of M I-0.6 mortar samples.

The comparison of the microstructure between a sound and affected mortar sample exposed to full immersion in the Na2SO4 solution given by SEM technique is illustrated in Figure 3.83.

The images and spectrum obtained by this investigation technique (Figure 3.83) showed ettringite deposits in the fully immersed sample. The images also revealed the presence of important microcracking within the cement matrix. These observations are consistent with the expansion results presented previously where M I-0.6 Imm samples exhibited high expansion rates which can explain the presence of micro-cracks. The SEM images coupled with EDS spectrums qualitatively confirmed the presence of ettringite in the pores of the paste matrix of M I-0.6 mortar samples during exposure to full immersion with a precipitation in form of tiny crystals. According to the EDS spectra the expansive products were calcium, sulfur, aluminum, silicon and traces of other elements.

On the other hand, the presence of AFt was not identified by SEM technique in the case of CEM III and CEM II/B mixes after 12 months of ESA. These results do not eliminate the possibility of having coexistence between ettringite and gypsum inside pores. However, the application of SEM technique in this part of the study showed that in full immersion the presence of ettringite is more dominant than gypsum.

SEM observations correlate with the length changes monitored on M I-0.6 mortar samples and prove that ettringite is the main phase causing expansion during exposure to ESA. The development of microcracks is related to the growth of ettringite within confined pore spaces inside a supersaturated solution which induces stresses much higher than the tensile strength of the sample.

Coupling between expansion and macroscopic behavior

The macroscopic degradation detected by visual examination on M I-0.6 bars was correlated with the expansion rates. The damage suffered by M I-0.6 samples in the form of surface damage, wide cracks appearing at the edges, material crumbling spotted at the edges and material loss at the corners was consistent with the significant percentage of expansion recorded at the end of the experimental study. This proves that the expansion should be associated with the quantification of cracks in order to get an indicator on the durability of cement based materials exposed to ESA. It can be said that expansion measurements can be used to confirm the visual observations and vice versa.

In addition, the length measurements confirmed the visual inspections as the rate of expansion did not exceed 0.5% after 48 weeks of ESA. Overall, the response to ESA in full immersion, semi-immersion and drying/wetting cycles was directly influenced by the water content in mortar.

The expansion results of mortar bars M-0.6 were associated to the macroscopic behavior observed at the end of the exposure period (see Figure 3.84). The type of the accelerated attack directly influenced the macroscopic degradation process experienced by the samples. Fully immersed bars (M I-0.6 Imm) were completely destroyed and broken into two parts whereas partially immersed samples (M I-0.6 Semi-Imm) did not break but were heavily damaged at the extremities with visible cracks and loss of particles. On the other hand, large macro cracks appeared on the surface of samples exposed to wetting/drying cycles (M I-0.6 Cycles). These cracks expanded in all directions which resulted in a complete deterioration.

The comparison between the three types of degradation observed on the M I-0.6 mortar prisms clearly shows that the type of the exposure condition has an important influence on the macroscopic behavior that varied between complete breakdown (M I-0.6 Imm), deterioration at the extremities (M I-0.6 Semi-Imm) and development of multi directional cracks (M I-0.6 Cycles). 

Coupling between expansion and WAPT

The correlation between expansion and total porosity measured by hydrostatic weighing is given in Figure 3.85. In phase 1 (from 0 to 30 weeks), mortar samples mixed with w/c = 0.6 exhibited low expansion and at the same time they experienced a major decrease in the total porosity percentages followed by a sudden increase especially near the end of stage 1. This means that during this time period the expansive products started to precipitate inside the cement matrix which generally leads to filling pores and voids. The sudden increase in porosity observed afterwards is associated to the development of microcracks and this is a clear indication that the precipitation of ettringite and/or gypsum started to generate excessive expansive stresses inside the material. In stage 2 (between week 30 and week 40), noticeable increases in expansion were recorded coupled with higher porosity percentages. The expansive strength exceeded the ultimate tensile strength of mortar samples and the presence of microcracks started to be more harmful. In the third and final stage (after week 30), the expansion reached peak values (around 2.5% for M I-0.6 Imm) and the total porosity continued to increase which refers to the complete destruction and failure of the samples. 

Coupling between expansion and compressive strength

The relationship between the evolution of expansion and compressive strength development of M I-0.6 mortar samples is shown in Figure 3.86.

An increase in strength was observed after 12 weeks of exposure with all conditions followed by a significant decrease near the end of stage 1. This behavior is consistent with the changes in total porosity and is attributed to the precipitation of expansive products in voids and capillarity which increases resistance against compressive strengths. However, the development of microcracks and formation of more pores and voids lead to a strength regression that continues and becomes more significant near the final weeks of exposure of mortar samples made with w/c = 0.6 that were completely destroyed. Samples made with CEM III and CEM II/B showed minor expansion values, little mass loss, high levels of compressive strength and tensile strengths as well as moderate total porosity change. Moreover, a high pore volume was detected within gel and capillary pores (below 100 nm) which increased the resistance against sulfate ingress by delaying the initiation of expansion caused by ettringite precipitation. The visual inspections after ESA confirmed the macroscopic and microscopic results by showing zero signs of decohesion, surface scaling, serious cracks or loss of material.

The good performance exhibited by these mixes containing slag and fly ash is directly related to the low CaO and Al2O3 content which reduces the severity of ettringite and/or gypsum formation. Moreover, the presence of supplementary cementitious materials decreases permeability and CH presence in the hardened cement paste [START_REF] Cao | The effect of cement composition and pH of environment on sulfate resistance of Portland cements and blended cements[END_REF] which slows down sulfate ingress in to the cement matrix.

On the contrary, CEM I based mixes were less resistant to sulfate penetration and showed (after 12 months of ESA) visible signs of deterioration with significant surface scaling, loss of material and development of wide cracks on the top and side surfaces. CEM I prisms reached high expansion of about 2.5% (average for the three exposure conditions) after 12 months of monitoring. In addition, the losses in mass, compressive strength, flexural strength recorded at the final weeks were significant.

In parallel, the total porosity obtained by WAPT highly increased which correlates with the major drop in compressive strength caused by the loss of binding properties and aggressive sulfate penetration during the final stages of the attack before reaching complete failure. The major decreases in the pore volume observed at the surface layer mainly occurred between 43-2000 nm (gel and capillary pores). This is attributed to the presence of ettringite that forms within gel and capillary pores as well as CH dissolution.

The increase in the volume of macropores (between 2000-15000nm) is related to development of micro-cracks resulting from expansion and CH dissolution.

The results obtained by MIP technique cannot exactly define which phenomena takes place in each pore range. However, they can provide a qualitative understanding of the changes in the microstructure at the surface layer of mortar samples. However, the SEM images helped in identifying the presence of ettringite as the main phase formed at the surface layer.

The macroscopic and microscopic responses of mortar prisms to ESA showed that the kinetics of sulfate ingress are directly influenced by the type of cement and w/c ratio more than the type of exposure to ESA. It was difficult to rank the accelerated attacks or choose the most damaging because all investigation techniques used in this study showed signs of damage especially in the case of mixes made with CEM I and w/c = 0.6.

Based on the overall results obtained on mortar samples, the following conclusions were obtained:

-CEM I cement is considered less resistant to ESA compared to CEM III and CEM II/B. -The pore structure of CEM III and CEM II/B mixes includes less capillary pores which decreases permeability and prevents excessive sulfate penetration into the cement matrix. -It is believed that the addition of slag and fly ash leads to important consumption of CH and more C-S-H formation which reduces permeability [START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF]. This process increases gel pores and allows sulfate bearing phases to precipitate without inducing excessive expansion stresses. -Mixing mortar with low w/c ratio (0.45) improves the performance during ESA.

The reduced w/c ratio leads to a better macro-structural and micro-structural performance against ESA. For the same type of cement, mixes made with reduced w/c ratio experienced limited sulfate ingress and therefore less damage. For example in the case of CEM I, mixes with w/c = 0.45 behaved better than mixes with w/c = 0.6 by showing moderate expansion rates, slight mass loss variations, better mechanical resistance against induced stresses and less total porosity. At the microstructural level, the changes in the pore volumes were limited compared to the ones observed in the case of w/c = 0.6. -The sulfate penetration kinetics is not influenced by the type of exposure to ESA.

For the same type of cement and w/c ratio, the three exposure conditions studied in this thesis (full immersion, semi-immersion and drying/wetting cycles) lead to very similar responses when evaluating expansion, mass, mechanical properties, WAPT porosity and MIP results. It is difficult at this stage to make a preference and decide which one is better than the other. However, each type of exposure leads to a specific type of degradation. -The expansion mechanism occurs following a three stage behavior. In stage 1 expansive products precipitate in large voids without inducing important expansion (expansion remains low and stable). In stage 2 ettringite and/or gypsum start to generate excessive stresses due to expansion. In the third and final stage the expansion becomes harmful and causes the development of micro cracks, strength loss and formation of macropores which lead to failure. -The changes in mass follow a two stage behavior. Stage 1 with little mass gains caused by the sulfate uptake inside the material and formation of swelling products. Stage 2 includes significant mass loss especially in the middle and final phases of ESA caused by the coexistence of calcium leaching and dissolution of CH and decalcification of C-S-H which damages the material [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF].

-The total porosity computed by WAPT method is correlated to the compressive strength variations. Both follow a two stage behavior. In the first stage the compressive strength increases whereas the porosity decreases. This is related to the filling of pores and capillaries of hardened pastes due to the effect of expansive forces exerted by sulfate attack products and sulfate crystallization pressure on pore walls. This process increases compressive strength and reduces total porosity. In the second stage, the compressive strength significantly drops and in parallel total porosity increases. The compressive strength decreases due to the formation of micro cracks that expanded and caused scaling of the attacked surface. The high porosity and low compressive strength observed especially with M I-0.6 samples at the end of the attack are consistent with the severe macroscopic damage observed in this case and indicate that ESA-induced expansion produced new pores inside the material. -The continuous decrease in tensile strength experienced by CEM I based mixes is caused by a significant drop in the overall mechanical strength which is correlated with expansion results especially for M I-0.6 mixes that experienced high expansion rates. -The MIP results showed that the major changes in the porosity and pore volume distribution monitored at the surface layer occur in zones belonging to the gel and capillary pore ranges. These findings correspond to the results highlighted in previous studies [4,[START_REF] Lothenbach | Sulfate ingress in Portland cement[END_REF][START_REF] Monteiro | Empirical Models to Predict Concrete Expansion Caused by Sulfate Attack[END_REF] stating that at the surface layer of a cement based material exposed to ESA, ettringite is the main product to form in gel and capillary pores. The dissolution of CH taking place provides more ettringite in the system. -The SEM images coupled with EDS spectrums examined the sulfate bearing phases present at the surface layer of M I-0.6 samples exposed to full immersion.

The results confirmed that in full immersion, the presence of ettringite was qualitatively confirmed. This presence caused expansion followed by initiation of cracks and spalling.

Reinforced concrete structures

As stated in the previous chapter, one of the main objectives of this experimental program is to examine the effects of ESA in RC structures. To perform such study, two main parameters are considered: i) the evolution of the bond behavior between concrete and reinforcing steel bars during ESA and ii) capacity of reinforcing bars to restrain ESA-induced expansion. For this second concern, only longitudinal rebars are considered, and consequently only the expansion in the direction of these rebars is studied (confinement effect of stirrups is not tested). To carry out experimental investigations, specific RC specimens made with CEM I were constructed. Specimens used to monitor changes in length were casted considering two concretes mixes which differ in their w/c ratios (0.45 and 0.55) whereas only one concrete mix (w/c = 0.45) was used for samples devoted to bond characterization. First group of RC specimens (expansion) were placed under full immersion in a 15 g/L Na2SO4 solution whereas the RC specimens used to undergo direct pull-out tests were fully immersed in a more aggressive sulfate solution containing a higher Na2SO4 concentration (30 g/L).

Expansion results

As described in chapter 2, several pins were glued on faces of RC samples to follow their ESA-induced expansion. Schemes of pins locations are provided as companion illustration of figures presenting experimental results (i.e. Figure 3.88 and Figure 3.92). Three main sets of generating line (each created by a pair of pins) are considered in the pins location scheme:

-i) generating lines to monitor longitudinal expansion near the longitudinal rebar (namely generating lines F1-a, F1-b, F2-d),

-ii) generating lines to monitor longitudinal expansion far from the longitudinal rebar (F2-c and F3-a) and -iii) generating lines to directly monitor transverse expansion (F1-c and F3-b) plus generating lines to monitor the ratio between longitudinal and transverse expansion (F2-a and F2-b). These later are not analyzed in this section but the measured values are provided in the annexes of the document.

All the experimental results of longitudinal expansion near the rebar (F1-a, F1-b, F2-d) are illustrated in Figure 3.87. As expected, for a considered specimen (RC-I-0.45 or RC-I-0.55), these results show similar experimental values whatever the face of measurement (distance between the rebar and the generating lines is identical for all these generating lines). It is to note, but this was also expected, that a higher longitudinal expansion is measured for the specimen with higher w/c. This result is in accordance with the bibliography explaining that high w/c ratio which increases permeability allows for more sulfate ingress in to the cement matrix of the concrete structures and then speeds the kinetics of ESA [START_REF] Sahmaran | Sulfate resistance of plain and blended cements exposed to wetting-drying and heating-cooling environments[END_REF].

