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Carbon fibre reinforced polymer (CFRP) is one of common solutions in repairing / reinforcing/ strengthening/ retrofitting structures in civil engineering due to its advantages in mechanical properties, durability and workability. However, recent issues have raised concerns for fire performance of CFRP and CFRP reinforced structures. Throughout the literature, there are several investigations on the evolution of mechanical performance of CFRP and CFRP reinforced structures during or after exposing to different levels of temperature which are close to temperatures obtained during a fire. However, the results are scatter due to the diversity of materials used, the difference in test protocols, and limitation in test facility for elevated temperature use. Analytical and numerical studies are also conducted with parametric investigation to observe, improve, and propose recommendations for design guideline. Additionally, missing gap in experimental data has a significant influence on the applicability of the available results. This research characterizes the behaviours of CFRPs and of concrete structure reinforced with CFRP material under three separated conditions concerning elevated temperature and mechanical loading that are close to different cases of fire application. The experimental and numerical methods used in this research are to further investigate the status of each material during the case studies. Particularly, residual test is used to study the mechanical performance of specimens cooled after exposing to elevated temperature respecting the evaluation of the remained behaviour of CFRP reinforced structures at post-fire situation for repairing/ retrofitting purpose. Two thermo-mechanical tests are used to study the mechanical performance of specimens at different elevated temperatures and their thermal performance at different mechanical statuses respecting the fire situation for predicting and designing purpose. The two final cases focus on the influence of loading order on the results to confirm the validity of experimental mechanical data obtained at different temperatures when applying for evaluating the fire performance of CFRP reinforced structure where mechanical effects and then temperature effects are combined.

First of all, I would like to express my gratitude to my parents, my wife and my little daughter, and also my extended family in Ho Chi Minh City, Vietnam. Their daily and endlessly supports have strengthened my motivation for this research.

In the first experimental part, 86 tests on two types of CFRP (one pre-fabricated in factory and one manually fabricated in laboratory) were studied in the temperature range from 20°C to 712°C. The performance of CFRP material is generally reduced as the temperature increases. The thermomechanical and residual ultimate strengths of P-CFRP gradually decrease from 20°C to 700°C, while its Young's modulus varies less than 10% from 20°C to 400°C and then significantly decreases at 600°C. The identified thermo-mechanical performance of CFRP was lower than its residual performance, especially at temperature beyond 400°C. Furthermore, the elevated temperature and mechanical load are experimentally shown to be relevant and thus the loading order has a small effect on the material performance under thermo-mechanical conditions. A new analytical model, proposed for the evolution of thermo-mechanical ultimate strength in function of temperature, has shown the ability to fit with two studied CFRPs and with those tested under similar thermo-mechanical condition in the literature.

In the second experimental part, 39 tests on CFRP reinforced concrete structures were conducted following three procedures via 8 series. The study concerns three adhesives and two common reinforcement methods. The experimental results show that the near surface mounted reinforcement method can improve the thermo-mechanical performance of the tested specimen comparing to externally bonding reinforcement method. It also confirms that the mechanical performance of CFRP reinforced concrete structure under elevated temperature condition is much lower than its performance under residual condition. The mechanical status of CFRP reinforced concrete structure also has an influence on its ability to resist elevated temperature rise, which is close to fire, with the reduction rate depending on the used adhesive and reinforcement method. The modification of adhesive used also affects to the thermo-mechanical performance of CFRP reinforced concrete structure. Other experimental tests on insulated CFRP have shown ability to extend the thermal performance in terms of duration and failure temperature of this material. It is also shown that with the restriction from direct-contact with air, the studied CFRP material can resist to higher temperature level.

In the final numerical part, the finite element method has been used to predict the thermo-mechanical performance of CFRP reinforced structure and also thermal performance of insulated CFRP. The first model has successfully predicted the displacement response of CFRP reinforced concrete structure under mechanical load as elevated-temperature rise. Three cases under different mechanical loads have been verified with experimental results with the appropriateness. The extended results for standard fire temperature cases regarding the variation of mechanical load have been presented. A proposed thermal-based method is potential for predicting the service duration of CFRP reinforced concrete structure under constant mechanical loads subjecting to elevated-temperature rise. The second model on insulated CFRP also successfully predicts the thermal performance of an insulation material in protecting the CFRP material. The thermal based method again shows the potentiality in predicting the ability of the studied insulation to protect CFRP regarding the influence of mechanical load. The numerical result is potentially in both predicting fire performance and designing the CFRP reinforced structure in according to the fire safety requirement. The numerical model can be further developed to be better explaining the damage mechanism and more efficient in fire-safety design application for CFRP reinforced concrete structure.
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Résumé

Le polymère renforcé de fibres de carbone (CFRP) est l'une des solutions courantes pour réparer/ renforcer/ fortifier/ rétrofiter les structures en génie civil en raison de ses avantages dans les propriétés mécaniques, la durabilité et la maniabilité. Cependant, des problèmes d'incendie récents ont soulevé des inquiétudes quant à la performance au feu du CFRP et des structures renforcées par CFRP. Dans la littérature, il existe plusieurs études sur l'évolution de la performance mécanique de CFRP et des structures renforcées par CFRP pendant ou après l'exposition à différents niveaux de température qui sont proches des températures obtenus durant un feu. Cependant, les résultats sont dispersés en raison de la diversité des matériaux utilisés, de la différence dans les protocoles d'essai et de la limitation de l'installation d'essai pour une utilisation à température élevée. Des études analytiques et numériques sont également menées avec une étude paramétrique pour observer, améliorer et proposer des recommandations pour les directives de conception. Cependant, le manque de données expérimentales a une influence significative sur applicabilité des résultats disponibles.

Cette recherche caractérise les comportements des CFRP et de la structure renforcée avec du matériau CFRP dans trois conditions distinctes concernant la température élevée et la charge mécanique qui sont proches des différents cas d'application au feu. Les méthodes expérimentales et numériques sont utilisées pour mener cette recherche afin d'étudier plus en détail l'état de chaque matériau au cours des études de cas. En particulier, l'essai résiduel est utilisé pour étudier la performance mécanique des spécimens refroidis après exposition à température élevée en respectant l'évaluation du comportement résiduel des structures renforcées en CFRP en situation post-incendie à des fins de réparation / renforcement. Deux essais thermomécaniques sont utilisés pour étudier la performance mécanique des échantillons à différentes températures élevées et leur performance thermique à différents états mécaniques en respectant la situation d'incendie pour la prédiction et la conception. Les deux derniers cas portent sur l'influence de l'ordre de chargement sur les résultats pour confirmer la validité des données mécaniques expérimentales obtenues à différentes températures lors de l'évaluation de la performance au feu de la structure renforcée par CFRP où les effets mécaniques et puis les effets thermiques sont combinés.

Dans la première partie expérimentale, 86 essais sur deux types de CFRP (un préfabriqué en usine et un fabriqué manuellement en laboratoire) ont été étudiés dans la plage de température de 20°C à 712°C. La performance du matériau CFRP est généralement réduite lorsque la température augmente. Les résistances thermomécaniques et résiduelles du P-CFRP diminuent graduellement de 20°C à 700°C, tandis que le module de Young varie de moins de 10% de 20°C à 400°C et ensuite diminue significativement à 600°C. La performance thermomécanique identifiée de CFRP a été inférieure que sa performance résiduelle, en particulier à une température supérieure à 400°C. En outre, la température élevée et la charge mécanique sont expérimentalement pertinentes et l'ordre de chargement a donc un faible effet sur les performances du matériau dans des conditions thermomécaniques. Un nouveau modèle analytique, proposé pour l'évolution de la résistance ultime thermomécanique en fonction de la température, a montré sa capacité à s'adapter à deux CFRP étudiés et à ceux testés dans des conditions thermomécaniques similaires dans la littérature.

Dans la seconde partie expérimentale, 39 essais sur les structures en béton renforcées par CFRP ont été réalisés selon trois procédures via 8 séries. L'étude concerne trois adhésifs et deux méthodes de renforcement courantes. Les résultats expérimentaux montrent que la méthode de renforcement monté en surface proche peut améliorer les performances thermomécaniques de l'échantillon testé par rapport à la méthode de renforcement par liaison externe. Il confirme également que la performance vi mécanique du béton renforcée par CFRP à température élevée est beaucoup plus faible que sa performance dans des conditions résiduelles. L'état mécanique de la structure en béton renforcée par CFRP influe également sur sa capacité à résister à une élévation de température élevée, proche du feu, le taux de réduction dépend de la méthode de collage et du renforcement utilisée. La modification de l'adhésif utilisé affecte également la performance thermomécanique de la structure en béton renforcée par CFRP. D'autres essais supplémentaires sur les CFRP isolés ont montré une capacité à augmenter les performances thermiques en termes de durée et de température de rupture de ce matériau. Il est également montré qu'avec la restriction du contact direct avec l'air, le matériau CFRP étudié peut résister à un niveau de température plus élevé.