Results of the longitudinal expansion measured far from the rebar (F2-c and F3-a) are illustrated in Figure 3.88.

One more time, effect of w/c can be easily noticed. However, if these expansions measured on RC-I-0.45 are rather similar for the two faces, measures performed on face F2 of specimen RC-I-0.55 indicate a higher longitudinal expansion after 20 weeks of exposure than the ones recorded on its face F3. This result could not be attributed to a mechanical effect of the rebar as the location of the generating line F3-a is further away from the rebar than the generating line F2-c (potential restraining effect of the rebar should consequently be more pronounced on F2-c).

To study the restraining effect of longitudinal rebars (embedded at 30 mm from the generating lines F1-a, F1-b and F2-d), longitudinal expansion near or far from the rebars are plotted in Figure 3.89 and Figure 3.90 for samples RC-I-0.45 and RC-I-0.55 respectively. Considering that longitudinal expansions near the rebar are all similar whatever the face (F1 and F2) of a considered sample, a mean value is plotted in each figure. From Figure 3.89 (RC-I-0.45), it can be then observed that the restraining effect can be assumed as values measured far from the rebar are moderately higher than the one measured near the rebar. However, this effect is only observable after 22-30 weeks, suggesting that the restraining effect is only efficient for a certain level of ESA-induced expansion. Our two hypothesis seems to be confirmed by results presented in Figure 3.89: i) noticeable difference appears between values measured near or far the rebar (hypothesis of restraining effect) and ii) this difference appears at the (rather) same level of expansion obtained at the same exposure time as for specimen RC-I-0.45 (hypothesis of a threshold value for the restraining effect to be effective).

As the RC samples were not transversely reinforced (i.e. only longitudinal rebars), it was expected that transverse expansion follow the same expansion kinetics as longitudinal expansion measured far from the rebar. However, this hypothesis was tested by measuring all these kind of expansions through different generating lines (see Chap 2 and companion illustration of the Figure 3.92). Experimental results are plotted in Figure 3.91 and Figure 3.92 for samples RC-I-0.45 and RC-I-0.55 respectively. While behavior of RC-I-0.45 specimen was in accordance with the expected similar expansion in the two discussed directions (see Figure 3.91), specimen RC1-0.55 exhibited much more expansion in the transverse direction of the face 1 (0.35% in the generating line F1-c) than in other directions. This behavior is not explained. Globally the ESA-induced expansion behavior of RC-I-0.45 and RC-I-0.55 samples begins by a quite linear and monotone grow of expansion in all directions during a first exposure time of 22-30 weeks. After this period, a moderately higher kinetics of expansion is observed on RC-I-0.45 specimen in direction not affected by the restraining effect produced by the longitudinal rebar (F3-a and F2-c see Figure 3.88). A similar threshold is observed for specimen RC-I-0.55, but the second phase is then characterized by a more noticeable acceleration of the kinetic of the expansion measured in generating lines not affected by the restraining effect produced by the rebar (i.e. transverse: F1-c and F3-b plus longitudinal measured far from the rebar: F3-a and F2-c). These results substantiate the assumption that the presence of the steel bar ensures a mechanical reinforcement and protects the concrete cover zone from the degradation caused by ESA.

Apart from the influence of the reinforcing bar, the impact of the w/c ratio on the expansion was evident and confirmed in this section. Although, RC specimens exhibited lower rates of expansion compared to mortar samples, it was clear that increasing the w/c ratio from 0.45 to 0.55 caused more expansion during ESA which is in accordance with literature review and the results found with mortars concerning the effect of having a higher w/c ratio.

Characterization of the bond-slip behavior by pull-out test

The experimental study on the evolution of the bond behavior between concrete and reinforcing steel bars during ESA was performed by performing pull-out direct test. The procedure to perform the test was previously listed in details in section 2.5.7. The test was carried out on RC blocks (6 x 10 x 12.5 cm 3 ) made with CEM I and w/c = 0.45 (RC I-0.45) before and after 8 months of exposure to the accelerated ESA (no tests were performed at intermediate duration). The failure modes of the pull-out specimens are shown in Figure 3.93 (before ESA) and in Figure 3.94 (after ESA).

These figures clearly indicate that concrete failed by splitting. The splitting forces generate cracks growing from the rebar to the edge. These cracks heavily affected the confinement action and forced the reinforcing bar to pull-out of the specimen.

Raw curves of the bond force-slip relations obtained before and after exposure to accelerated ESA are illustrated in Figure 3.95. As a first result, it can be noticed that a large scattering of experimental results was obtained. However, as the initial large slip observed for the RC-I-0.45-1 and RC-I-0.45-3 at the very initial stage of the loading was attributed to an experimental bias relating to sensor installation (contact surface board not perfectly perpendicular to the LVDT), curves are corrected from this measurement error assuming: i) the same slip for all RC-I-0.45 specimen at initial stage (up to 3 MPa)and ii) that values recorded with RC-I-0.45-2 at initial stage are error free.

Moreover, the behavior exhibited by RCI-0.45-1 before ESA was typically representative of the results obtained in previous studies when the rebars rubs on some metallic part of the set-up creating then frictional forces acting against the slip of the rebar. Then, this result is considered unrepresentative and is removed from the experimental data base. Finally, the corrected curves representative of the pull-out test results are illustrated in Figure 3.96. Additionally, the average values of the ultimate capacity, bond strength and the compressive strength before and after exposure to accelerated ESA are listed in Table 3.3.

From Figure 3.96, it can be noticed that the bond capacity of the samples decrease after 8 months of full immersion in the Na2SO4 solution. This result suggests that the concrete cover was affected by the presence of the expansive products of ESA and sulfate crystallization. However, companion compressive strength tests were performed at the time of pull-out test and their results are furnished in Table 3.3 where a slight increase in the average compressive strength from 54.8 MPa to 58.6 MPa can be noticed. This increase can be due to the continuation of hydration process and to the presence of ettringite, gypsum and sulfate crystals that filled the material pores which increased the overall density and, at the initial stage of the ESA, the compressive strength.

However, during pull-out test, if the load transfer from the rebar generates compressive stresses in the concrete bordering the load bearing area of the rebar, this pressure creates tensile hoop stresses that act like splitting forces. The splitting forces increase with the tension load of the rebar and finally lead to failure of the specimen. So, tensile strength is the important parameter that drives the pull-out capacity. When dealing with expansive products that filled the concrete pores, it is well known that an increase of compressive strength is not linked to an increase of tensile strength. It appears now that companion splitting tensile strength test would have furnished much more interesting data to analyse pull-out results. As previously underlined, many studies have been conducted to establish consistent accelerated sulfate tests that can be effective and representative of realistic cases of structures exposure [3,4,[START_REF] Messad | Mise au point d'un essai de vieillissement accéléré de l'attaque sulfatique externe pour l'application du concept de performance équivalente dans le cadre de[END_REF] in order to determine the resistance of concrete under sulfate exposure in an acceptable period of time.

Some of the developed tests were classified performance-based [3,4,[START_REF] El-Hachem | Multi-criteria analysis of the mechanism of degradation of Portland cement based mortars exposed to external sulphate attack[END_REF][START_REF] Sahmaran | Effects of mix composition and water-cement ratio on the sulfate resistance of blended cements[END_REF] because the effects of ESA were investigated by monitoring the expansion at a specific time and then correlating the findings with the composition and type of the exposed cementitious material. Based on the obtained results, the performance of concrete containing mineral additions was deemed better than Ordinary Portland Cement (OPC) concrete [183,[228][229][START_REF] Astm C | C 1012M Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution[END_REF]. It was concluded that replacing cement by blast furnace slag helped in increasing the resistance against ESA due to the low C3A content which results in less expansive reaction products [START_REF] Brown | The distributions of bound sulfates and chlorides in concrete subjected to mixed NaCl, MgSO 4 , Na 2 SO 4 attack[END_REF].

In the continuity of these works, the Perfdub organization which includes a wide range of French institutes has developed a national project in order to monitor the degradation caused by ESA on different types of concrete while studying the effects of the sample shape and concrete composition on the performance during the sulfate attack. The work presented in this chapter is part of Perfdub project with an experimental program applied following the recommendations of the project while introducing slight modifications on the acceleration method.

The tests were made on concrete samples cast as cylinders and prisms with different types of cement (four concrete mixes with CEM I, two concrete mixes with CEM III and one concrete mix with CEM II/B) and submitted to accelerated ESA. The effects of the accelerated attack are mainly studied by monitoring the physical changes of samples (expansion and mass). Also, the ESA-induced evolution of compressive strength was evaluated as well as the degree of saturation, the porosity and the chloride diffusion coefficient. To carry out this study, the samples were exposed to an accelerated performance test that can help in obtaining a relevant assessment within few weeks. The final objective is to highlight the effect of some parameters, relating to the material itself and to the external exposure environment, on the development of ESA in concrete: cement type (C3A content), w/c ratio, samples shape (cylinders or prisms), solution renewal frequency and Vsolution/Vsample ratio, pH of the solution, etc.

Experimental program 4.2.1. Materials and mix proportions

In this study seven different concrete mixes were tested (C1, C2, C3, C4, C5, C6 and C7) containing five types of cement referred in the following to as CEM I, CEM I-SR3, CEM I-SR5, CEM III and CEM II/B each type exhibiting a specific level of sulfate resistance according to the requirements specified in EN197-1 [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF]. Mixes proportions by mass are given in Table 4.1. For simplification purpose, the term Type I cements will be used in the discussion to refer to CEM I, CEM I-SR3 and CEM I-SR5 whereas Type III and Type V cements will be used to refer to CEM III and CEM II/B respectively. The compositions and characteristics of the cements used in this experimental work are listed in 

Samples geometries

Two different geometries of samples made of concrete mixes C1, C2, C3 and C4 were used to study the length and mass ESA-induced evolution. Thus, for each of these four concrete mixes, three prisms (7 x 7 x 28 cm 3 ) and three cylinders (with a diameter of 11 cm and a length of 22 cm) were used to conduct the previously mentioned measurements. However, for concrete mixes C5, C6 and C7, the length and mass changes were determined only on 3 prisms (7 x 7 x 28 cm 3 ).

Moreover, seven cylinders (11 cm diameter and 22 cm height) were cast for each studied mix, three to conduct the initial compressive tests, three to conduct the compressive tests at the end of the attack and one for water accessible porosity and chloride migration tests at the end of the attack.

Acceleration method

The accelerated protocol has been designed by Messad [125] to study the mechanisms of ESA on concrete mixes exposed to sodium sulfate solution with high concentration (8.9 g/L), constant pH and in duration of 12 weeks only. The conditions established in the study of Messad [125] for the application of the accelerated attack were followed: -The second type of expansion measurement, referred to as axial expansion in the following, was performed by measuring the evolution of the distance between pairs of discs located on the center of the bases of samples (see for example . This first kind of measurement was directly linked to expansion of the core of concrete sample.

The lateral surfaces selected to be equipped with pins were cleaned with acetone before bonding of the pins using a strong cold curing adhesive (X60). The discs located on the center of the bases of samples were placed before concrete pouring and were then inserted in the sample.

All samples made of concrete mixes C1, C2, C3 and C4, were equipped with pairs of pins located on lateral faces and pairs of discs located on bases (see Figure 4.2 for cylinders and Figure 4.3 for prisms).

As ever explained, only prisms were casted to study ESA-induced effects on concrete mixes C5, C6 and C7 (three prisms for each mix). The prisms made of these three mixes were not prepared to measure axial expansions as the required discs were not inserted at the top surfaces during the fabrication process. Then, only longitudinal expansion measurements were performed to follow length changes of samples.

Finally, -21 prisms were used to measure the longitudinal expansions of the seven concrete mixes (3 prisms for each mix). 12 of these prisms were equipped to measure the axial expansions of C1, C2, C3 and C4.

-12 cylinders were used to measure the longitudinal expansions of the concrete mixes C1, C2, C3 and C4 (3 cylinders for each mix). These 12 cylinders were also equipped to measure the axial expansions of C1, C2, C3 and C4. [START_REF] Roubin | A nonlinear meso-macro approach to modelling delayed ettringite formation and concrete degradation[END_REF] The length comparators were calibrated before each measurement. The solution in the baths was renewed every two weeks while maintaining the same sulfate concentration. The longitudinal and axial length changes were calculated using Equation 2.1 (where length change0 is the initial distance of the considered pair of markers: pins or discs).

Mass variation measurement

The mass variation of the concrete samples was regularly determined at the same day of performing the deformation measurements. The mass of considered concrete mix (C1, C2, C3, C4, C5, C6 or C7) was measured on three prisms to obtain a representative value and was also measured on three cylinders for mixes C1, C2, C3 and C4. Mass were measured using a balance with a precision of  0.01 g. Before weighting, the surface of the samples was dried up in order to avoid any measurements irregularities due to surface water. The mass of the samples (𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) was measured after pre-conditioning and just before immersion in the Na2SO4 solution.

The mass (𝑚 𝑡 ) was recorded every week until the end of the accelerated attack. The mass variation was calculated using Equation 2.2.

Residual compressive strength measurement

For each concrete mix, three cylindrical samples (with a diameter of 11 cm and a length of 22 cm) were devoted to the compressive strength test. The testing procedure followed the French standards [232]. The cylindrical samples were placed in an electrohydraulic compressive testing system with a capacity of 5000 KN and loaded until failure (see Figure 4.5). It should be noted that before the test, all cylinders were subjected to a surface treatment using a mechanical abrasion system in order to ensure an even distribution of the applied load. In this study, the values were recorded only before and after the completion of the exposure to sulfate (i.e. no intermediate results). The initial values (before ESA) were obtained at LMDC (Laboratory of materials and durability of constructions, Toulouse, France) whereas the final values (after ESA) were obtained at Ifsttar. 

Water accessible porosity test

The method of vacuum water absorption was used to determine periodically the porosity of the concrete samples. The porosity was obtained on small cylinders (diameter = 10 cm, height = 5 cm) cored from a bigger cylinder (ø=11cm and h= 22 cm). It is preferable to use small samples when testing the porosity in order to shorten the duration of the drying phase and the overall testing procedure. The applied water accessible porosity test was similar to AFPC-AFREM protocol [START_REF] Ollivier | Association française de recherches et d'essais sur les matériaux et les constructions[END_REF] and to the protocol followed in chapter 2 to measure the porosity of mortars samples.

It consists on putting the small concrete slices under vacuum of 30 mbars in vacuum water saturated container, evacuated for 4 hours, and then soaked for 44 hours while maintaining the same under vacuum. At the end of the test, the samples were completely considered as water saturated and the weight at saturation was recorded (𝑚 𝑎𝑖𝑟 ) in addition to the weight in water via hydrostatic weighing (𝑚 𝑤𝑎𝑡𝑒𝑟 ).

Later, the samples were left at a constant temperature of 105°C until weight stabilization (change in weight less than 0.05%) was reached (𝑚 𝑑𝑟𝑦 ) as recommended by AFPC-AFREM [START_REF] Ollivier | Association française de recherches et d'essais sur les matériaux et les constructions[END_REF]. The porosity was calculated at Ifsttar after the completion of the exposure to ESA using Equation 2.3 whereas the initial porosity values (before exposure to ESA) were obtained at LMDC.

Chloride migration test

The chloride migration test was one of the protocols proposed by Perfdub project to evaluate the effect of ESA on the transport properties of the tested concrete mixes. The non-steady-state migration test described in NT Build 492 standard [START_REF]Concrete, mortar and cement-based repair materials: chloride migration coefficient from non-steady-state migration experiments[END_REF] was applied on three small cylinders (d = 10 cm, h = 5cm) cored from the original cylinder (d = 11 cm, h = 22cm). A rubber sleeve was placed around the small cylinders in order to avoid moisture exchange through the curved surface of the cylinder and carbonation effects. Each sample was fixed inside a specific migration cell divided into two compartments. One of the compartement was filled with 10% sodium chloride (NaCl) solution (catholyte) while the other contained 0.3 M sodium hydroxide (NaOH) (anolyte). An electrode was inserted in each compartment and connected by a voltage system. The cathode was always connected to the negative pole whereas the anode was attached to the positive pole. An external electric voltage of 30 volts was directed towards the cylinders for ±24 hours. At the end of the test, the cylinders were split in two slices and silver nitrate (AgNO3) was sprayed on the surface [START_REF]Concrete, mortar and cement-based repair materials: chloride migration coefficient from non-steady-state migration experiments[END_REF]. The slices were left until the white precipitation referring to the penetration of chloride ions was identified. The depth of chloride (𝑋 𝑑 ) is the average of 7 different depth measurements. Even though the amount of C3A is low for concrete C2 (C3A = 1%) compared to concrete C3 (C3A = 4%), the expansion is more marked for this later, which allows to ask questions about the role of C4AF in the process of swelling. Indeed, the amount of C4AF is greater in the case of concrete C2 (C4AF = 15.0%) compared to that of concrete C3 (C4AF = 7.0%). Interestingly, the difference in the expansion rates for C2 and C3 mixes is explained by the variation in the C4AF content that is considered as another source of aluminates. The effect of (C4AF) should be studied in details in perspectives of this experimental work. The low amount of C3A in C2 and C3 can be considered as the main reason of the lower expansion rates obtained after 16 weeks of exposure to sulfates compared to the high expansion values reached by C1 having a high C3A content (8.6%).

Samples made with CEM III (C4) exhibit a final expansion value of 0.09% for prisms and 0.1% for cylinders after 16 weeks of immersion in the 8.9 g/L Na2SO4 solution and are still intact (i.e. no visible damages). As expected, the mixes containing CEM I had poor performance against ESA. This is likely attributed to the reactive aluminates (C3A = 8.6% and C4AF = 11.1%) available to react with sulfates favoring the formation of expansive products which confirms that the mix composition could affect the performance of concrete exposed to ESA. The important resistance shown by the CEM III based concrete samples (C4) is related to the decreased amount of Clinker (36%) even if the amount of aluminates is higher (C3A = 10.0% and C4AF = 8.0%). Through the addition of blast furnace slag, the calcium hydroxide content will decrease and can reduce the severity of ESA-induced expansion caused by the ettringite and/or gypsum formation. In addition, the use of CEM III cement in a concrete mix can decrease permeability and ultimately hold back the ingress of sulfates into the material. It was reported in previous studies [START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF][START_REF] Dean | Effects of C3A and mineral admixtures on the sulfate attack using ASTM C 1012[END_REF][START_REF] Freeman | Production of sulfate resistant concrete containing high calcium fly ash and sodium sulfate admixture[END_REF] that the permeability of the concrete mix plays a huge role in controlling ESA. The presence of mineral additions like blast furnace slag can reduces permeability due to the finer and better particle size distribution which improves the overall resistance against sulfate attack. Independently of the sample shape, a significant axial length change was observed for CEM I based mixes (C1, C2 and C3) at the end of the attack. The axial length changes for these mixes increased after 16 weeks of immersion in the sodium sulfate solution by maintaining the same order of magnitude for both prisms and cylinders.

More generally, it is then possible to conclude that the differences between the values of the axial length change reached by concrete prisms and those attained by concrete cylinders were not significant. The minor variations can be explained by the size effect of samples since the volume of cylinders (2 Liters) is higher than the volume of prisms (1.37 Liters). Also, the ratio of Surface area sample/Volume sample is much higher in the case of cylinders (0.36) compared to a ratio of 0.035 for prisms. This can lead to more sulfate ingress inside concrete cylinders, hence higher ESA-induced expansion. This can be illustrated in Figure 4.8 were results of axial length changes of prisms (red) and cylinders (black) are plotted all together. As previously observed with axial length changes, the longitudinal length changes of the CEM I based prisms (C1, C2, C3) were the most affected with an important increase of 0.16% for prisms and 0.13% for cylinders made of C1 at the end of the attack (it is to note that the axial length change of prisms and cylinders made of the same mix respectively reached values of 0.34% and more than 0.4% for the same attack duration). Considering measurement on prisms, it can be observed that until 13 weeks of contact with the test solution, the longitudinal length changes for C1 prisms were noticeably different from the rest of CEM I based samples. Contrary to the axial length change, the longitudinal length change of C1 prisms between week 0 and week 13 remained below that of C2 and C3. After 13 weeks of immersion, the longitudinal length change of C1 prisms highly increased to reach 0.16% that is the same value reached by C2 and C3 prisms.

This difference in behavior of C1 prisms with other CEM I based prisms (C2 and C3) is not a trend observed in cylinders where all CEM I based samples exhibit a roughly similar curve, even if the final longitudinal length change of C3 cylinder is slightly lower (0.1%) than the values of C1 and C2 cylinders (respectively 0.12 and 13%).

The longitudinal results obtained on cylinders for CEM I SR-5 (C3) show that this mix stays slightly around 0.1% after 16 weeks of immersion in the test solution. However, for prisms, C3 samples reach a longitudinal length change higher than 0.1% (0.14%) at week 16.

The length changes of C4, remained low (0.05% for prisms and 0.07% for cylinders) after 16 weeks of ESA and stayed within the same order of magnitude for the prisms or cylinders. This is due, as ever underlined when discussing results of axial length change, to the presence of slag at larger amounts (64%) and reduced amount of clinker (36%) that helped in reducing expansion caused by ESA.

Based on the results presented on this section, it can be stated that the shape of the sample does not have a significant impact on the conclusions that can be drawn concerning ESA resistance of a studied mix, even if slight differences can be observed concerning the kinetics of expansion during ESA.

Contrary to the results of axial expansion, the longitudinal length changes show that for the same concrete mix, the final values monitored on prisms after 16 weeks of ESA were relatively close and comparable to the ones obtained on cylinders. Based on this, the longitudinal expansion seems to be more relevant than axial expansion for studying the effects of ESA-induced expansion while using the same concrete composition but two different sample shapes. 

Comparison of axial vs. longitudinal length change for the assessment of ESA-induced expansion

The difference between axial and longitudinal length changes was not influenced by the sample shape. This can be illustrated in Figure 4.11 were both types of length changes (straight lines for longitudinal length change and dotted lines for axial length change) monitored on concrete prisms for C1, C2, C3 and C4 mixes are plotted all together. The results of the axial length change measurements are comparable to the results of the longitudinal length change. Here again, C1, C2 and C3 showed the highest expansion rates followed by C4. For mixes C2, C3 and C4, the evolution paths and values of axial and longitudinal length changes are very close to each other.

However, for C1, the axial length change recorded after 16 weeks of ESA (0.33%) is higher than the longitudinal length change (0.15%). As ever underlined when discussing the longitudinal length changes for both prisms and cylinders, the results were not highly affected by the shape of the sample. Moreover, the results in this section show that except for C1, the axial and longitudinal length changes are comparable for C2, C3 and C4. Based on this, the Perfdub project found it more interesting to monitor the ESAinduced expansion on the remaining concrete mixes (C5, C6 and C7) by recording only the longitudinal length measurements on concrete prisms. Exposure time (week)

ESA-induced length change of all concrete mixes: Study of the effect of the mix

The results of the longitudinal length change of concrete prisms for all concrete mixes used in this study are presented in Figure 4.12. Once again, the results show that mixes made with CEM I (C1, C2, C3 and C5) exhibit higher longitudinal length changes compared to the mixes containing mineral additions (C4, C6 and C7). It should be noted that the seven mixes have different w/c ratios (0.45 for C1, C2, C3 and C4 and 0.5 for C5, C6 and C7). The effect of w/c ratio will be discussed in section 4.4.1.

The For a better comparison between the tested concrete mixes, the expansion results recorded at the 16 th and final week of immersion are presented in Figure 4.13 in the form of histograms. Based on the overall expansion results, it seems that the CEM I based concretes are the less resistant to ESA when fully immerged in 8.9 g/L sodium sulfate solution. It is to note that the mass measurements recorded for C1, C2, C3 and C4 cylinders were comparable to the ones monitored on prisms with a significant increase in mass for CEM I based mixes especially C1. On the other hand, the decrease in mass for CEM III based mixes (C4) was more pronounced with cylinders rather than prisms. The mass uptake can be attributed to the significant amount of sulfates (SO4 2-) penetrating into the concrete samples and thus, producing new products ettringite and/or gypsum. For example, the molar volume of 1 mol of AFt is around 7.7 cm 3 /mol which is 2.3 times bigger than the volume of 1 mol of AFm (3.09 cm 3 /mol) [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF]. Ragoug [START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] pointed out that after 2 months of exposure to sodium sulfate solution; the mass content of ettringite (AFt phases) in an Ordinary Portland Cement (OPC) increased from 11% to 34% (see Figure 4.16 green section) whereas the complete dissolution of CH was related to gypsum formation (see Figure 4.16 red section). The low mass uptake experienced by some mixes may be owed to the tight pore structure found in concrete containing slag or fly ash [START_REF] Song | Estimation of the permeability of silica fume cement concrete[END_REF]238]. These results can be easily correlated with the expansion rates for a better explanation of the performance of concrete against ESA.

Figure 4.17 shows the evolution of longitudinal expansion as a function of the mass variation of C1 and C5 concrete prisms. A positive correlation exists between mass and expansion with R 2 coefficient of 0.98 for C5 and 0.85 for C1. As we can see, the increase in mass and expansion were not significant during the first stages of exposure to ESA since the swelling caused by the formation of ettringite and/or gypsum did not reach its full potential. The rate of longitudinal expansion suddenly increased and at the same time the mass uptake was more significant especially for both mixes. This can be attributed to the precipitation of ettringite and/or gypsum inside the pores which produces more expansion and weight gain in the samples. The increases in mass and expansion are indicators to the presence of harmful products inside the material as well as possible formation of micro-cracks that can allow sulfates to diffuse in large quantities into the system. In this research, the values of the compressive strengths, porosity and diffusion coefficient of Cl -were also measured in order to complete the investigation. The values of the three parameters were compared before and after the accelerated attack without having intermediate results. As previously mentioned, the initial values of compressive strength, water accessible porosity and diffusion coefficient of Cl -were obtained at LMDC before exposure to sulfates whereas the final values were recorded at Ifsttar after exposure to sulfates. The following sections are devoted to the presentation of the obtained results.