Dans la partie numérique finale, la méthode des éléments finis a été utilisée pour prédire la performance thermomécanique de la structure renforcée par CFRP et également la performance thermique du CFRP isolé. Le premier modèle a prédit avec succès la réponse de déplacement de la structure en béton renforcée par CFRP sous charge mécanique en tant qu'élévation à température élevée. Trois cas sous différentes charges mécaniques ont été vérifiés avec les résultats expérimentaux avec la pertinence. Les résultats étendus pour les cas de température de feu standard concernant la variation de la charge mécanique ont été présentés. Une méthode thermique proposée est un moyen de prédire la durée de service de la structure en béton renforcée par CFRP soumise aux charges mécaniques constantes et à une élévation de température élevée. Le deuxième modèle sur CFRP isolé prédit également avec succès la performance thermique d'un matériau isolant dans la protection du matériau CFRP. La méthode thermique montre à nouveau la possibilité de prédire la capacité de l'isolant étudié à protéger les CFRP en ce qui concerne l'influence de la charge mécanique. Le résultat numérique est potentiellement à la fois la prévision de la performance au feu et la conception de la structure renforcée par CFRP conformément aux exigences de sécurité d'incendie. Le modèle numérique peut encore être développé pour mieux expliquer le mécanisme' d'endommage et être plus efficace dans l'application de la conception de sécurité d'incendie pour la structure en béton renforcée par CFRP. where the fo terials, hot ga ses cause the rt time. mers (Oudet, Reis, 2013). ements and r chain, the r will be a amorphous temperature . When the ous portions this region, l properties ers, such as nsity of the 4 shows the que such as r T g , if the cts such as " curve of a its a quasiow (Revathi 100°C), the 45). This is rtion of the 1), without In pract "compos closing behaviou applicati (Firmo et al., 2015a). There is also investigation on the fire performance of EBR CFRP reinforced concrete beams under various load levels [START_REF] Turkowski | Fire Resistance of CFRPstrengthened Reinforced Concrete Beams under Various Load Levels[END_REF]. For NSM reinforcement method, Al-Abdwais et al. observed the behaviour of the NSM CFRP reinforced concrete structures using cement-based adhesive at elevated temperature condition [START_REF] Al-Abdwais | Performance of NSM CFRP strengthened concrete using modified cement-based adhesive at elevated temperature[END_REF]. Jadooe et al. investigated the residual performance of NSM CFRP reinforced concrete via single lap test using a cement-based adhesive and an epoxy adhesive after 1 hour exposing to temperature from 200°C, 400°C and 600°C (Jadooe et al., 2017a[START_REF] Jadooe | Modelling of NSM CFRP strips embedded in concrete after exposure to elevated temperature using epoxy adhesives[END_REF][START_REF] Awad | Bond Behavior between NSM CFRP Strips and Concrete Exposed to Elevated Temperature Using Cement-Based and Epoxy Adhesives[END_REF].

Literature review

In comparison between two reinforcement methods, Firmo et al. experimentally studied the performance of CFRP reinforced concrete beam in both cases of reinforcement (EBR and NSM) and used these results to explain the fire performance of CFRP reinforced concrete structure [START_REF] Firmo | Contribution to the understanding of the mechanical behaviour of CFRP-strengthened RC beams subjected to fire: Experimental and numerical assessment[END_REF]. The results also showed that at room temperature, the NSM reinforced beam has 21%-35% better performance compare to EBR reinforced one depending on the bond configuration. Kotynia et al. also experimentally studied the performance of CFRP reinforced concrete structure using NSM and EBR reinforcement methods at non-temperature condition and also verified with numerical solution [START_REF] Kotynia | Bond between FRP and concrete in reinforced concrete beams strengthened with near surface mounted and externally bonded reinforcement[END_REF][START_REF] Kotynia | Flexural strengthening of RC beams with externally bonded CFRP systems: test results and 3D nonlinear FE analysis[END_REF]. The results showed that the NSM method allowed concrete beam higher failure strain, compared to EBR method. There are also other available studies for shear strengthening, compression strengthening of concrete structures or even CFRP pre-tensioned slabs at various temperature-mechanic testing conditions. For instant, Tan et al. investigated the residual performance of shear strengthening of glass FRP wrapped beams after being exposed to temperature-time history [START_REF] Yuqian | Performance of FRP-strengthened beams subjected to elevated temperatures[END_REF] following ASTM E-119 curve. These authors also reported on the performance of fibrereinforced cement composite, basalt FRP laminates and basalt FRP-strengthened beams subjected to elevated temperature [START_REF] Tan | Fiber-Reinforced Cement Composites under Elevated Temperatures[END_REF], 2008[START_REF] Mindeguia | Contribution expérimentale à la compréhension des risques d'instabilité thermique des bétons[END_REF]. Kim et al. studied the residual shear performance of CFRP shear strengthened short beams after being exposed to temperature up to 200°C [START_REF] Kim | Residual Behavior of Shear-Repaired Concrete Beams Using CFRP Sheets Subjected to Elevated High Temperatures[END_REF][START_REF] Namrou | Residual performance of concrete-adhesive interface at elevated temperatures[END_REF][START_REF] Yail | Fracture Characteristics of Notched Concrete Beams Shear-strengthened with CFRP Sheets Subjected to High Temperature[END_REF]. Considering combined temperaturemechanic load, Cree et al. observed the shear performance of hand layup lap-splice test in two load cases with elevated temperature up to 200 °C [START_REF] Cree | Tensile and Lap-Splice Shear Strength Properties of CFRP Composites at High Temperatures[END_REF][START_REF] Cree | Thermal behaviour of unstressed and stressed high strength concrete containing polypropylene fibers at elevated temperature[END_REF][START_REF] Gales | Fire Performance of Sustainable Recycled Concrete Aggregates: Mechanical Properties at Elevated Temperatures and Current Research Needs[END_REF]. Terrasi et al. and Maluk et al. reported the fire behaviour of CFRP pre-stressed high-performance selfconsolidating concrete slabs in an experimental study on thin slabs exposed to a standard fire [START_REF] Maluk | Bond strength degradation for pre-stressed steel and carbon FRP bars in high-performance self-consolidating concrete at elevated temperatures and in fire[END_REF][START_REF] Terrasi | Fire Behavior of Thin CFRP Pretensioned High-Strength Concrete Slabs[END_REF].

There are also several studies which focus on the fire behaviour of steel-reinforced concrete structures strengthened by CFRP (with or without fire protection systems) , [START_REF] Ahmed | Effect of bond degradation on fire resistance of FRPstrengthened reinforced concrete beams[END_REF][START_REF] Chowdhury | Heat transfer and structural response modelling of FRP confined rectangular concrete columns in fire[END_REF][START_REF] Chowdhury | Investigation of insulated FRP-wrapped reinforced concrete columns in fire[END_REF][START_REF] Cree | Performance in fire of FRP-strengthened and insulated reinforced concrete columns[END_REF]Firmo and Correia, 2015;[START_REF] Firmo | Fire behaviour of reinforced concrete beams strengthened with CFRP laminates: Protection systems with insulation of the anchorage zones[END_REF][START_REF] Ji | A new fire resistant FRP for externally bonded concrete repair[END_REF][START_REF] Kodur | Experimental evaluation of the fire behaviour of insulated fibre-reinforced-polymer-strengthened reinforced concrete columns[END_REF][START_REF] López | Fire protection systems for reinforced concrete slabs strengthened with CFRP laminates[END_REF][START_REF] Maluk | Fire resistance tests on thin CFRP prestressed concrete slabs[END_REF][START_REF] Naser | Analysis of RC T-beams strengthened with CFRP plates under fire loading using ANN[END_REF][START_REF] Palmieri | Fire Endurance and Residual Strength of Insulated Concrete Beams Strengthened with Near-Surface Mounted Reinforcement[END_REF][START_REF] Turkowski | Fire Resistance of CFRPstrengthened Reinforced Concrete Beams under Various Load Levels[END_REF] 

Analytical material models

Although several analytical models have been proposed for elevated temperature performance of material such as concrete, steel and FRP, but few models that perfectly address CFRP. [START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF] used a hyperbolic tangential function (Equation 2) based on composite theory to predict the evolution of a laminate polyester/ glass system as the temperature rose up to 200°C:

tanh ' 2 2 n U R U R P P P P P T R k T T
Equation 2

Where P(T) is a particular property at temperature T, P U and P R are the un-relaxed and relaxed value of that property at low temperature and high temperature, respectively. K is a constant describing the breadth of distribution and T' is the mechanically determined glass transition temperature. These two parameters were identified by fitting with the experimental results. R is the residual resin content coefficient (between 1 and 0) and its value, depending on the stress state, was proposed as 1 for resindominated properties and 0 for fibre-dominated properties [START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF]. The proposed model showed good agreement with the experimental compressive strength of the glass fibre system.