Compressive strength

Compressive tests are usually used to evaluate the concrete deterioration caused by sulfate attack. According to previous studies [START_REF] Marchand | Materials science of concrete: sulfate attack mechanisms[END_REF][START_REF] Boyd | The use of tension testing to investigate the effect of W/C ratio and cement type on the resistance of concrete to sulfate attack[END_REF][START_REF] González | Effect of limestone filler on the sulfate resistance of low C3A portland cement[END_REF], the performance of the concrete was quantified by the rate of decrease in residual strength. This type of testing performed on the cylinders was important at this stage of the study after 16 weeks of accelerated attack in order to have more data about the extent of damage not visible to the naked eye. Compressive strength before and after exposure to sodium sulfate are presented in This decrease can be correlated to the high expansion rates observed for this type of concrete which proves once again that C1 is the less performing when in contact with sulfates. The concrete cylinders used to perform the compressive strength test were placed in contact with the Na2SO4 solution directly after the 90 days cure in water.

During the exposure to ESA, three antagonist mechanisms take place and influence the compressive strength of the sample. First, the continuous hydration of concrete increases the density and overall strength of the sample. Second, during the progression of ESA, the pores are filled by the precipitation of ettringite and/or gypsum as well as the presence of sulfate crystals which increases the compressive strength. Finally, the expansion forces released by ettringite and/or gypsum and sulfate crystallization start to damage the pore walls and once these forces exceed the concrete's tensile strength, microcracks start to appear and the compressive strength drastically decreases [START_REF] Tian | Experiment Analysis of Concrete's Mechanical Property Deterioration Suffered Sulfate Attack and Drying-Wetting Cycles[END_REF]. For C2, C3 and C5 mixes, the compressive strengths recorded after 16 weeks of ESA indicates that the attack is still progressing without reaching the ultimate degradation phase. Based on this, the increase in compressive strength is explained by the second mechanism where pores are filled by expansive products and sulfate crystals. This mechanism seems to be more dominant in this case than the first mechanism of concrete hydration.

Concrete mixes containing 30% fly ash (C7) exhibited significant increase in compressive strength with a gain of 26.73% whereas samples incorporating 64% slag (C4) showed a loss in the mechanical strength.

This can be explained by the presence of pozzolanic reactions in C7 that continue to progress even during immersion in sodium sulfate which increases the compressive strength of concrete [240]. However, the strength gain for mixes C2, C3 and C5 can be attributed to the increase in volume of the newly formed materials (ettringite and gypsum) due to ESA [START_REF] Hooton | Influence of Sulfate Ions on Chloride-Induced Reinforcement Corrosion in Portland and Blended Cement Concretes[END_REF].

This means that the pores are being filled with ettringite and/or gypsum as well as sulfate crystals so the concrete material becomes denser and hence more resistant to the applied compressive load. However, the reaction continues and progresses over time to cause expansion, eventual cracking and significant loss of strength (case of C1) [START_REF] Hooton | Influence of Sulfate Ions on Chloride-Induced Reinforcement Corrosion in Portland and Blended Cement Concretes[END_REF].

Although the mechanical strength loss exhibited by C4 was not significant, this decrease was not expected and further investigations should be done to explain the results.

Water Accessible Porosity (WAP)

Results of the water accessible porosity measurements carried out on C1-C4 samples are presented in Table 4.5 and Figure 4.19 where it can be observed that samples C1 and C4 exhibit an increase in the water accessible porosity (WAP) after exposure to ESA. As previously explained by different authors, as the effect of ESA amplifies, a remarkably high amount of microcracking appears in the paste matrix, thus increasing the permeability as voids increase (see for example [4]). However, the WAP slightly decreased for the two remaining CEM I based concrete mixes (C2 and C3). It should be noted that the WAP results before ESA for C5, C6 and C7 were not provided by Perfdub project.

The WAP results of C1 concrete mix correlates with the compressive strength loss and expansion measurements which indicate that the material is damaged after immersion in sodium sulfate solution. In general, the porosity increases due to the decalcification of C-S-H and dissolution of CH, as a result, the permeability becomes higher which allows more sulfate ions to penetrate into the system and cause damage [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack III. Sulfate-resisting portland cement: Reactions with sodium and magnesium sulfate solutions[END_REF]. In addition, the increase in WAP observed in C1 mixes is related to the formation of micro cracks given that the recorded expansions were relatively high. As for C2 and C3 samples, the decrease in WAP can be attributed to the precipitation of the expansive phases during ESA (ettringite and/or gypsum) that fill the voids in the material before causing damage [START_REF] Gollop | Microstructural and microanalytical studies of sulfate attack III. Sulfate-resisting portland cement: Reactions with sodium and magnesium sulfate solutions[END_REF].

Even though these results are interesting, they cannot be considered as an indicator to estimate the durability of concrete when exposed to ESA unless they comply with the change in microstructure. The WAP changes of the tested mixes after 16 weeks of exposure to ESA seems to be somehow related to the evolution of the compressive strength. It appears that the increase in WAP of C1 and C4 mixes can be correlated to the decrease in strength which might indicate the presence of an internal damage, and decrease in porosity of C2 and C3 is accompanied with an increase in strength.

These findings can be linked to the length measurements especially for C1 that showed high expansion rates, however, the low expansions recorded for C4 samples do not reflect the values of strength and porosity after the accelerated attack.

This aspect underlines the complexity of ESA especially when analyzing the behavior of concrete mixes containing mineral additions and shows that expansion measurements may not accurately reflect the damage occurring inside the material. Before ESA After16 weeks of ESA

Diffusion coefficient of chloride ions

As ever discussed, the chloride diffusion coefficient (CDC) indicates the capacity of the concrete material to resist chloride penetration. However, even if the present study is not directly linked to chloride diffusion, it is well known that the evolution of CDC is a robust indicator of changes in the transport properties of the tested material.

Chloride penetration is mainly described in terms of permeability and pores structure in the concrete. A high ingress of chloride ions measured by chloride diffusion test after ESA can be an indicator to the presence of a significant number of voids induced by ESA.

The comparison between the CDC before and after the accelerated attack is illustrated in Table 4.6 and Figure 4.20. The results showed that the immersion in sulfate sodium promoted significant increase in the values of the coefficient for all tested mixes after 16 weeks of exposure to ESA. During the attack, the formation of ettringite and/or gypsum inside the pores causes a sudden increase in the solid volume [START_REF] Müllauer | Sulfate attack expansion mechanisms[END_REF]. As a result, important local expansive stresses develop which creates micro-cracking inside the material [START_REF] Müllauer | Sulfate attack expansion mechanisms[END_REF]. The presence of internal damage leads to excessive penetration of sulfate ions and acceleration of the penetration of chloride ions during chloride diffusion test [START_REF] Maes | The influence of sodium and magnesium sulphate on the penetration of chlorides in mortar[END_REF]243]. On the other hand, the diffusion of chloride can be affected by the pores structure (shape of pores and capillary porosity) and a high porosity percentage does not necessarily lead to a significant chloride penetration [START_REF] Aït-Mokhtar | Experimental investigation of the variability of concrete durability properties[END_REF]. The damage observed during ESA is mainly caused by the presence of secondary ettringite resulting from the expansive reaction between sulfate ions and C3A in the cement matrix. The type of the cement used to prepare the concrete mix as well as the amounts of tricalcium aluminate (C3A) content can influence the performance of concrete subjected to ESA [START_REF] Baghabra Al-Amoudi | Attack on plain and blended cements exposed to aggressive sulfate environments[END_REF]. When the C3A content is greater than 8%, the possibility of having expansion caused by ettringite formation in the cement paste is higher [START_REF] Baghabra Al-Amoudi | Attack on plain and blended cements exposed to aggressive sulfate environments[END_REF]. In the study described in this chapter, the results of the longitudinal and axial length changes showed that concrete containing cement replacement (64%slag for C4, 40% slag for C6 and 30% fly ash for C7) experienced low expansions.

The addition of slag in the CEM III based mixes (C4 and C6) reduces the C3A content and hydrous content (portlandite and C-S-H) as a result, the amount of ettringite and/or gypsum formed during ESA and causing expansion will not be significant [START_REF] Nehdi | Behavior of blended cement mortars exposed to sulfate solutions cycling in relative humidity[END_REF]. On the other hand, the presence of fly ash in the CEM II/B based mix (C7) can lower its permeability because the pozzolanic reactions consume the Ca(OH)2 in the system and produce more C-S-H. Based on this, it is believed these two supplementary cementitious materials (slag and fly ash) improved the resistance of concrete against ESA [START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF]. These findings abide by the results of many previous studies that have shown that mineral additions improve sulfate resistance of cementitious materials [245][START_REF] Hemmings | New North American Sources of Ground Granulated Blast Furnace Slag for Improving the Sulfate Resistance of Concrete[END_REF][START_REF] Osborne | The Sulphate Resistance of Portland and Blast Furnace Slag Cement Concretes[END_REF]. Moreover, the expansion measurements in this study confirm what was stated in literature concerning the role of fly ash in increasing the resistance against sulfates by decreasing the permeability of the material [START_REF] Tikalsky | Influence of fly ash on the sulfate resistance of concrete[END_REF][START_REF] Mehta | Effect of Fly Ash Composition on Sulfate Resistance of Cement[END_REF][START_REF] Hartmann | A Method of Predicting Sulfate Durability of Concrete. Bryant and Katherine Mather Symposium on Concrete Durability[END_REF][START_REF] Dikeou | Fly Ash Increases Resistance of Concrete to Sulfate Attack[END_REF]. Interestingly, C3 mixes exhibited low expansion compared to C2 mixes that have higher C3A content. This behavior might be related to the lower C4AF content (15% for C2 and 7% for C3) which can probably react with sulfates and produce ettringite [START_REF] Gu | Mechanics and physico-chemistry modeling of cement-based materials submitted to sulfate attack[END_REF].

Two different w/c ratios were used to cast the concrete prisms and cylinders in this study. Mixes C1, C2, C3 and C4 were made using a low w/c ratio of 0.45 whereas a higher ratio of 0.5 was used for C5, C6 and C7.

For CEMIII based mixes (C4 and C6) the effect of w/c ratio was not so clear. For example, C4 and C6 mixes both made with CEM III almost attained the same expansion value (see Figure 4.12) and same mass percentage variation (see Figure 4.14) after 16 weeks of ESA. These mixes resisted well against sulfate ingress which implies that in the presence of slag additions the increase in the w/c ratio from 0.45 to 0.5 did not affect the overall behavior that remained sounder than the one exhibited by CEM I based mixes.

On the other hand, C2 and C5 mixes both made with CEM I-SR3 showed different expansion and mass variation paths. The expansion value reached by C2 (w/c = 0.45) after16 weeks of ESA was higher than the one attained by C5 (w/c = 0.5) (see Figure 4.12). Furthermore, the mass gain experienced by C2 was more significant than the one exhibited by C5 (see Figure 4.14). These results are somehow unexpected because it is known that expansion increases by increasing the w/c ratio which was not the case here. This might be attributed to the duration of the exposure time that was limited at 16 weeks. This short period could have been not sufficient for C5 samples to reach high expansion values and important rates of degradation. The compressive strength results support this proposition since an increase in the strength of C5 from 57.8 to 67.2 MPa was observed after 16 weeks of ESA (see Table 4.4). This implies that voids inside the material are being filled by the precipitation of the newly formed products (ettringite and/or gypsum) due to the reaction between sulfates and cement hydrates which make the sample more resistant to compressive loadings. In other terms, the attack did not attain its full destructive potential which explains the low expansion values and increase in compressive strength.

Effect of the shape

.21 shows the results of longitudinal and axial expansions obtained after 16 weeks of exposure to ESA using prisms (7 x 7 x 28 cm 3 ) and cylinders (ø = 11 cm and h = 22 cm). The effect of the shape on the expansion can be investigated only in the case of C1, C2, C3 and C4. For the remaining concrete mixes (C5, C6 and C7) the expansions were observed only via the axial length changes in prisms.

The differences in expansion values between prisms and cylinders for mixes C1, C2, C3 and C4 were not significant which point out to the fact that the shape of the sample does not influence the kinetics of expansion during ESA as previously discussed.

The same conclusion can be drawn concerning the influence of the shape in mass change (see Figure 4.22). Our hypothesis assuming no-effect of the shape on the expansion needs to be strengthened with further observations on the changes in the microstructure. Moreover, to reduce parameters of analysis, it appears that investigations must be conducted on samples having the same volume (prisms and cylinders) in order to avoid the differences that might result from using two different volumes which was the case in this study.

Effect of mineral additions

Blended cement concrete mixes used in this study (C4, C6 and C7) showed negligible expansion rates and mass gain after immersion in the sodium sulfate solution. Even though monitoring expansion and mass changes as sole criteria to evaluate the damage caused by ESA may not be sufficient, the results of these measurements can be very important to evaluate the behavior of concrete. By referring to the results of this chapter, samples containing slag and fly ash behaved better than CEM I based samples and this can be attributed to the finer capillary porosity found in the blended mixes. This aspect was reflected by the low chloride diffusion coefficients measured for C4 (6.73%), C6 (7.34%) and C7 (10.65%) whereas the coefficients for the remaining mixes were considerably high.

Interestingly, the mineral additions like slag or fly ash decreases the thickness of the interfacial zone (transition zone between aggregates and cement matrix) where the ettringite produced during ESA can easily precipitate. This characteristic improves the performance against sulfate attacks [238,[START_REF] Cohen | Sulfate attack on concrete: Research Needs[END_REF]. 

Effect of solution renewal and Vsolution/Vsample ratio

In this study the sodium sulfate solutions were more frequently changed (twice per month) whereas other institutes and laboratories participating in Perfdub project followed the original protocol of Messad with a solution renewal once per month. In addition, the ratio of the volume of concrete samples immersed in the baths over the volume of sodium sulfate solution was much higher (Vsolution/Vsample = 3) in our study.

For the remaining participants in this project, Vsolution/Vsample ratio was equal to 1. The effects of these two modifications are noticeable when comparing some of the expansion results obtained by Ifsttar and the ones recorded by LMDC (Laboratory of materials and durability of constructions, Toulouse, France). The Figure 4.23 represents the longitudinal length measurements performed by the two laboratories for mixes C5, C6 and C7 during ESA. The samples were all fabricated at LMDC in the same laboratory. The samples tested in Ifsttar expanded more than the LMDC samples.

After an initial increase at 2 weeks of exposure, the values of length change measured by Ifsttar remained above the ones recorded by LMDC. For example, the CEM I-SR3 concrete (C5) had a higher expansion (0.08%) when tested with the protocol applied by Ifsttar whereas the same type of concrete did barely reach 0.03% with the method used by LMDC.

The same trend was observed with C6 (Ifsttar) and C7 (Ifsttar) that had higher expansion rates than companion samples tested at LMDC. Based on these results, it is believed that the kinetics of ESA are relatively greater and more aggressive when the solution is renewed more frequently which allowed for more sulfate ingress into the material. Also, the high Vsolution/Vsample ratio is another parameter that might have affected the kinetics of the attack by leading to more degradation and more pronounced expansions.

The surface area of each concrete sample exposed to sodium sulfate solution was the same in both protocols applied by Ifsttar and LMDC. However, the higher Vsolution/Vsample ratio used in Ifsttar allowed for more sulfate penetration which increased the rate of degradation of the samples. 

Effect of pH

In this experimental work, the pH of the sodium sulfate solution was maintained at 7 (±1) via acidic titration. The controlled pH was applied in several previous studies [2,[START_REF] Mehta | Evaluation of Sulfate-Resisting Cements by a New Test Method[END_REF][START_REF] Etris | A new test for sulfate resistance of cements[END_REF] and it was shown to be more damaging than the uncontrolled conditions by accelerating sulfate ingress and leading to higher expansion within shorter exposure periods. After 16 weeks of exposure to ESA, Ifsttar measurements showed that C1 mixes have attained a high expansion of around 0.15% compared to 0.05% recorded by Armines. The same trend was observed with C4 mixes since the exposure conditions applied at Ifsttar lead to a longitudinal expansion of 0.05% whereas Armines samples did not exceed the expansion rate of 0.03%. These results confirm that maintaining a constant pH can help in increasing the rate of deterioration caused by sulfate ingress. The higher expansion values recorded at Ifsttar are a clear indicator that attack can be more aggressive once the pH is controlled.

It should be noted that the influence of the constant pH should be added to the previously discussed impacts of the high Vsolution/Vsample ratio = 3 and renewal frequency (twice per month) as direct causes of having less resistance against ESA especially for C1 mixes. 

Conclusion

The experimental work presented in this chapter is part of Perfdub national project to study the durability of concrete in aggressive environments. The proposed approach included an experimental program devoted to ESA with the aim of evaluating the performance of different concrete mixes during exposure to an accelerated ESA test. The experimental protocol was defined and proposed by Perfdub project but was connected to this present doctoral dissertation "Multi scale study of external sulfate attack in reinforced concrete structures".

Basis of the accelerated test was designed by Messad [START_REF] Messad | Mise au point d'un essai de vieillissement accéléré de l'attaque sulfatique externe pour l'application du concept de performance équivalente dans le cadre de[END_REF] but some modifications of the protocol were carried-out as discusses below.

In this chapter we discuss the obtained results after physical testing such as length measurements and mass variations in addition to mechanical testing, water accessible porosity and diffusion coefficient of Cl -as a means of evaluating the levels of deterioration due to ESA. Based on the data collected from this work, the following conclusions were drawn:

For the axial expansion of concrete prisms and cylinders as well as the longitudinal expansion for cylinders, a progressive increase in expansion was registered for cement CEM I (C1) while samples made using CEM I-SR-3 (C2) and CEM I-SR-5 (C3) exhibited less significant expansion rates. The longitudinal length measurements confirm that the CEM I based mixes are less resistant to ESA with high expansion rates. This behavior can be explained by the precipitation of expansive phases inside the material due to the reaction between sulfates and cement hydration products to form ettringite and gypsum.

At the same water to binder ratio, it was found that the use of slag or fly ash additions in concrete mix demonstrated better performance against ESA with low expansion rates. This result proves the highly convenience and importance of using mineral admixtures with adequate proportions and percentages (in our study 64% slag or 30% fly ash) to improve the resistance against ESA.

Mass variation for concrete prisms indicated that CEM I (C1), CEM I-SR-3 (C2 and C5) and CEM I-SR-5 (C3) gained significant mass. A different behavior was observed with CEM III (C4 and C6) and CEM II/B (C7) samples as the mass slightly decreased. The mass uptake corresponds to the precipitation of ettringite and/or gypsum that have relatively higher mass content and molar masses that the reactants inside the pores.

On the other hand, it was demonstrated that a direct correlation exists between the variation of water accessible porosity and the compressive strength evolution after 16 weeks of ESA (the more the porosity grows, the more the strength decreases). An increase in compressive strength was observed with CEM I-SR3 (C2) and CEM I-SR5. (C3).

However, for CEM I (C1) and CEM III (C4) the difference in the compressive strength did not witness a major change but there was a slight reduction and loss in the overall strength. This indicated that the duration of the accelerated test was enough to cause deterioration for C1 in specific which may not be the case for the rest of cement types.

The transport properties obtained by measuring the coefficient of diffusion of chloride ions after 16 weeks of continuous immersion in sulfate solution increased for all types of concrete. This can be explained by the development of micro cracks due to AFt crystallization which leads to more voids inside the material.

Furthermore, it was found that the resistance of concrete against ESA does not depend on the shape of the sample. Both prisms and cylinders made of the same mix were similarly affected by ESA. However, the volume of the exposed sample could be a more effective parameter on the expansion during ESA. Influence of such parameter appears then as a potential complementary study to perform.

The accelerated protocol applied by Ifsttar diverged from the testing methods used by other research institutes participating in Perfdub project. Two main aspects were modified by increasing the Vsolution/Vsample from 1 to 3 and by renewing the solution twice per month instead of once per month. A comparison between the expansion results obtained at Ifsttar and LMDC showed that the kinetics of the attack might have been accelerated by leading to higher expansion rates, hence more deterioration. On the other hand, the impact of the controlled pH conditions on the behavior of concrete during ESA was shown by comparing the expansion results for two mixes between Ifsttar (controlled pH) and Armines (uncontrolled pH). A constant pH contributed to more expansion which correlates with previous findings in literature [START_REF] Brown | An evaluation of the sulfate resistance of cements in a controlled environment[END_REF][START_REF] Ferraris | 22 mechanics of degradation of portland cement-based systems by sulfate attack[END_REF].

We tried in this study to establish some correlation between the expansion results and the values obtained in terms of mechanical strength, water accessible porosity and diffusion coefficient of chloride. The correspondence was clear for concrete C1 with a decrease in compressive strength followed by an increase in the WAP and the diffusion coefficient at the end of the test. Those three parameters proved that cement type CEM I (C1) was indeed damaged after immersion in the sodium sulfate solution. Similar trends were not followed by the rest of mixes considered in this study (CEM I-SR-3, CEM I-SR-5, CEM III and CEM II/B) since the correlation between the physical parameters (length changes and mass variations) from one side and mechanical strength, water accessible porosity and diffusion coefficient of Cl -from the other side was not so obvious. This makes us believe that the investigation methods proposed in this study should have been followed up by a series of post-ESA microstructural observations and chemical analysis.

By studying the microstructure of the samples we would have been able to evaluate the impact caused by the proposed accelerated technique and detect the presence of expansive phases to see to what extent the samples were damaged by sulfate ingress.

Conclusion

ESA remains one of the most dangerous chemical attacks affecting the durability of concrete structures. Despite the valuable contributions to the literature, the majority of the studies try to predict the performance of structures during exposure to ESA by simply monitoring the macroscopic and microscopic modifications occurring in cement paste, mortar or concrete samples.

This aspect motivated the study to understand, for the first time, the effects of ESA on an existing RC structure exposed to sulfate attack by studying the variations in the bond behavior between concrete and reinforcing steel. Furthermore, this work aimed to study the damage behavior of cement paste, mortar and concrete materials during ESA by analyzing the relationship between the occurring physical and microstructural changes due to exposure to different conditions.

Despite the existence of many interesting previous studies about ESA, several issues associated with the damage mechanism are still not solved and some questions are yet to be answered. In fact, there is no general agreement on a defined accelerated ESA method that is developed inside laboratory and at the same time sufficiently representative of the field conditions and damage process occurring in real structures. This complies with another need to have an in-situ investigation technique that delivers a direct diagnosis of the life service of an existing structure exposed to ESA. In addition, the majority of experimental approaches used to study the physical changes of cementitious materials during ESA involve traditional measuring techniques of ESAinduced expansion.

Based on this, different research approaches were developed in this thesis work for different types of material by coupling new research strategies with traditional investigation techniques in order to help understanding the damage mechanism caused by exposure to accelerated ESA. The accelerated protocols conducted inside the laboratories have been adjusted to be as representative as possible to the field conditions while taking into consideration the need to attain a significant level degradation within a certain chronological period of time. The large panel of techniques implemented in this work to study the performance of cement paste, mortar, concrete and reinforced concrete materials helped in establishing a complete analysis of the ESAinduced behavior at each material scale by correlating between the suffered visual damages, physical changes and microscopic alterations.

The study at the scale of cement paste samples introduced two new testing methods. The first consisted of visually inspecting the deterioration behavior and measuring the penetration depths of sulfate ions on cylindrical samples after exposure to controlled drying conditions. In the second, a series of length measurements were performed on cement paste prisms equipped with a polyimide coated optical fiber to monitor the ESAinduced expansion.

Moreover, circumferential cracks appeared at the corners of the lower parts of the cement paste cylinders after 2 months of exposure o accelerated ESA. As the attack progressed, these cracks got wider and propagated towards the center of the cylinders that suffered from loss of cohesion before being completely damaged after 6 months of accelerated ESA. An existing physico-chemical model was applied to give a qualitative assessment of the observed macroscopic damage while trying to find its origins and main causes. The model confirmed that the damage was mainly generated within the edges of the lower portions of the cylinders in direct contact with the Na2SO4 solution whereas the upper parts remained relatively intact. This can be explained by the presence of expansion forces creating stresses exceeding the allowable tensile strength of the sample leading to severe cracks and complete deterioration.

In addition, the reliability of the proposed drying method was discussed by comparing the obtained depths to others detected by ICP-AES. The comparison between the drying method and ICP-AES technique showed that the penetration depths increased following two comparable and parallel paths after 8 weeks of accelerated ESA. However, the amplitude of ICP-AES curve remained above that of drying method. This is attributed to the fact that ICP-AES is able to detect all the physical and chemical sulfate content whereas by applying the drying method only free sulfates are quantified. The results suggest that apparently the altered zone by ESA can be qualitatively characterized by visually measuring the penetration depth of free sulfate ions after exposure to aggressive controlled drying conditions. Therefore, to confirm these propositions, it seems necessary in the future to conduct additional chemical analyses in order to quantitatively determine the identity of the white precipitation observed after 2 hours of drying. Also, the future analyses should include other types of cement and different exposure conditions which can provide more data about the efficiency of this method compared to the traditional ICP-AES technique.

In parallel, an optical-fiber based method was introduced to monitor the changes in length caused by ESA-induced expansion in cement paste samples. The results were compared to expansion measurements obtained by a conventional extensometer. The final average expansion recorded by both techniques after exposure to accelerated ESA was almost the same (around 0.07%). This confirmed that ESA-induced expansion can be accurately monitored by implementing a coated optical fiber into a sample to measure the changes in lengths expected during and post exposure to ESA. The duration of exposure ended at few months due to the deterioration of the optical fiber. Based on this, it seems interesting to continue this experimental work in future studies by incorporating more types of optical fibers and mix compositions in order to clearly identify if the ESA-induced expansion can be measured in all cases via optical fibers rather than an extensometer.

In natural exposures, structures can be fully saturated (full immersion) when placed in a sulfate environment or partially exposed like building foundations and pier columns. For example, the lower part of building foundations is fully immersed whereas the upper portion is exposed to aggressive drying. In addition, structures in tidal zones represent the case of exposure to continuous drying/wetting cycles where the effect of sulfate ions is coupled with the changes in ambient humidity and temperature which leads to serious deterioration patterns. These different scenarios existing in field made it interesting to reproduce each exposure condition inside the laboratory in order to find the most accelerated when studying ESA while defining its level of representativity of field conditions.

Based on this, the performance of mortar samples was assessed through several testing methods including: visual inspection of the macroscopic damage, length changes, mass variations, evolution of compressive and tensile strengths and water accessible porosity variations. The physical disorders suffered by mortar samples during ESA were associated to those occurring in the microstructure. The main focus at the microstructural scale was to identify the relationship between ESA and the modifications in the porous structures (especially smaller capillary and gel pores). This was achieved by monitoring the changes in the pore volumes and pore distributions given by MIP. Furthermore, SEM observations were generated for sound and damaged mortar samples in order to qualitatively confirm the presence of an expansive product inside the surface layer of the sample damaged by ESA. The expansion results confirmed that CEM I cement is less resistant to ESA compared to CEM III and CEM II/B containing mineral admixtures. The degrees of expansion were not influenced by the type of accelerated ESA. The kinetics of evolution of ESA-induced expansion did not vary between full immersion, semi-immersion and drying/wetting cycles. Based on this, it was suggested that the main factors affecting the performance of mortar against ESA are the type of cement and water content.