Bisby suggested a sigmoid function (Equation 3) to simulate the reduction in strength, stiffness and bond for CFRP and GFRP materials [START_REF] Bisby | Fire behaviour of fibre-reinforced polymer (FRP) reinforced or confined concrete[END_REF]:

1 1 tanh 2 2 o f a a b T c f Equation 3
In this expression, f is a mechanical property at temperature T (strength, stiffness or bond strength), and f o is the room temperature value of that mechanical property. The coefficient a was assumed as the residual value for the mechanical property, and coefficients b and c were identified through calibration based on the experimental results collected from literature published before 2004. The values of a, b, and c are shown in Table 3. [START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF], and J. Chen et al. (for steel) [START_REF] Chen | Stress-strain curves for stainless steel at elevated temperatures[END_REF] to fit with his experimental results from 22°C to 706°C. The author confirmed that with Bisby's model (Equation 3), there is a discrepancy due to the scattered data from various FRP. According to K. Wang et al. (Wang et al., 2011), Gibson's model (Equation 2) better fitted with the experimental results for temperatures up to 400°C. On the other hand, after being calibrated, the model of J. Chen et al. (Equation 4) agreed well with the experimental results for all ranges of temperature (Wang et al., 2011). K. Wang calibrated the coefficients A, B, C and n in Equation 4to fit with his experimental results. These are shown in Table 4 ( Wang et al., 2011).
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Table 4: Prediction model by Wang et al. (Wang et al., 2011), Equation 4: Coefficients for the strength of pultruded CFRP at elevated temperature

Temperature range ( C) Coefficients A B C n 22 T<150
1.00 22 200 0.9 150 T<420 0.59 150 490 0.7 420 T<706 0.48 420 76000 1.8

Yu and Kodur [START_REF] Yu | Effect of temperature on strength and stiffness properties of nearsurface mounted FRP reinforcement[END_REF] calibrated Equation 3proposed by Bisby [START_REF] Bisby | Fire behaviour of fibre-reinforced polymer (FRP) reinforced or confined concrete[END_REF] Where f T and E T are the reduction factors in the tensile strength and Young's modulus of the studied material, respectively. The prediction model exhibited a close match with the obtained results.

The model is recommended for evaluating the fire response of structures strengthened with near-surface mounted FRP reinforcement.

Concerning the performance of FRP at severe temperature conditions, B. Ghadimi et al had proposed a polynomial function to predict the residual compressive strength of pultruded glass fibre reinforced polymer regarding the temperature ranged from 20°C to 250°C [START_REF] Ghadimi | Predicted mechanical performance of pultruded FRP material under severe temperature duress[END_REF]. The developed model can successfully predict the softening brittle response of the tested material that is subjected to cycles of thermal loading and compression.

Conclusion

The literature review has highlighted the interest of the scientific community to the mechanical performance of concrete, polymer composites (FRP), structural adhesives, concrete/adhesive/FRP interface as well as FRP-concrete bond as they are exposed to elevated temperatures which are always the most important defining characteristic of a fire. This is because these materials are commonly used for reinforcing, rehabilitating and repairing of civil engineering works and the fire is still existing risk and can occur in these structures.

In general, a fire in buildings is represented in the simplest way by nominal curves, ISO 834 or ASTM E119. However, the re-creation of these "temperature-time" curves is not always easy in experimental studies because of a very high speed of temperature increase during the first minutes. Therefore, in the civil engineering field, to study the effect of temperature on the mechanical behaviour of a material, steady state tests (where the temperature is constant with time) are commonly carried out instead of those in variable regime (where the temperature in the specimen body is a function of both time and the position).

The synthesis study clearly shows that the effect of temperature on the thermo-mechanical behaviour of concrete is widely studied. However, information about the FRP composites (especially the carbon/epoxy composite) subjected to elevated temperatures is still rare. Numerous physical, chemical, thermal and mechanical complex processes occur in concrete material, FRP composite and polymer adhesive during when they are exposed to elevated temperatures. These processes are the evaporation of water, conduction or convection, the generation or absorption of heat, softening or the transition from a "glassy" state to a "rubbery" state, the thermal expansion/contraction, the increasing of internal pressure, the chemical processing steps, the dehydration, the de-carbonation of limestone or the decomposition of the polymer matrix and organic fibres, the oxidation of carbon fibres, the thermal deformation and cracking of the matrix, the delamination of fibre/matrix interface ... Moreover, these changes do not occur separately, but they overlap and/or interact with each other. These processes strongly affect the mechanical properties and thermo-mechanical tensile behaviour of materials. In summary, the evolution of main properties in function of temperature can be noted as followings:

a. For concrete:

-Reduction of the thermal conductivity attributes to the drying of the material, the occurrence and development of cracks caused by the incompatibility of deformation of the components and by the pressure in the pores, voids. -The change in specific heat results from the drying effect of the material and endothermic reactions. -The reduction of density results from the thermal expansion and the weight loss.

-The reductions in general of the compressive strength, the tensile strength, the Young's modulus of the concrete are caused by the increase in micro-cracking and porosity and internal stress result from thermal damage. Nevertheless, there is also an increase in the tensile strength of the concrete and of the cement paste at certain temperatures. -Additionally, developments of phenomenon mentioned above are irreversible. Finally, it is also necessary to mark thermal expansion (up to about 150°C) followed by a large thermal shrinkage of the cement paste. b. For FRP in general and CFRP in particular:

-There are reductions of the Young's modulus, tensile strength and change from linear behaviour to non-linear behaviour beyond the glass transition temperature. They relate to the softening, degradation of the mechanical performance of the components as well as the decomposition of the polymer matrix, to the oxidation of carbon fibres, to the micro-matrix cracking and to the delamination interfacial fibre/matrix. -The variations of the thermal conductivity and the specific heat are caused by micro-cracking, voids and endothermic/exothermic reactions. -The progressive mass loss (especially at temperatures above 300°C) of CFRP, GFRP closely relates to matrix decomposition. c. For polymer adhesives in general and epoxy adhesive in particular:

-The weight loss (especially in the more than 300°C for the elevated temperature epoxy) attributes to thermal decomposition of the material. -The change in physical state (from a "glassy" state to a "rubbery" state) and physical properties (specific heat, coefficient of thermal expansion) and mechanical properties (Young's modulus , resistance) happens in the region around the glass transition temperature -There are evolutions of shape and characteristic parameters of the "stress-strain" curves (from a quasi linear and fragile behaviour to plasticized behaviour for the epoxy).

Nevertheless, the literature review also shows a significant dispersion of the experimental results concerning the tensile and thermal behaviour of the above mentioned materials. This is attributed to the diversity of the materials used (the nature, the volume fraction and the distribution of its constituents ...), to different test protocols [types of thermo-mechanical loadings: splitting, bending or direct traction, "direct high-temperature test" (thermo-mechanical test) or "ambient temperature test on hot-cooled specimens" (residual test)]. In addition, it is also necessary to mark the difficulties of measuring the specimen deformation using direct contact instruments under elevated temperatures condition (thermal influence on accuracy of instrumentation, sliding or detachment of the measurement sensors used on the substrate). Furthermore, the equipment used in most previous studies does not allow performing experiments with simultaneous effects from mechanical and elevated temperature loads. For this reason, residual tests carried on heated-cooled specimens are more common than thermo-mechanical tests carried out on hot specimen for studying the influence of temperature the mechanical behaviour of materials. Finally, some models showing the evolution of mechanical properties of FRP have also been proposed but their appropriateness still needs to be assessed.

Objectives of this Ph.D. thesis

The application of FRP composites in the civil engineering sector is promising. However, the risks of fire accidence in civil engineering structure raise several concerns around its application. For the application of FRP in civil engineering, fire concerns are complicated due to the existences of several chemical, physical and structural phenomena. Until now, understandings on the thermo-mechanical behaviour of FRP composites, which are close to fire case, are still very limited; mainly because of a small quantity of studies. Thus, it is obvious to continuously advance on this research theme.

Particularly, the knowledge of the tensile behaviour of FRP materials under the simultaneous effects of mechanical loading and elevated temperature need to be supplemented based on "high temperature direct testing". Also, the evolution of the thermo-mechanical characteristics of the materials, especially the CFRP depending on the temperature, should also be considered. This will enrich the literature database and provide necessary information for the analysis models of the thermo-mechanical response of these materials in the event of fire. From all above reviews, following questions arise:

-What are the evolutions of the main characteristic parameters (ultimate stress and Young's modulus) of the CFRP material as a function of temperature and mechanical loading paths? -Is there any difference between the thermo-mechanical behaviour (under "direct hot test") and the residual behaviour (under ambient-temperature tensile-test after hot-cooled procedure) of CFRP material when it is simultaneously subjected to elevated temperatures and mechanical load? -Will the duration that CFRP material exposed to elevated temperature influence its properties (strength, modulus)? -Is there any correlation between elevated temperature and mechanical effects to CFRP material performance (including mechanical resistance and thermal resistance)? -Is there any difference between the performance of different types of CFRP, especially factoryprefabricated CFRP (or pultruded CFRP) and manually fabricated CFRP (in-situ/ hand lay-up/ wet lay-up CFRP)? -In civil engineering applications, what implementation method can improve the performance of CFRP reinforced concrete structure under severe temperature and mechanical load especially regarding to condition close to standard fire cases? -How to numerically model the performance of CFRP reinforced concrete structures under elevated temperature and mechanical load condition? And how to apply the model to predict their performance under different thermo-mechanical conditions (including fire-temperature condition)?

For the reasons stated above, the objectives of this Ph.D. thesis are to:

-Experimentally study performance of CFRPs and extend the properties data of the CFRPs when they are simultaneously subjected to thermal and mechanical loadings. The study expects to observe the evolution of thermo-mechanical properties of two types of CFRP (one was provided by laboratory's partner and one was manually fabricated at laboratory condition) with the thermo-mechanical stress-strain relationship of CFRP provided by non-contact measurement (laser extensometer). The behaviours of CFRP at three different combined conditions of elevated temperature and mechanical load are also expected to be clarified, especially at expected temperature range beyond 300°C and up to 1000°C. The relevance between experimental results and proposed models in the literature is expected to be identified.

-Experimentally study the thermo-mechanical performance of interface regarding the concrete/adhesive/CFRP bond under simultaneous elevated temperature and mechanical load. It is expected to identify an optimal solution to improve the concrete/adhesive/CFRP bond under severe temperature-mechanical condition that is close to standard fire condition. -Numerically investigate the performance of CFRP in reinforcing the concrete structures by using finite element analysis based software (ANSYS) to apply the experimental test results of each component in assembly model. The successful model is then able to be applied in observing the behaviour of CFRP reinforced concrete structures under different combined elevated temperature and mechanical loading condition as well as optimizing, developing their performance in complicated temperature-mechanical condition.

Chapter 2:

Experimental approach:

Material scale
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2.1.

Phase 1 -Thermal loading

In this phase (Figure 58), the temperature surrounding the sample is steadily increased up to the target temperature, T t (Figure 58) which is then maintained during the testing time. In this study, T t ranges from 200°C to 700°C. The sample is first set up in the furnace. Then, a small initial control force (F c ~100N, Figure 58) is applied to the specimen to generate the tensile status. The tensile force is programmed to increase and decrease between an upper value of 300N and a lower value of 100N. This cycle repeats 5 times to assure the sample is stable and axial. Next, the furnace begins heating the environment until the temperature reaches the target temperature. To maintain good operation and a homogeneous temperature during the test, the ramp rate is set between 7°C /min and 22°C /min, depending on the target temperature (Table 5). Based on these rates, the furnace takes approximately 30 minutes to reach its target temperature. The glass transition temperature (T g ) of the polymer matrix is between 100-125°C, and its combustion temperature (T c ) is approximately 350-400°C. Therefore, when the sample portion inside is heated to T c , the polymer oxidation process starts and releases smoke while the carbon fibre remains intact. Therefore, in tests with T t > T c , when the temperature reaches T c , smoke is emitted which may affect the laser extensometer. For that reason, an insulation barrier is used to block the side opening of the furnace. This helps reduce heat loss and diminishes thermal threats to the laser extensometer. 

Phase 2 -Thermal exposure at target loading

In this second phase, the temperature surrounding the sample will be maintained at the target temperature for a predetermined period of time. During this stage, the furnace will keep providing energy to compensate for natural heat loss in order to maintain a stable temperature. When the CFRP material experiences thermal expansion, the mechanical part is programmed to compensate for the tension release and maintain the applied force at the established level. During this phase, due to the polymer oxidation, the released smoke continues to diffuse and prevents the laser extensometer from effectively tracking the sample surface. To obtain reliable laser extensometer measurements, it is necessary to wait until the polymer matrix inside the heating chamber has completely burned. For the pultruded CFRP sample, the polymer oxidation process normally occurs within 30 minutes after the target temperature is reached. In this study, to ensure both a homogenous environment around the specimen and clear visibility for the strain measurement, the duration of the thermal exposure is set at 60 minutes.

Phase 3 -Thermal release

In this phase (Figure 58), after being exposed to the target temperature for a predetermined period of time, the temperature surrounding the sample then naturally decreases until it reaches room temperature. The furnace is turned off to stop providing energy to the heating chamber while the heat continues to dissipate. As a result, the temperature surrounding the specimen naturally decreases until it reaches room temperature. Meanwhile, the applied tensile load is maintained until the cooling process has completely finished.

2.3.1.4.

In approximately 30 minutes to reach its target temperature. The glass transition temperature (T g ) of the polymer matrix is between 100-125°C, and its combustion temperature (T c ) is approximately 350-400°C. Therefore, when the sample portion inside is heated to T c , the polymer oxidation process starts and releases smoke while the carbon fibre remains intact. Therefore, in tests with T t > T c , when the temperature reaches T c , smoke is emitted which may affect the laser extensometer. For that reason, an insulation barrier is used to block the side opening of the furnace. This helps reduce heat loss and diminishes thermal threats to the laser extensometer.

Phase 2 -Thermal exposure at target loading

In this second phase, the temperature surrounding the sample will be maintained at the target temperature for a predetermined period of time. During this stage, the furnace will keep providing energy to compensate for natural heat loss in order to maintain a stable temperature. When the CFRP material experiences thermal expansion, the mechanical part is programmed to compensate for the tension release and maintain the applied force at the established level. During this phase, due to the polymer oxidation, the released smoke continues to diffuse and prevents the laser extensometer from effectively tracking the sample surface. To obtain reliable laser extensometer measurements, it is necessary to wait until the polymer matrix inside the heating chamber has completely burned. For the pultruded CFRP sample, the polymer oxidation process normally occurs within 30 minutes after the target temperature is reached. In this study, to ensure both a homogenous environment around the specimen and clear visibility for the strain measurement, the duration of the thermal exposure is set at 60 minutes.

Phase 3 -Thermo-mechanical loading

During this phase, the applied uniaxial tensile load acting on the specimen monotonically increases until the rupture of the sample, while the temperature is maintained at the target level. After the duration of thermal exposure, the insulation barrier on the sidewall of the furnace is removed and the laser extensometer is attached to the sidewall opening of the furnace. It is then activated and ready for recording strain data. During this phase, the temperature in the heating chamber is maintained at a constant level, and the visibility inside the heating chamber is clear to allow the laser extensometer to measure the correct strain data. At the beginning of this phase, a force is applied cyclically 5 times to assure the stability and axial position of the sample. Next, a quasi-static, monotonous force is applied and increases until the specimen ruptures. This increase is controlled by the transverse of the testing machine (Figure 55a) with a movement speed of 300 μm/min to prevent distortion effects to the laser extensometer image of the sample surface during the loading process at elevated temperature (this loading speed is selected based on the "ISO 527: Plastics -Determination of tensile properties").