Furthermore, the increase in the water to cement ratio from 0.45 to 0.6 accelerated the deterioration mechanism by leading to higher longitudinal length changes. The ESAinduced expansion followed an ascending path divided into three stages. In the first it remained low then suddenly increased in the second (after 30 weeks of accelerated ESA). Finally, it became harmful in the third stage near the final phases of the attack. On the other hand, the mass varied following a two-stage behavior where the first was characterized by little mass gain and the second included huge drop in the weight.

Mortar samples mixed with CEM I and w/c = 0.6 displayed the fastest kinetics and highest levels of expansion and mass loss. These conclusions were correlated to the visual observations that showed significant macroscopic damage, material loss and large cracks. Furthermore, the correlation between the compressive strength and water accessible porosity confirmed the previous results by showing that the type of cement and water content directly influence the resistance against ESA.

Once again M I-0.6 samples exhibited the lowest compressive and tensile strengths coupled with a significant increase in WAP after 12 months of accelerated ESA. The microstructure analysis followed the same branch by proving that the biggest changes in the porosity and pore volume distribution at the surface layer were suffered by M I-0.6 samples. The modifications in the microstructure mainly took place in the zones belonging to capillary and gel pores corresponding to the areas of formation of ettringite during ESA. Further SEM images qualitatively showed that after 12 month of ESA, the presence of ettringite is more apparent and dominate at the surface layer of a damaged sample.

The participation in the national Perfdub project gave this thesis more diversity by conducting an experimental study on concrete samples exposed to ESA. The effects of the cement type, sample shape and exposure condition on the extent of ESA development was analyzed by monitoring the longitudinal and axial changes in length, mass variations and variations in the compressive strength, water accessible porosity and coefficient of diffusion of chloride ions before and after ESA. In addition, this study showed a strong relationship between the kinetics of ESA-induced expansion and acceleration principles (renewal frequency of the attacking solution and the Vsolution/Vsample). The axial and longitudinal changes in length confirmed that CEM I based mixes poorly behave against ESA by exhibiting high expansion rates. On the other hand, mixes containing mineral additions (slag or fly ash) demonstrated better performance with lower expansion rates and mass variations. The presence of mineral admixtures with adequate proportions and percentages such as 64% of slag and 30% fly ash was deemed important to improve the resistance of concrete against ESA.

Moreover, the sample shape was not shown to have significant influence on the performance of concrete during sulfate attack. However, it seems interesting to confirm this suggestion with a complementary study focusing only on the effect of the shape on the evolution of the damage resulting from the ESA-induced expansion. The correlation between the compressive strength and water accessible porosity proved that the more the porosity grows, the more the strength decreases. As for the transport properties assessed by the variations in the coefficient of diffusion of Cl -, a relationship was established between the formation of microcracks leading to an increase in this coefficient and AFt crystallization during the progression of the attack.

On the other hand, the comparison between the longitudinal expansions obtained at Ifsttar and at other research institutes participating in Perfdub project provided valuable insights into the kinetics of ESA and the acceleration of the deterioration mechanism. By renewing the attacking solution twice per month instead of once and increasing the Vsolution/Vsample to 3 instead of 1, we were able to notice major increases in the ESA-induced longitudinal expansion. Also, the influence of maintaining the pH of the attacking solution was discussed by showing that sulfate ingress can drastically increase when having a constant pH.

Finally, the experimental approach conducted at the scale of reinforced concrete specimens is one of the main features making this thesis more interesting. For the first time, the effect of ESA on the bond behavior between the reinforcing steel and surrounding concrete is characterized by direct pull-out tests. The bond strength decreased due to sulfate ingress into the RC specimens especially at the level of the concrete cover zone which altered the bond behavior between concrete and reinforcing bar leading in the future to complete failure of the overall structure. Another original aspect implemented in this experimental work lies in the methodology applied to investigate if the position of the rebar embedded in the RC block can play a certain role in limiting the evolution of ESA-induced expansion. In fact, the changes in lengths were higher when measured at positions located at far distances from the initial position of the reinforcing bar. Hence, it was suggested that the reinforcing bar can mechanically affect the kinetics of ESA by limiting the swelling process occurring during ESA.

Perspectives

In order to complete and improve the present thesis work on the effects of ESA on cementitious materials, some aspects could be improved and implemented in further research studies related to this topic:

-The penetration depth of free sulfate ions was measured quantitatively through a visual detection method after exposing the samples to aggressive drying. It would be interesting to complement the proposed technique by incorporating microstructural analysis methods, in particular to determine the type of products precipitating at the surface after drying.

-This would allow a better understanding of the process leading to the appearance of a white precipitate after exposure to ESA while providing a quantification of the phase assemblages. Also, the technique should take into consideration different exposure conditions (temperature and RH) which will help in determining the optimal conditions to detect the penetration depths.

-The optical-fiber (OF) based method was applied by using one type of optical fiber (polyimide). Based on this, it would be interesting to include other types of OF in the study which will make it more diversified.

-The experimental program at the scale of mortar samples included three accelerated ESA (full immersion, semi-immersion and drying/wetting cycles) all conducted without pH control. Thus, the next step would be to apply the same exposure conditions but while maintaining a constant pH in order to analyze the effect of a constant pH on the kinetics and rate of acceleration of ESA-induced deterioration. Also, the laboratory conditions could be adjusted by using different sodium sulfate concentrations (lower or higher than 15 g/L).

-More complex accelerated ESA could be tested in further studies such as exposure to magnesium sulfate solution or changing the durations as well as the methods of applying the drying and wetting cycles.

-The microstructure analysis on mortar samples gave data about the deterioration at the surface level. The changes in the microstrure especially in capillary and gel pores were mainly attributed to ettringite precipitation. However, gypsum is considered as another main expansive product caused by ESA especially at low values of pH. Based on this, it seems important to continue this part at other levels inside the material in order to detect the presence of a possible role played by gypsum in modifying the microstructure.

-The study conducted on concrete samples as part of national Perfdub project had a limited chronological time of 16 weeks. It would be interesting to extend this period of exposure to ESA because the compressive strength results clearly showed that in some cases the attack is still progressing and that the damage mechanism is yet to be attained.

-The pull-out direct tests were performed on RC specimens only before and after 8 months of accelerated ESA. The changes in the bond behavior between concrete and reinforcing bar were not evaluated during the intermediate phases of the attack which is needed and important. Same can be said for the compressive strengths. Furthermore, it would be interesting to perform the tests on different types of RC compositions by incorporating cements containing mineral admixtures for example. Also, the formation of external cracks should be considered in further studies by conducting a detailed quantitative and qualitative analysis of the process of cracks propagation during exposure of RC specimens to ESA.
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 1 Figure 1.37: a) Slipping of reinforcement steel, b) Bond stress -slip in the case of friction [B=D][START_REF] Torre-Casanova | A steel-concrete bond model for the simulation of industrial structures[END_REF] 

Figure 1 .
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Figure 1 . 40 :

 140 Figure 1.39: Different types of tests used to measure the bond strength between steel and concrete[START_REF] Alvarez | Einfluss des Verbundverhaltens auf das Verformungsvermögen von Stahlbeton[END_REF] 

Figure 1 . 42 :

 142 Figure1.42: Geometry of the RC cubic specimen recommended for the RILEM-CEB RC6 pull-out test[START_REF]RILEM/CEB/FIP, Tests and specifications of reinforcements for reinfirced and prestressed concrete[END_REF][START_REF] Carvalho | Experimental Investigation of Steel-Concrete Bond for Thin Reinforcing Bars[END_REF] 

Figure 1 . 43 :

 143 Figure 1.43: Different pull-out test set ups: Rehm[START_REF] Rehm | The basic principle of bond between steel and concrete, Deutcher Ausschuss fur stahlbetom[END_REF]; RILEM-CEB[START_REF]RILEM/CEB/FIP, Tests and specifications of reinforcements for reinfirced and prestressed concrete[END_REF]; Losberg[START_REF] Losberg | Bond Failure of Deformed Reinforcing Bars Based on the Longitudinal Splitting Effect of the Bars[END_REF]; Rehm and Eligehausen[START_REF] Rehm | Bond of Ribbed Bars Under High Cycle Repeated Loads[END_REF]; Eligehausen and Bertero[START_REF] Eligehausen | Local Bond Stress-slip Relationships of Deformed Bars Under Generalized Excitations: Experimental Results and Analytical Model[END_REF]; Tassios[START_REF] Tassios | Analytical Studies on Reinforced Concrete Members Under Cyclic Loading Based on Bond Stress-Slip Relationships[END_REF] 

Figure 1 . 44 :
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 22 Figure 2.2: ESA-induced deformation of concrete samples recorded for 3 different sulfate concentrationwhile maintaining a constant pH (pH= 7)[START_REF] El-Hachem | New procedure to investigate external sulphate attack on cementitious materials[END_REF] 
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 23 Figure 2.3: The cylindrical samples obtained after casting[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 
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 25 Figure 2.5: The identical two slices obtained after cutting[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 
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 26 Figure 2.6: The slices coated and protected by epoxy resin while being placed in contact with the sulfate solution
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 2 7 was developed and used with a titration system injecting sulfuric acid (H2SO4) titration solution at 0.02M in order to maintain the pH at 8 (0.1). The use of sulfuric acid instead of another acid ensures that the sulfate ion concentration of the solution remains almost constant over time. All exposure baths containing the samples are connected to a central underneath bath with a capacity of 80 L where the titration took place. A pump working at 750 L/h immerged in the central bath provides the solution to the exposure baths by maintaining the same concentration and flow. The solution was renewed every two weeks to provide continuous source of sulfate ions.
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 27 Figure 2.7: Schematic representation of the setting used for the attack (left) and a photo of the pH-control device developed and used for this study (right)
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 28 Figure 2.8: The two stages of preparation of the cement paste sample and the measurement of the penetration depth: a) Sample removed from bath, b) Sample cut in half before placing it in a climatic chamber at 50% RH and T = 20°C, c) White precipitation measured with a stainless steel ruler

  remaining three samples were used to follow mass variation induced by ESA. The length change measurement technique with an extensometer is explained in detail in section 2.4.4.1. The OFs were axially embedded into the sample 1 cm from the edge surface as illustrated in Figure 2.10.
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 212 Figure 2.12: Surface texture of some mortar samples affected by the type of formwork
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 213214 Figure 2.13: Moist cure of mortar prisms by immersion in large tanks filled with tap water
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 215 Figure 2.15: The space specifically prepared at Ifsttar to carry out the accelerated tests (full immersion, semi-immersion and drying/wetting cycles)
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 216 Figure 2.16: The setting prepared for drying/wetting cycles
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 218 Figure 2.18: Half of the mortar sample (2 x 2 x 16 cm 3 ) considered for 2D calculations by the FE Method
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 220 Figure 2.20: Degree of saturation profile of mortar samples: a) initial state and b) after being exposed to full immersion. The blue color refers to the highest degree of saturation of 1
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 221 Figure 2.21: Variations in the degree of saturation profiles of mortar samples exposed to semi-immersion after 5 days of exposure to semi-immersion in the 15 g/L Na2So4 solution. The red color refers to a high degree of saturation whereas the blue color refers to a low degree of saturation
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 222223 Figure 2.22: The four locations A, B, C and D used to obtain the changes in the relative humidity during drying/wetting cycles
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 224225 Figure 2.24: The extensometer and calibration section used to measure the variation in length

  length change t = spacing of the two pins of the considered generatrix measured at time t length change 0 = first measured spacing of the two pins of the considered generatrix measured directly after 90 days of cure in water length original = original spacing of the two pins of the considered generatrix measured before 90 days of cure in water

2 . 4 . 4 . 3 .

 2443 mass t = mass at time t mass initial = initial mass recorded directly after the 90 days of cure in water Mechanical properties The mechanical properties of mortar samples were evaluated by following the compressive and tensile strengths during the exposure to ESA. The tests were performed on all the types of mortar mixes considered in this research and for the three exposure conditions at different time intervals: after 90 days of moist cure to provide reference values, after 3 months of ESA, after 6 months of ESA, after 9 months of ESA and after 12 months of ESA. First, the prisms (4 x 4 x 16 cm 3 ) were subject to a three points load test up to failure. The two parts resulting from the flexural strength test were used to perform the compressive strength tests (see Figure 2.26).
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 226 Figure 2.26: The device used to determine the compressive strength and flexural strength for mortar prisms

  = saturated mass in the air mdry = mass after drying at 105°C mwater =saturated mass in water It should be noted that the porosity measurements were carried out for all mixes and exposure conditions and with respect to the scheduled time intervals: after 90 days of moist cure, after 3 months of ESA, after 6 months of ESA, after 9 months of ESA and after 12 months of ESA.
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 229 Figure 2.29: Scanning Electron Microscopy (SEM Quanta 400) device
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 230231232 Figure 2.30: The formwork used to prepare the 18 × 12.5 × 10 cm 3 RC prisms (specimen for expansion measurement)

Figure 2 . 33 :Figure 2 . 35 :

 233235 Figure 2.33: Geometry of the pull-out test specimens
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 236 Figure 2.36: Illustration of the set-up developed at Ifsttar used to perform the pull-out test
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 240 Locations of generating lines are detailed in Figure 2.41, Figure 2.42 and Figure 2.43.
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 241242243 Figure 2.41: Instrumentation of face 1 (F1) (left) and generating lines F1-a, F1-b and F1-c used to monitor expansion (right)
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 31 Figure 3.1: Degradation of cement paste with w/c = 0.6 due to ESA: a) after 3 months, b) after 5 months, c) after 6 months, d) front view (after 6months) , e) side view (after 6months)
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 32 Figure 3.2: (a) Deformation predicted by the model, (b) and (c) visual appearances of the cement paste cylindrical samples after 3 months of exposure to ESA

Figure 3 .