When the applied force suddenly drops more than 50%, the loading process stops and the peak value is recorded as the rupture force. This rupture force is identified as the ultimate force that acts on the sample at the target temperature, which is then used to calculate the ultimate thermo-mechanical stress of the CFRP ( . U TM ). During the mechanical loading process, the tensile strain is measured by the laser extensometer. This strain is identified as the thermo-mechanical axial tensile strain, which is the result of both a mechanical effect (tensile loading increase) and a thermal effect (steady target temperature). The maximum value of this strain is identified as the ultimate thermo-mechanical strain ( . U TM ) corresponding to the rupture point at the target temperature. This strain is also used to calculate Young's modulus for each temperature level ( TM E specimens measured in laboratory condition). The detailed properties of the carbon textile and polymer matrix are described in the following section.

Carbon textile

The carbon textile used includes non-twisted filaments. It is commonly used in high tensile applications such as pressure vessels, recreation, industry and engineering. According to datasheet from supplier, the tensile strength and modulus of this carbon fibre are 4900 MPa and 230 GPa, respectively, and its critical strain is 2.1%. The diameter of each filament is 7μm, and its density is 1.8 g/cm3. The standard dimension of the carbon textile is 1 m in width and 0.32 mm in thickness (310 g/m2), including approximately 3.7 carbon fibre yarns with a 1 cm long cross-section. Each yarn includes 12000 carbon filaments and its surface is pre-treated with resin compatibility epoxy. In civil engineering, this type of carbon fibre is used to repair/strengthen/retrofit structures with complicated shapes, such as confined-strengthening round columns, walls, shear strengthening in beams, or even bending-reinforcing for beams/slabs. To apply the M-CFRP on a structure, the carbon textile is wrapped or stretched along the structure surface, and the polymer is swept between the carbon textile and substrate surface or between the carbon layers.

Polymer matrix

The used polymer is a two-component epoxy with a mixed product density at 20°C and is 1.11 g/cm3.

According to supplier's data, the material properties are as in the Table 6 (according to ASTM method). 

Sample preparation

In the laboratory, the carbon textile was prepared in a single layer and was 1 m in length and 0.5 m in width (according to the fibre direction, Figure 64). The textile was then stretched, fixed in the flat plate formwork and applied with a polymer matrix afterwards. A minimum curing duration at 72 hours for polymer at 60°C is required. However, due to the application situation, which is unable to attain this temperature condition with real scale structures. Moreover, according to Cree et al., the tensile strength and Young's modulus of M-CFRP at elevated temperature are little influenced by the curing temperature [START_REF] Cree | Tensile and Lap-Splice Shear Strength Properties of CFRP Composites at High Temperatures[END_REF]. For these reasons, the M-CFRP is produced and cured with room temperature condition in 7 days in a laboratory (Figure 65). The preparation of M-CFRP in this study was also made according to the preparation procedure established by the supplier of materials (carbon textile and polymer matrix). Based on the material consumption, the fibre volume ratio of this respectively. Among the 8 specimens heated between 200°C and 400°C, 3 samples failed at the aluminium position (AB), and thus the corresponding rupture stresses do not represent their residual ultimate stresses at these temperature levels. The results also show that the residual Young's modulus at 200°C, 400°C and 500°C do not vary much, approximately 160-180 GPa, 159-165 GPa and 155 GPa, respectively. At 600°C, the Young's modulus value is much lower, 46 GPa. The axial strain of the samples heated at high temperature (from 400°C to 600°C) is difficult to obtain due to the instability of the retained near-surface fibres during the tensile loading step. 
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Thermo-mechanical test 1 (TM1)

Table 11 summaries the thermo-mechanical properties of P-CFRP for the temperature range between 200°C to 700°C. According to Figure 59, the thermo-mechanical ultimate strength at 200°C is higher than 1630-1640 MPa, reducing to approximately 1000-1100 MPa at 400°C, at 60 minutes of waiting time. At 500°C, 550°C and 600°C, these values are approximately 610-840 MPa, 390 MPa and 80-100 MPa, respectively. At 700°C, the material fails due to the oxidation of CFRP after the temperature in the heating room reaches 700°C for 8 minutes. At 200°C, 3 of 5 test samples failed at the aluminium position (AB). The collected stress-strain curves show linear behaviour (a typical curve is shown in Figure 67). 

Thermo-mechanical test 2 (TM2)

Table 12 summaries details of P-CFRP specimens and the thermal performance including the failure temperature, exposure duration and actual heating rate of each conducted test in TM2 condition. In each test, the failure temperature is determined when the mechanical load that is applied drops by approximately 50% (in all tests, this drop quickly occurs with a magnitude of more than 50%). The exposure duration in this test is determined as the duration between the point at which the temperature starts to increase and the failure temperature. For the TM2 regime, the test starts from the room conditions, where the temperature can vary between 15°C and 25°C in the daytime. Furthermore, the temperature inside the furnace rises slowly at the beginning of each test at a low heating rate. In experimental test, the rise then becomes stable after the temperature reaches 30°C and maintains its rate until failure. Therefore, in this study, the start point for tests in the TM2 regime is chosen at 35°C to guarantee that the furnace is stably and effectively operating, and the end point is when the specimen fails. Based on this, the average heating rate in this table is then determined and presented in Table 12. Because the high heating rate in the TM2 leads to smoke leakage, which can influence the precision of the laser extensometer, this device is deactivated, and there is no local deformation data except the global deformation obtained from two traverses.

As can be seen in Table 12, both the failure temperature and the exposure duration reduce as the stress ratio increases. Particularly, at a low stress ratio of 0.1, the average failure temperature is approximately 699°C, and the average exposure duration is 44 minutes. This corresponds to actual heating rate from 13.3 to 16.6°C/minute. As this ratio increases to 0.25, the exposure duration is 649°C, and exposure duration is approximately 34.7 minutes (at heating rate 16.7°C/minute). At a stress ratio of 0.5, these values are 436°C with a failure temperature at 32.3 minutes with the exposure duration. These values drop to 51.7°C and 1 minute at a stress ratio of 0.75 on average, respectively. 

Failure modes

The failure mode of the P-CFRP material depends on the temperature level between 20°C and 700°C. Table 13 presents the typical failure of the P-CFRP samples that were tested at different conditions: at 20°C (Table 13a), with the RR procedure (Table 13b), the TM1 (Table 13c), and TM2 (Table 13d).

According to Table 13a, at 20°C, P-CFRP exhibits a brittle failure tendency for both the matrix and the carbon fibre (failure mode A). The failure position of the carbon fibre is random along the length of specimen. At 200°C (Table 13b,c), in RR condition, P-CFRP specimens display a brittle-like failure that is similar to their failure mode at 20°C while in TM1 regime the P-CFRP display more soften failure. It is because at this point of temperature, the polymer matrix has not started to degrade but melting. Therefore, in TM1 regime, matrix is soften and its role is maintaining the cross-fibre direction skeleton for carbon fibres as well as minor tensile capacity. But in RR regime, the temperature in polymer matrix has returned room temperature and hardened, thus the failure of P-CFRP is more likely to failure mode at 20°C comparing to TM1 regime. However, the failure mode at 400°C ( 

Thermo-mechanical testing regime 1

In the following, Table 16 summarizes the results obtained from the TM1 regimes. In Table 16, the dimension of sample and the failure force obtained from each TM1 test are presented. They are then used to identify the ultimate strength corresponding to the exposed temperature based on the initial section. During the TM1 test, from the deformation data (obtained by the laser extensometer mentioned in 2.1.2) and loading data (from force sensor), the stress-strain curve at each temperature level is identified (Figure 78). Young's modulus at each temperature level is then identified from the curve slope and presented in Table 16 (based on "ISO 527").

As in Table 16, the retained stress ratio is identified as the ratio between the ultimate strength obtained at the tested temperature and the average ultimate strength obtained at 20°C (as estimated: 914 MPa, from 

Thermo-mechanical testing regime 2

In the following, Table 17 summarizes the results obtained from the TM1 regime. In Table 17, the dimension of each sample, the failure temperature and exposure duration obtained from each TM2 test are presented. In this series, the failure point, the failure temperature, exposure temperature and actual heating rate are identified in the same method in P-CFRP series.

According to Table 17, the failure temperature and exposure duration are reduced as the stress ratio increases. Particularly, at a low stress ratio of 0.1, the average failure temperature is approximately 634°C, and the average exposure duration is 33.5 minutes. As this ratio increases to 0.25, the exposure duration is 596°C, and exposure duration is approximately 23 minutes on average. At a stress ratio of 0.5, these values are 492°C with a failure temperature and 17.7 minutes with the exposure duration. These values decrease to 350°C and 11.7 minutes at a stress ratio of 0.6, dropping to 51.7°C and 1 minute at a stress ratio of 0.75 on average, respectively. 

Failure modes

Table 18 through Table 21 display the type of failure found in all test conditions. Similar to the failure mode of P-CFRP, at 20°C, the specimen fails in middle position between two aluminium ends in which both the carbon fibres and polymer matrix are broken (mode A, Table 18). At 200°C, the specimen also fails in the middle. However, at a temperature that is much higher than the glass transition temperature of polymer, the matrix melts and plays a minor role in the tensile resistance of M-CFRP except for the horizontally bonding effect to fibres. Therefore, the shape of the specimen after testing at room temperature is random and varies depending on its position after failure (mode B). At 400°C, the matrix totally melts and starts decomposing and reduces its viscosity. Thus, only carbon fibres contribute to the tensile performance of M-CFRP, and each carbon fibre works individually. For that reason, at the failure region of M-CFRP (normally in the middle), each carbon fibre is broken at different section (mode C). At the failure point of M-CFRP, the broken carbon fibres remain together due to the friction effect of the remaining epoxy on the neighbouring fibres. At a room temperature after the test, the specimen can easily be split off by hand . In these temperature levels, the failure mode in RR condition tends to be closer to brittle mode because of the recovery-toambient-temperature condition after cooling phase while TM1 has softer mode due to the active of temperature maintains the viscosity of polymer matrix (Table 19 andTable 20). At 600°C, the polymer matrix is completely burnt, and the carbon fibres are partly oxidized. The M-CFRP is broken as the loading stress exceeds the resistance of the remaining carbon fibres because there is no resin left in the broken specimen (mode D). These failure modes show the similarity to the failure modes observed over pultruded CFRP [START_REF] Feih | Tensile properties of carbon fibres and carbon fibre-polymer composites in fire[END_REF][START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF].

About failure mode of TM2 testing condition, according to Table 21, when the stress ratio increases from 0.1 to 0.6, the failure mode of M-CFRP conforms to the mode D as described in the TM1 Young's to 62.77 2.65 GPa e.

Evolution of thermal resistance at difference mechanical statuses

In this section, Table 29 shows the analysed results obtained in Table 17, while Figure 81 and Figure 83 display the evolution of thermal resistance of M-CFRP as the stress ratio increases from 0.1 to 0.75 in terms of failure temperature and exposure duration. As seen from Table 29 and Figure 81, when the stress ratio increases from 0.1 to 0.5, the failure temperature gradually reduces from 636°C to 491°C (or for each percentage of stress increases, the failure temperature decreases by approximately 3.6°C). This failure temperature decreases to approximately 350°C at a stress ratio of 0.6 (14.2°C/percentage of stress) and quickly decreases to 52°C at a stress ratio of 0.75 (19.9°C/percentage of stress). The reduction rate of the failure temperature for each percentage increment of stress is illustrated in Figure 82. This reduction rate, obtained as the slope of failure-temperature reduction curve in Figure 81, reflects that the influence of the mechanical status to the thermal performance (in term of failure temperature) is different depending on the range of stress ratio. As this figure shows, with a stress ratio range of less than 0.5, for each percentage increase of stress ratio, the failure temperature reduces less than 4°C. Beyond this stress ratio range, the failure temperature can reduce up to 14°C-20°C for each percentage increase of stress ratio depending on the imposed load range. Figure 83 displays the evolution of the exposure duration of M-CFRP as the stress ratio increases from 0.1 to 0.75, obtained under the TM2 testing condition. At a stress ratio of 0.1, the exposure duration is approximately 33.5 minutes. This duration quickly decreases to 23.2 minutes at a stress ratio of 0.25 and then gradually reduces to 17.7 minutes at s stress ratio of 0.5. With the stress ratio increase from 0.5 to 0.6 and then to 0.75, the exposure duration quickly reduces to 11.7 minutes and 1 minute, respectively. The evolution of exposure duration at different stress ratio presented in Figure 83 exhibits a reduction trend that is similar to that of evolution of failure temperature at different stress ratio presented in Figure 82 for the stress ratio between 0.25 and 0.75. It is because tests conducted at these stress ratio cases are obtained under similar heating rate. Figure 84 shows the average actual heating rate obtained from tests at different stress ratios. According to the Figure 84, the average actual heating rates in tests at stress ratio between 0.25 and 0.75 are about 25°C/minute; while in the tests at stress ratio of 0.1, the average actual heating rate is much lower at about 18°C/minute. This explains the reason for higher the exposure duration at stress ratio of 0.1 shown in Figure 83. As also displayed in Figure 84, although the actual heating rate is lower than the programmed heating rate at 30°C/minute, this rate is stable in almost all tests of the TM2 regime and thus guarantees the consolidated results. It should be noted that the actual heating rate is identified based on the whole test time, while the programmed heating rate at 30°C/minute is the maximum heating rate provided by the furnace. 

Conclusion

The evolutions of the ultimate tensile stress and the Young's modulus of two types of CFRP (P-CFRP and M-CFRP) material as a function of the temperature between 20°C to 700°C have been experimentally identified. Some findings of this study are mentioned below:

The performance of the CFRP material is generally reduced as the temperature increases. The thermomechanical and residual ultimate strengths of P-CFRP gradually decrease from 20°C to 700°C, while its Young's modulus varies less than 10% from 20°C-400°C and then significantly decreases at 600°C. The thermo-mechanical and residual ultimate strengths of P-CFRP decrease by 50% at approximately 300°C and 500°C. The thermo-mechanical and residual Young's modulus of P-CFRP decreases by 50% at approximately 540°C in the thermo-mechanical procedure and at 570°C in the residual procedure. The evolution curves of the thermo-mechanical properties (both ultimate strength and Young's modulus) of P-CFRP are lower than the curves of residual properties for temperatures varying from 20°C to 600°C. The differences are minor from 20°C to 400°C but become remarkable from 500°C to 600°C. Similarly, the performances of M-CFRP material generally decrease when the material is exposed to increasing temperatures. The thermo-mechanical and residual strength gradually decreases when the temperature increases from 20°C to 700°C. The M-CFRP loses 50% of its strength at 400°C in thermo-mechanical condition and 45% in residual condition. Meanwhile, Young's modulus varies little in temperature, ranging from 20°C to 400°C and only decreases 30% at 600°C in thermo-mechanical condition but up to 72% with residual condition .

The correlation between thermal and mechanical loads has been experimentally confirmed. The evolution of the failure temperature and exposure duration of a CFRP in the function of mechanical loading (in terms of the stress ratio from 0.1 to 0.75) has been investigated. For both P-CFRP and M-CFRP, when the stress ratio increase from 0.1 to 0.5 (P-CFRP) and 0.6 (M-CFRP), the failure temperature and exposure duration gradually reduces and then significantly scales down when the stress ratio exceeds these values. This result contributes to the confirmation of the combined effect of thermal and mechanical impacts on the performance of CFRP at the same time.

The experimental result of P-CFRP at 400°C in two thermo-mechanical conditions confirm that thermo-mechanical ultimate strength and Young's modulus of P-CFRP experience little change with thermal exposure durations between 10 minutes and 90 minutes; In addition, the heating rate of exterior condition has small influence on the thermal resistance of P-CFRP at the stress ratio 0.25. . It is because that the PAN carbon fibres are little affected by temperature which is under its degradation temperature.

The failure mode of CFRP depends on both the exposure temperature and applied mechanical load.

As the temperature increases or the mechanical load decreases, the failure of CFRP changes from brittle to a more softened shape. This proves the mutual correlation between thermal and mechanical loads to the performance of CFRP material under thermo-mechanical condition. In a practical application of CFRP, the evolution of the failure temperature as a variation of mechanical load can be inferred from the evolution of strength as an increasing temperature and vice versa. In other words, the order of loading among the thermal and mechanical effects on CFRP has little influence on the obtained result.

At temperatures higher than the degradation temperature of the CFRP polymer matrix, the CFRP material starts releasing smoke, which can disturb the measurement of the material axial strain by the laser sensor.

The adjusted prediction models (by Gibson and Bisby) with the calibrated coefficients can predict the properties of P-CFRP under thermo-mechanical and residual conditions. From the authors' point of view, these results can be used for numerical modelling of behaviour of P-CFRP at the two studied elevated-temperature and mechanical conditions.