 3 Figure 3.4: a) White precipitation obtained by drying method after 15 days of exposure to ESA, b) Zoom on the penetration depth observed after 15 days (photo treated by increasing contrasts)
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 37 Figure 3.7: Sulfate profiles measured by ICP-AES, for different exposure duration to ESA[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 

Figure 3 . 8 :

 38 Figure 3.8: Penetration depth of sulfate ions measured by ICP-AES and drying method during 6 months of semi-immersion in the Na2SO4 solution
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 239310 Figure 3.9: Evolution of ESA-induced expansion measured by extensometer
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 311312 Figure 3.11: Evolution of ESA-induced expansion measured by OF
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 313 Figure 3.13: Visual appearance of M I-0.45 prisms after 12 months of exposure: a) full immersion, b) semiimmersion, c) drying/wetting cycles
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 317318319 Figure 3.17: Visual appearance of M I-0.6 and M I-0.45 prisms after 12 months of full immersion in the Na2SO4 solution
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 320 Figure 3.20: Macroscopic degradation suffered by M I-0.6 prisms during the three exposure conditions
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 321322324 Figure 3.21: Visual appearance of M III-0.45 prisms after 12 months of full immersion and 12 months of semi-immersion
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 325 Figure 3.25: Visual appearance of mortar prisms mixed with the same w/c = 0.6 and three different types of cement (CEM I, CEM III and CEM II/B)
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 3263221 Figure 3.26: Stainless steel pins glued on faces 1 and 2 of the mortar prism
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 327 Figure 3.27: Expansion of M I-0.45 and M I-0.6 mortar samples due to ESA

Stage 1 :Stage 2 :

 12 Low and stable expansion (from 0 to week 30), Significant expansion without causing severe macroscopic damage (week 30 to week 40), Stage 3: Destructive expansion leading to failure (after week 40).

Figure 3 . 28 :

 328 Figure 3.28: Evolution of expansion of M I-0.45 and M I-0.6 mortar samples following the three-stage process

  noting that the beginning of stage 2 representing the time of initiation of expansion increased from 30 weeks to 35 weeks when using CEM III and CEM II/B.
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 329330 Figure 3.29: Evolution of expansion of M III-0.45 and M III-0.6 mortar samples following a two-stage process
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 331332 Figure 3.31: Expansion of CEM I, CEM III and mortar samples mixed with w/c = 0.6 and fully immersed in the Na2SO4 solution
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 333334 Figure 3.33: Expansion of CEM I, CEM III and M II/B mortar samples mixed with w/c = 0.45 and fully immersed in the Na2SO4 solution

Figure 3 .

 3 Figure 3.35: Two-stage process identified by Santhanam et al in the case of sodium sulfate attack[START_REF] Santhanam | Mechanism of sulfate attack: A fresh look[END_REF] 
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 336 Figure 3.36: Mass variation of M I-0.45 and M I-0.6 mortar samples
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 1337338 Figure 3.37: Relationship between expansion and mass variation for M I-0.6 mortar samples exposed to three different exposure conditions
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 3393401 Figure 3.39: Mass variation of M III-0.45 and M III-0.6 mortar samples exposed to full immersion and semiimmersion
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 341342343344 Figure 3.41: Mass variation of CEM I, CEM III and CEM II/B mortar samples mixed with w/c = 0.45 and fully immersed in the Na2SO4 solution
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 345346347348349350 Figure 3.45: Compressive strength of M I-0.45 mortar samples exposed to ESA and stored in water
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 351352 Figure 3.51: Compressive strength of CEM I, CEM III and CEM II/B mortar samples mixed with w/c = 0.6 and fully immersed in the Na2SO4 solution
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 353354 Figure 3.53: Tensile strength of M I-0.45 mortar samples exposed to ESA and stored in water
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 355356357 Figure 3.55: Tensile strength of M III-0.45 mortar samples exposed to ESA and stored in water
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 358359 Figure 3.58: Tensile strength of M II/B-0.6 mortar samples exposed to ESA and stored in water

  60 for M I-0.45 samples (M I-0.45 Imm, M I-0.45 Semi-Imm and M I-0.45 Cycles) and M I-0.6 samples (M I-0.6 Imm, M I-0.6 Semi-Imm and M I-0.6 Cycles).
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 360 Figure 3.60: Total porosity of M I-0.45 and M I-0.6 mortar samples due to ESA under three exposure conditions
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 36145362 Figure 3.61: Total porosity of M III-0.45 and M III-0.6 mortar samples due to ESA under two exposure conditions
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 363364 Figure 3.63: Total porosity of CEM I, CEM III and CEM II/B mortar samples mixed with w/c = 0.6 and fully immersed in the Na2SO4 solution
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 365 Figure 3.65: Pore classification in hydrated cement paste[START_REF] Monteiro | Concrete: microstructure, properties, and materials[END_REF] 
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 366 Figure 3.66: Pore size distribution of M I-0.6 mortar samples exposed to ESA (full immersion)

Figure 3 . 67 :

 367 Figure 3.67: Variation of the pore volume of M I-0.6 mortar samples exposed to ESA (full immersion) in different pore ranges
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 370 Figure 3.70: Pore size distribution of M I-0.45 and M I-0.6 mortar samples exposed to ESA (full immersion) before (initial) and after (final) ESA
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 371 Figure 3.71: Variation of the pore volume of M I-0.45 and M I-0.6 mortar samples exposed to ESA (full immersion) in different pore ranges before and after ESA
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 372 Figure 3.72: Pore size distribution of M I-0.45 and M I-0.6 mortar samples exposed to ESA (semi-immersion) before and after ESA
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 373 Figure 3.73: Variation of pore volume of M I-0.45 and M I-0.6 mortar samples exposed to ESA (semi immersion) in different pore ranges
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 374375 Figure 3.74: Pore size distribution of M I-0.45 and M I-0.6 mortar samples exposed to ESA (drying/wetting cycles)
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 376 Figure 3.76: Variation of the pore volume in different pore ranges of M I-0.6 mortar samples exposed to three exposure conditions
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 377378379380381 Figure 3.77: Pore size distribution of M III-0.45 mortar samples exposed to ESA (full immersion and semiimmersion) before and after ESA
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 3 Figure 3.83: a) SEM images showing sound cement matrix, b) SEM images coupled with EDS showing cement matrix of the mortar sample exposed ESA after 12 months of full immersion
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 384 Figure 3.84: Correlation between the evolution of expansion and the macroscopic degradation of M I-0.6 mortar samples exposed to ESA
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 385 Figure 3.85: Correlation between the evolution of both expansion and total porosity (WAPT) of M I-0.6 mortar samples

Figure 3 . 86 :

 386 Figure 3.86: Correlation between the evolution of both expansion and compressive strength of M I-0.6 mortar samples
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 3873883894539039145392 Figure 3.87: Longitudinal expansion of RC I-0.45 and RC I-0.55 specimens measured near the longitudinal rebar
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 393394395396 Figure 3.93: Concrete splitting before exposure to accelerated ESA

  a) After curing, the samples were directly kept in an oven at 60°C until reaching a constant weight. b) At the end of this phase, samples were subject to a pre-saturation cycle with a pressure of 40 mbar maintained for 48 hours during which samples are immersed in sodium sulfate solution and subjected to high-vacuum (see Figure 4.1).
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 41 Figure 4.1: Concrete samples during the pre-saturation cycle
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 42 Figure 4.2: Cylinder equipped for length change measurements[START_REF] Roubin | A nonlinear meso-macro approach to modelling delayed ettringite formation and concrete degradation[END_REF] 

Figure 4 . 5 :

 45 Figure 4.5: Setup of compressive strength test
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 46 Figure 4.6: Axial expansion of concrete prisms as a function of the immersion time in the Na2SO4 solution
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 47 Figure 4.7: Axial expansion of concrete cylinders as a function of the immersion time in the Na2SO4 solution
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 484312 Figure 4.8: Axial expansion of concrete prisms (red) and concrete cylinders (black) as a function of the immersion time in the Na2SO4 solution

Figure 4 . 9 :Figure 4 . 10 :

 49410 Figure 4.9: Longitudinal expansion of concrete prisms as a function of the immersion time in the Na2SO4 solution
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 411 Figure 4.11: Axial expansion (straight line) and longitudinal expansion (dotted line) of concrete prisms for mixes C1, C2, C3 and C4 as a function of the immersion time in the Na2SO4 solution

Figure 4 . 12 :

 412 Figure 4.12: Longitudinal expansion of concrete prisms for concrete mixes C1, C2, C3, C4, C5, C6 and C7 as a function of the immersion time in the Na2SO4 solution
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 413432414415 Figure 4.13: Expansion (longitudinal and axial) per shape as a function of the immersion time in the Na2SO4 solution after 16 weeks of exposure
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 416 Figure 4.16: Distribution of the different cement phases in a CEM I (OPC) cement paste sample before and after 2 months of ESA. Anhydrous (anhydrous silicon); Other (C3A, C4AF, calcium carboaluminate…)[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 
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 417 Figure 4.17: Longitudinal expansion of C1 and C5 concrete prisms as a function of mass variation after 16 weeks of ESA
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 418 Figure 4.18: Compressive strength of concrete mixes before and after 16 weeks of immersion in the Na2SO4 solution
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 42044441 Figure 4.20: Coefficient of diffusion of Cl -of all concrete mixes before and after immersion in the Na2SO4 solution
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 421422 Figure 4.21: Longitudinal expansion as a function of concrete mixes (C1, C2, C3 and C4) and samples shape (prism or cylinder) at the end of accelerated attack C1 C2 C3 C4
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 423 Figure 4.23: Longitudinal expansion as a function of immersion time in the Na2SO4 solution for samples (C5, C6 and C7) measured at Ifsttar and at LMDC

Figure 4 .Figure 4 . 24 :

 4424 Figure 4.24 illustrates the influence of controlling the pH on the response against ESA by comparing the longitudinal expansion results obtained at Ifsttar under controlled pH conditions with the ones obtained by Armines IMT (Institut Mines-Télécom, Lille Douai, France) without controlling the pH for concrete mixes C1 and C4.
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Table 1 .

 1 

	C (SO4 2-concentration) (ppm)	Sodium sulfate solution Magnesium sulfate solution
	Gypsum formation	C > 8000	
	Ettringite formation	C < 1000	C < 4000
	Gypsum and ettringite formation	1000 < C < 8000	400 < C < 7500
	Decohesion		C > 7500

1: Gypsum and ettringite formation as a function of sulfate concentration

[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 

Table 2 .

 2 2: Exposure conditions (sodium sulfate concentration and pH) found in some of the previous studies related to ESA[START_REF] Touhami | Attaque sulfatique externe des matériaux cimentaires : Impact de différents facteurs âge, composition du liant, présence de chlorures[END_REF] 

Table 2 .

 2 

	3: Composition of cement CEM I 52.5 N CE CP2 NF provided by the manufacturer

Table 2 .

 2 

	Components Mass content based on Bogue equation %
	C3S	57.05
	C2S	14.99
	C3A	7.91
	C4AF	8.9

4: Main cement clinker phases calculated by Bogue method based on the information given in Table

2

.

3 

Table 2 .

 2 5: Mixes used to prepare mortar samples

	Specimens label	Cement type	W/C
	M I-0.45	CEM I	0.45
	M I-0.6	CEM I	0.6
	M III-0.45	CEM III	0.45
	M III-0.6	CEM III	0.6
	M II/B-0.45	CEM II/B	0.45
	M II/B-0.6	CEM II/B	0.6

Table 2 . 7 :

 27 Composition of the cement materials CEM I and CEM III provided by the manufacturer

	Components %	CEM I	CEM III
	CaO	62.79	49.46
	SiO2	20.38	29.58
	Al2O3	4.30	8.93
	TiO2	0.24	0.60
	Fe2O3	3.80	1.51
	MgO	1.25	4.57
	SO3	3.46	1.46
	S	Traces	0.58
	K2O	0.73	0.62
	Na2O	0.35	0.48
	Cl	0.04	0.20
	MnO	0.05	0.20
	LOI (Loss on ignition)	2.04	1.12
	Insoluble	0.54	0.60
	Free lime	1.39	0

Table 2 .