A three-degree polynomial analytical model has been proposed to apply with ultimate strength of CFRP in thermo-mechanical working conditions. The proposed model better fits with two studied CFRPs and other types of CFRP that have been reported with thermo-mechanical testing condition.This model can be used in numerically modelling of behaviour of CFRP, in which an elevated temperature and mechanical load are simultaneously applied.

From an application standpoint, there is little guideline for evaluating the fire performance of general structures (beams, slabs, columns) due to the missing gaps of available material data and calculation method. Even in research, the status of structure in a real fire is too complex and thus difficult to thoroughly understand. Among the factor that influence to the structure during fire, mechanical and thermal factors are mainly and simultaneously accounted for the structure failure, so they are the objects of our research. The used materials in this research are laminate pultruded CFRP (which is commonly used to externally reinforce structures) and M-CFRP (which is mainly used to strengthening structure in shear, flexural and confined performance). Therefore, the experimental data can be exploited in structure profiles such as concrete structures (beams, slabs,...), steel (beam,..) reinforced with CFRP. With data from three testing conditions, the case study could be evaluating the performance of structure during-fire with combined impacts of mechanical and thermal effects or post-fire condition.

In design application, regarding the working condition of CFRP in real fire, there may be more effects that can influence to the performance of CFRP for example: the direct contacting to fire or not, duration of exposing to temperature and the history of thermal interaction (such as peak temperature) or cyclic thermal action [START_REF] Ghadimi | Predicted mechanical performance of pultruded FRP material under severe temperature duress[END_REF][START_REF] Russo | Residual strength testing in pultruded FRP material under a variety of temperature cycles and values[END_REF]… So far in this research, the thermo-mechanical result is lower than residual one about 15% to 20% depending on the temperature level and the type of material. However, using the experimental data from thermo-mechanical test will provide closer condition to what can be happen during a real fire: that is the co-existence of both thermal and mechanical loads at the same time. The residual result, in another way, can be exploited in the evaluating the post-fire behaviour of structure reinforced with CFRP.

Moreover, in experimental study, the used of experimental performance of CFRP material under on the steady state temperature test can be used to imply its performance under transient temperature condition.

Chapter 3:

Experimental approach:

Structure scale

This cha structure of small adhesive second p protect C

3.1.

This sec conditio section conditio three bo 3.

This sub adhesive

3.1.1.1. 

Adhesive

In this thesis, three adhesives have been used to bond CFRP on to concrete blocks including: two epoxies and one cement-based adhesive. The details of these three adhesives are shown below:

The . This adhesive is used to study the efficiency of a cement-based adhesive in improving the service duration and the performance of CFRP reinforced concrete under thermo-mechanical condition concerning fire case.

Preparation procedure of CFRP reinforced concrete specimens

The concrete blocks were casted in mould with dimensions: 60x60x100 (dimension in mm, Figure 96 and Figure 97) and then prepared according to two configurations: the first type is prepared for EBR method and the second is prepared for NSM method (Figure 98, Figure 100). In the first type, the CFRP will be bonded directly on the grinded surface of concrete blocks using adhesive (only the two bonded surfaces need to be slight grinded, Figure 98-EBR). The CFRP plate is then bonded to concrete surface and held in position by two grips until the adhesive harden. In the second type, there are two cuts on two opposite sides of the concrete blocks with the depth at about 11 mm and the width at about 4 mm (Figure 97 and Figure 98-NSM). The adhesive is then prepared and mixed according to technical instruction before being used to bond CFRP on to two opposite slots in two blocks of concrete (Figure 99). After curing duration in laboratory temperature condition, the specimens are ready for tests (Figure 100). In 
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The explanations for each series are as following details:

Series 1: referenced series at 20 C. In this series, four specimens reinforced by NSM method have been tested following direct tensile procedure including two configurations: with steel plate (WSP) and without steel plate (WOSP) at the bottom of concrete blocks. The purpose is to experimentally evaluate the efficiency of steel plate in improving structure performance by better exploiting compressive capacity of concrete material. Series 2: RR test of CFRP reinforced concrete using NSM method. In this series, the specimens are tested at three levels of temperature: 75 C, 150 C and 300 C. Series 3: TM1 test of CFRP reinforced concrete using NSM method. The specimens are tested at three levels of temperature: 75 C, 150 C and 300 C. Series 4: TM2 test of CFRP reinforced concrete using NSM method. The specimens, prepared without steel plate at the bottom, are tested at two mechanical levels: 400N, 2800N. Series 5: TM2 test of CFRP reinforced concrete using EBR method. Specimens are tested at two levels of mechanical load: 400N and 1400N. Series 6, 7, 8: TM2 test of CFRP reinforced concrete using NSM method. The specimens, bonded by three different adhesives: epoxy 1, epoxy 2, cement-based, are test at different mechanical levels: 400N, 840N, 1400N and 2800N (series 6 only)

It should be noted that in this chapter, the temperature on RR and TM1 program is not homogeneous within the structure as test descriptions in the chapter 2. The conducted series are summarized in Table 35 and each result is presented in the following section.

3.

This sec series 1 epoxy 1 conditio reinforce reinforce 3.1.4.1. 

Series 7: Thermo-mechanical performance of CFRP reinforced concrete using NSM method-epoxy 2 (TM2 program)

Table 42 summarizes the thermal performance of CFRP reinforced concrete specimens at different mechanical load cases in series 7. In this series, the actual mechanical load and heating rate are well controlled. Therefore, the variations of mechanical loads and actual heating rates in this series are small. Both failure temperature and exposure duration reduce as mechanical load increases from 400N to 1400N: failure temperature slightly reduces from 550°C to 470°C and exposure duration reduces from 20.3 minutes to 16.6 minutes respectively. Figure 123 and Figure 124 display temperature-time, force-time, total displacement-time curves and Figure 125 displays force-total displacement curves at different mechanical load cases of series 7. As can be seen from the temperature-time curves (Figure 123) and also from Table 42, the temperature monotonically increases from ambient temperature until specimen failure. Heating rate and mechanical load slightly vary between tested cases due to well programmed testing system. Similar to result of series 6 (adhesive used: epoxy 1), the results of series 7 (adhesive used: epoxy 2) show that the failure temperature and exposure duration reduce as mechanical load increases. According to Figure 123, at the low mechanical load cases (from thetest 1 to the test 4), the applied force has dropped several times before specimens completely collapse. This can be verified as in Figure 124, where the curves 1, 2 and 3 show small slips (<1mm) corresponding to each drop of mechanical load. The mechanical load is then recovered although the total displacement keeps expanding before totally collapsing (Figure 125). 

Figu

Series 8: Thermo-mechanical performance of CFRP reinforced concrete using NSM method-cement-based adhesive (TM2 program)

Table 43 summarizes the results obtained from series 8. According to the test, the result at 1400N is unavailable because that the resistance of specimen with cement-based adhesive has low mechanical capacity. Several methods to improve the contact surface such as sanded CFRP surface, replace CFRP with same material type of CFRP plate prepared with rough surface, but none can reach up to 1400N. According to these results, the differences in two mechanical cases (in failure temperature and exposure duration) are not significant. The failure temperature from the test 1 to the test 4 is slightly different between 617°C to 639°C (except that of test 2 which is much lower failure temperature at 443°C). The exposure-durations at two test cases are not much different despite of the variation in mechanical load (except that of the test 2). Figure 127 and Figure 128 present the development of temperature, force as time and Figure 129 presents the expanding of total displacement as time obtained in series 8. As can be seen from Figure 128, the total displacement-time curves at each mechanical load cases are close together; and curves between cases are separate from the other. As shown in Figure 128 and Figure 129, there is a small slip before the final collapse of specimen in the test 2. This may derive from defects during bonding process of cement-based adhesive, which has high viscosity which then is problematic to be filled in concrete slots. [START_REF] Foster | Fire survivability of externally bonded FRP strengthening systems[END_REF] and thus starts reducing its bonding capacity. When the exterior temperature reaches 90 C to 100 C, the C-A-C interface temperature reaches about 50 C -55 C (TC4, Figure 131, Figure 133) at which most of commercial thermo-setting epoxy resin starts its transition procedure from glassy state to viscous state and significantly reduces its performance [START_REF] Foster | Fire survivability of externally bonded FRP strengthening systems[END_REF]. Therefore, the normalized mechanical failure of specimen dramatically drops to 12% when applied temperature level is 90 C (TM1 curve, Figure 137). At target temperature from 90 C to 300 C, the mechanical performance of CFRP reinforced specimen slightly varies: at the target temperature of 150 C, the normalized mechanical failure slightly increases to 16% and then reduces to 8.5% at target temperature of 300 C (TM1 curve, Figure 137).