 2 8: Summary of the bath numbers, exposure conditions and sample mixes used during the experimental work performed on mortar samples

	Bath number	Exposure conditions	Sample mixes
	1	Full immersion	M I-0.45
	2	Full immersion	M I-0.6
	3	Full immersion	M III-0.45
	4	Full immersion	M III-0.6
	5	Full immersion	M II/B-0.45
	6	Full immersion	M II/B -0.6
	7	Semi-immersion	M I-0.45
	8	Semi-immersion	M I-0.6
	9	Semi-immersion	M III-0.45
	10	Semi-immersion	M III-0.6
	11	Semi-immersion	M II/B -0.45
	12	Semi-immersion	M II/B -0.6
	13 and 14	Drying/wetting cycles	M I-0.45 and M I-0.6
	17	Full immersion in tap water	M I-0.45
	18	Full immersion in tap water	M I-0.6
	19	Full immersion in tap water	M III-0.45
	20	Full immersion in tap water	M III-0.6
	21	Full immersion in tap water	M II/B -0.45
	22	Full immersion in tap water	M II/B -0.6

Table 2 .

 2 9: Samples designed to measure expansion

	Type of cement	w/c ratio	Exposure condition	Number of prisms used for expansion
	CEM I	0.45	Full immersion, semi-immersion and drying wetting cycles	3 for each exposure condition
	CEM I	0.6	Full immersion, semi-immersion and drying wetting cycles	3 for each exposure condition
	CEM III	0.45 Full immersion and semi-immersion	3 for each exposure condition
	CEM III	0.6	Full immersion and semi-immersion	3 for each exposure condition
	CEM II/B	0.45 Full immersion and semi-immersion	3 for each exposure condition
	CEM II/B	0.6	Full immersion and semi-immersion	3 for each exposure condition

  The composition of RC prisms was in accordance with NF with a cement content of 350 kg/m 3 . The two mixes with the contents of cement, fine aggregates, coarse aggregates and water, as well as the results for the slump test performed during the casting process are presented in Table2.10.

Table 2 .

 2 10: Concrete mix proportions

	Concrete mix	Cement content (kg/m 3 )	Water (kg/m 3 )	Sand (0-4 mm) (kg/m 3 )	Coarse aggregate (4-8 mm) (kg/m 3 )	Coarse aggregate (8-12 mm) (kg/m 3 )	w/c (-)	Slump (mm)
	CEM I 52.5 N CE CP2 NF	350	192.5	742	223	901	0.55	550
	CEM I 52.5 N CE CP2 NF	350	157.5	742	223	901	0.45	650

Table 3 .

 3 1: Porosity measured by MIP and WAPT for M I-0.45 samples

	Samples	Porosity from MIP (%)	Porosity from WAPT (%)
	M I-0.45 Imm-Initial	10.55	25.1
	M I-0.45 Imm-Final	10.27	34.94
	M I-0.45 Sem-Imm-Initial	10.55	25.1
	M I-0.45 Sem-Imm-Final	9.72	32.02
	M I-0.45 Cycles-Initial	10.55	25.1
	M I-0.45 Cycles-Final	9.53	42.19
	Table 3.2: Porosity measured by MIP and WAPT for M I-0.6 samples
	Samples	Porosity from MIP (%)	Porosity from WAPT (%)
	M I-0.6 Imm-Initial	17.17	23.12
	M I-0.6 Imm-Final	14.45	44.73
	M I-0.6 Sem-Imm-Initial	17.17	23.12
	M I-0.6 Sem-Imm-Final	14.2	40.82
	M I-0.6 Cycles-Initial	17.17	23.12
	M I-0.6 Cycles-Final	13.56	47.14

Table 3 .

 3 

		3: Results of mechanical tests	
		Ultimate capacity F (KN)	Bond strength 𝝉 (MPa)	Average compressive strength fc (MPa)
	RC I-0.45-1 (before ESA)	34	14.6	
	RC I-0.45-2 (before ESA)	32	13.8	54.8
	RC I-0.45-3 (before ESA)	31.3	13.7	
	RC I-0.45-1 (after ESA)	26.1	11.5	
	RC I-0.45-2 (before ESA)	25.8	11.4	58.6
	RC I-0.45-3 (before ESA)	24	10.6	

Table 4 . 2 .

 42 The fine aggregate used in the concrete mixture is a graded sand (0/4) with a specific gravity of 2.6 and an absorption capacity of 0.5%. The coarse aggregate (4/11) has a specific gravity of 2.57 and an absorption capacity of 1.52% while the gravel (11/22) has a specific gravity of 2.59 with an absorption capacity of 0.97%. After casting, the samples were stored in tap water for 90 consecutive days at a temperature of 20°C.

Table 4 .

 4 

	Concrete mixes	C1 CEM I	C2 CEM I-SR3	C3 CEM I-SR5	C4 CEM III	C5 CEM I-SR3	C6 CEM III	C7 CEM II/B
	CEM I	352						
	CEM I-SR3		352			350		
	CEM I-SR5			352				
	CEM III				352		350	
	CEM II/B							350
	G1-0/4	650	650	650	650	No Data	No Data	No Data
	G1-4/11	143	143	143	143	No Data	No Data	No Data
	G1-11/22	1006	1006	1006	1006	No Data	No Data	No Data
	Effective Water	158	158	158	158	175	175	175
	w/c	0.45	0.45	0.45	0.45	0.5	0.5	0.5

1: Concrete mix proportions (Kg/m 3 )

  length changes of C4, C6 and C7 remained low, around 0.05%, with CEM II/B (C7) experiencing a slight decrease especially after 7 weeks of exposure to sodium sulfate. For concrete mixes type C4, the presence of slag at larger amounts (64%) and reduced amount of clinker (36%) helped in reducing expansion caused by ESA. The same was found with C6 mixes containing 40% slag and 60% clinker and a w/c ratio of 0.5 whereas with C4 a w/c = 0.45 was used. Both C4 and C6 mixes almost attained the same expansion value of 0.04% at the end of the exposure period. This implies that water content did not have a huge impact on the resistance against ESA in this specific case where both mixes had relatively high percentages of slag. Low expansion values were experienced by C7 mixes containing blended fly ash at 30% clinker replacement.

The presence of fly ash improves resistance against ESA by consuming portlandite (CH) present in the hydrated cement and producing more C-S-H which increases concrete strength and reduces permeability

[START_REF] Bhatty | Sulfate resistance of concrete using blended cements or supplementary cementitious materials[END_REF] 

Table 4

 4 .4 and Figure 4.18.

	R² = 0.8547

Table 4 .

 4 4: Compressive strength of concrete mixes before and after ESA

	Mix reference	C1 CEM I	C2 CEM I-SR3	C3 CEM I-SR5	C4 CEM III	C5 CEMI-SR3	C7 CEM II/B
	Type of binder	CEM I	CEM I-SR3	CEM I-SR5	CEM III	CEM I-SR3	CEM II/B
	Compressive						
	strength (MPa) before	53.3	45.6	52.5	52.5	57.80	56.10
	ESA						
	Compressive						
	strength (MPa) after 16	49.81	55.67	58.11	50.04	67.20	71.10
	weeks of ESA						
	Variation (%)	-7.0	+18.08	+9.65	-4.91	+13.98	+21.09

Table 4 .

 4 5: Water Accessible Porosity of concrete mixes before and after ESA

	Mix reference	C1	C2	C3	C4	C5	C6	C7
	Type of binder	CEM I	CEM I-SR3	CEM I-SR5	CEM III	CEM I-SR3	CEM III	CEM II/B
	WAP (%) before ESA	13.9	14.20	13.70	15.20	/	/	/
	WAP (%)							
	after 16 weeks of	15.30	12.69	12.12	16.15	16.13	16.15	13.74
	ESA							
	Variation (%)	+9.15	-11.89	-13.04	+5.88	/		

/ / Figure 4.19: Water Accessible Porosity of concrete mixes (C1, C2, C3 and C4) before and after 16 weeks of immersion in the Na2SO4 solution

Table 4 .

 4 6: Coefficient of diffusion of Cl -of all concrete mixes before and after ESA

	Mix reference	C1	C2	C3	C4	C5	C6	C7
	Type of binder	CEM I	CEM I-SR3	CEM I-SR5	CEM III	CEM I-SR3	CEM III	CEM II/B
	CDC (10 12 m 2 /s) before ESA	11.20	12.80	13.40	1.80	15.50	3.4	2.30
	CDC (10 12 m 2 /s) after 16 weeks of ESA	19.06	15.73	25.08	6.73	20.62	7.34	10.65
	Variation (%)	+41.23 +18.62	+46.57	+73.25	+24.83	+53.42	+78.41

Chapter 2: Experimental work

To sum up, the objectives of this thesis are to contribute to answer to the following questions:

-Which controlled aging method seems the most suitable and accelerated for the study of ESA (what is its representativeness)? -Which sustainability indicators are the most representative of the state of the material exposed to ESA? -What is the link between ESA and changes in the porous structure (at the level of capillary pores)? -What is the impact of ESA on steel-concrete adhesion? -How to provide useful information or protocol to the establishment of a diagnosis of the current state of structures affected by ESA?

Exposure conditions

The durability tests are highly dependent on the experimental conditions. In the case of ESA, the surrounding environment plays an important role in the onset and the severity of the attack and the level of damage that can be achieved. More precisely, the pH of the solution, the sulfate concentration and the type of cation associated to sulfate ions are one of the most important parameters that should be taken into consideration while studying the impacts of ESA. The European standard NF classifies the sulfate rich environments into 3 exposure sub-classes (XA1, XA2, XA3) based on the sulfate content and acidity level (see Table 2.1). 

Materials and casting

As ever specified, three types of cement were used:

-CEM I 52. With this MIP apparatus, pores with a diameter varying between 3.7 nm and 400 𝝁m can be detected. Before starting the test, the mortar prisms selected to undergo the test were pounded to obtain very small mortar portions of about 1.0 g. These sample portions were then immersed in liquid nitrogen for 5 minutes in order to reach the thermal equilibrium which indicates that the water in the pores completely coagulates and becomes solid. Directly after, the portions extracted from mortar samples were placed in small tea bags and kept under vacuum at -46°C for 72 hours to undergo lyophilization to get a pre-treatment (drying) before MIP and stop the cement hydration process. Finally, it should be noted that the MIP test was applied for all types of mortar mixes and all exposure conditions.

Scanning Electron Microscopy

In this thesis, SEM was used as a qualitative characterization technique to determine the spatial distribution of the different cement paste phases formed after ESA (especially ettringite). The observations were made on flat polishes surfaces using a SEM Quanta 400 from FEI (see Figure 2.29) in a back-scattered electron mode (BSE). This mode was used to obtain images and information about the phase formation in selected damaged areas after exposure to ESA. The pre-saturation technique can be considered as a mean of accelerating the test by reducing the time needed to obtain a sufficient amount of sulfate ions diffused inside the sample. This step helps in overcoming the kinetics of penetration of sulfate ions linked to the physical resistance of concrete and is therefore an essential factor in the acceleration of the attack.

The accelerated attack used in this present work was proposed and recommended by Perfdub project and involved placing the samples in continuous full immersion in a high concentration sodium sulfate solution (8.9 g/L Na2SO4). However, few changes were introduced to the protocol which diverged from what was originally used by Messad [START_REF] Messad | Mise au point d'un essai de vieillissement accéléré de l'attaque sulfatique externe pour l'application du concept de performance équivalente dans le cadre de[END_REF]. First, the solutions were renewed every two weeks instead of once per month. Second, the ratio of the volume of concrete samples to the volume of solution was equal to 3 in this study and 1 in Messad's work. The same setting described in Chapter 2 (see Figure 2.7) and used for the study on the cement paste was applied with a titration system injecting sulfuric acid (H2SO4) solution in order to maintain the pH at 7 (0.1).

The conditions applied during the test are listed in Table 4.3 These conditions were designed in order to develop a protocol that is highly representative of ESA in field conditions. 

Expansion measurements

Expansions of samples were monitored by periodically measurements of the distance between couples of pins bonded to the lateral faces of samples and/or between couples of discs located on the bases. Two types of expansion measurements were carried out:

-The first one, referred to as longitudinal expansion in the following, was performed by measuring the evolution of the distance between pairs of pins bonded on lateral faces of samples (see for example The initial distance between each pair of pins and each pair of discs was recorded closely before immersion in the 8.9 g/L Na2SO4 solution (start of the accelerated attack).

The measurements of the axial expansion were performed using a specific comparator (see Figure 4.4.) while longitudinal expansion was measured using the same comparator as the one previously used with mortar prisms (see Figure 2.24). Measurements were recorded once every week until the end of the accelerated attack in order to evaluate the rate of expansion. Where, 𝑥 𝑑 is the average penetration depth (mm), 𝑇 is the temperature (°C), 𝑈 is the magnitude of the voltage (V), 𝐿 is the thickness of the sample (mm), and 𝑡 is the duration of the test in hours.

Experimental results

Expansion of concrete samples 4.3.1.1. Axial length change of C1-C4 concrete samples: Study of the effect of sample shape

Based on the recommendations of Perfdub project, it was requested to measure the axial length change on cylinders only for mixes C1, C2, C3 and C4 and the remaining mixes (C5, C6 and C7) were casted without inserting the required discs used to monitor axial dimensions inside the concrete samples. As we want to compare the experimental results obtained by axial measurement on the two considered shape of samples (prisms and cylinders), in this section, we will then only focus on the measurements made on concrete mixes C1-C4.

The axial length changes of samples made of concrete type C1, C2, C3 and C4 are presented in Figure 4.6 for prisms and in Figure 4.7 for cylinders. All curves are presented with an indication of the standard error for all measurements.

Appendices Appendix A. Materials Technical sheets

The chemical composition and mechanical properties of cement CEM I 52.