Accordingly, the residual performance of CFRP reinforced concrete specimens that were exposed to elevated temperature significantly fluctuates at temperature levels from 75 C to 300 C (Figure 137). At 75 C, the normalized mechanical performance reduces to 74%, but is still double than results of TM1 program. It is because during the heating, there is a small controlling mechanical load; therefore the bond effects at CFRP-adhesive interface as well as adhesive-concrete interface are wellmaintained. Moreover, the expansion of concrete in this range of temperature [START_REF] Hager | Comportement à haute température des bétons à haute performance : évolution des principales propriétés mécaniques[END_REF] reduces the bonding effects and also the reduction in strength of epoxy adhesive thus the specimen performance reduces. From temperature level from 150 C to 300 C, the mechanical failure of RR program is higher than that at 20 C: at 150 C the normalized mechanical performance significantly increases up to 162% (10 times higher than corresponding TM1 result) and then reduces to 107% at 300 C (6.7 times higher than corresponding TM1 result). It is because that at the temperature about 150 C to 250 C, the cement paste in concrete starts it shrinkage with increasing magnitudes (depending on the mechanical and material cases, [START_REF] Bazant | Concrete at High Temperatures: Material Properties and Mathematical Models[END_REF]). This shrinkage also attributes by the dehydration of hydrates in concrete material [START_REF] Hager | Comportement à haute température des bétons à haute performance : évolution des principales propriétés mécaniques[END_REF]. This shrinkage contributes to the confined effect to the adhesive and subsidiary to CFRP [START_REF] Kotynia | Bond between FRP and concrete in reinforced concrete beams strengthened with near surface mounted and externally bonded reinforcement[END_REF]. In RR procedure, when the exterior temperature reaches 150 C, the minimum temperature in adhesive reaches about 90 C (TC4, Figure 133) which is slightly beyond the glass transition of common hightemperature performance epoxy. Therefore, the residual properties of the adhesive used may slightly improve when cooled from the temperature range between 60 C and 95 C (thermal curing on common epoxies, [START_REF] Moussa | Time-temperature dependence of thermomechanical recovery of cold-curing structural adhesives[END_REF][START_REF] Sinclair | Effects of Cure Temperature on Epoxy Resin Properties[END_REF]). The combination of confined effect from concrete material and slight reduction in residual strength of epoxy enhances the residual mechanical performance of the concrete specimen. However, as the applied temperature reaches 300 C, the minimum temperature in adhesive may reach up to more than 100 C, whereas the reduction in residual strength becomes significant [START_REF] Moussa | Time-temperature dependence of thermomechanical recovery of cold-curing structural adhesives[END_REF], the confined effects from concrete shrinkage may be greater than this reduction. As the result, although the mechanical performance at 300 C of the specimen reduces in comparison to that at 150 C, this performance is still greater than that at ambient temperature condition. These experimental results show that the RR procedure results in higher mechanical performance of CFRP reinforced structure in comparison to TM1 procedure. This result can potentially be implemented in several applications of temperature treatment to improve the mechanical performance of CFRP reinforced structures. From the obtained results, regarding the bonding efficiency in CFRP reinforced concrete specimen, the epoxy 1 has higher thermal performance at low mechanical load level and this performance significantly reduces as the NAS increases. In contradiction, the epoxy 2 has lower thermal performance at low mechanical load, when the NAS increases, its thermal performance slightly reduces and maintains its higher thermal performance at NAS of 0.5 MPa, compared to epoxy 1. The cement-based has a middle low range of thermal performance at NAS of 0.143 MPa; however, the NAS has a small influence to its thermal performance in ranges between 0.143 MPa and 0.3 MPa.

3.1.5.2.

Comparision of failure mode

Table 46 summarizes the status of structural element after tests of series 1, 2 and 3. According to this table, WOSP-specimen collapses due to the shear failure of concrete material while WSP-specimen collapses due to the failure of concrete material at compressive zone at the corner on one side and then subsequent shear failure at adhesive-CFRP interface on the other side. This demonstrates the effectiveness of the system used that has exploited the advantage of concrete material in compression.

The result of series 2 (RR case) shows that with residual programme, the specimen firstly collapses due to the compressive failure of concrete on one side and then subsequent shear failure at CFRPadhesive interface on the other side (Figure 106 and Figure 107). For the thermo-mechanical condition (TM1, series 3), the specimens gradually collapse (Figure 108) due to the shear failure at CFRP-adhesive interface (Figure 109). The failure of residual test on specimens that have collapsed after TM1 regime (RR* case) shows that the specimen continues to maintained certain mechanical capacity. They experience a quick collapsing (Figure 106) due to the shear failure of CFRP-adhesive interface (Figure 109).

Table 47 summarizes the status of structural element after test from series 4 to 8 following TM2 testing program. The result from series 4 shows that at low mechanical level NAS of 0.143 MPa, the WOSP-specimen collapses due to the CFRP-adhesive interface resulted from partly burnt of adhesive and separation crack of the concrete. At failure temperature, both CFRP adhesive and concrete material have been thermally affected. Beside the main rupture crack, there are several small cracks on concrete block surface (Figure 113a). At NAS of 1.0 MPa, the WOSP specimen collapses due to the shear failure of CFRP-adhesive interface while all others are undamaged (Figure 113b). Result from series 5 shows that with the EBR method and WSP configuration, the specimen collapses due to the shear failure at CFRP-adhesive interface at all other tested NAS levels (Figure 117). Result at NAS of 0.143 MPa of series 6 shows that the specimen collapses due to the tensile failure of CFRP at elevated temperature (Figure 121a). As can be seen from the summary shown on Table 47, at the failure temperature, all other structural elements have been partly thermally-affected. Different from series 4, the efficiency of steel-plate-design has been experimentally demonstrated that the shear failure of concrete has not contributed to the specimen failure (Figure 121a). As NAS increases from 0.3 MPa to 1.0 MPa, the shear failure of CFRP-adhesive interface dominates the cause of specimen collapse, with the tendency to be affected by temperature declines (Figure 121b and Figure 122). The series 7, in comparison with series 6, has the similar configuration but different adhesive. The result of series 7 shows that at NAS from 0.143 MPa to 0.3 MPa, the specimens collapse due to the shear failure of CFRP-adhesive interface and CFRP and adhesive have partly burnt and concrete has displayed micro cracks (Figure 126a, Figure 126b). At NAS of 0.5 MPa, the specimen also collapses because of shear failure of CFRP-adhesive interface, while the influence of elevated temperature to CFRP, adhesive and concrete is minor (Figure 126c). With the modification of adhesive to cementbased in series 8, the specimen collapses mainly because of shear failure at CFRP-adhesive interface. The adhesive, concrete material and adhesive-concrete interface are undamaged at the failure temperature while with CFRP the polymer matrix has completely burnt at NAS of 0.143 MPa and partly burnt at NAS of 0.3 MPa. 
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The ther cylinder arranged test. The bond strength of single lap of Duralco 4703 (Epoxy 1) at three levels of temperature is reported by Victrex Europa GmbH ( [START_REF] Horst | High performance adhesive bonding of VICTREX® PEEKTM at elevated temperatures[END_REF], Table 50). According to Firmo et al., the parameters of bond-slip model for EBR and NSM reinforcement methods can vary among wide range depending on the material ( (Firmo et al., 2015a;[START_REF] Firmo | Bond Behavior between Near-Surface-Mounted CFRP Strips and Concrete at High Temperatures[END_REF], Table 51). Figure 162 displays the calibrated parameters for numerical modelling of the bond at different temperatures reported by [START_REF] Arruda | Numerical modelling of the bond between concrete and CFRP laminates at elevated temperatures[END_REF]. The calibrated parameters demonstrate that the mechanical performance of NSM method is almost double than that of EBR method. The calibrated properties were compared with analytical model for bond strength performance at elevated temperature with good consistence (Figure 163). Based on these results, the bond-slip parameters are calibrated for the P-CFRP-concrete bond in this numerical simulation for NSM reinforcement method (Figure 164). (Firmo et al., 2015a;[START_REF] Firmo | Bond Behavior between Near-Surface-Mounted CFRP Strips and Concrete at High Temperatures[END_REF] . Although the results of insulated M-CFRP tests show that at the time of failure, the temperature on M-CFRP in the case with insulation is higher than that of the case without insulation, further experiments and analysis need to be undertaken in order to confirm this tendency. In civil engineering, when a fire happens, there are several phenomena: structures are subjected with service load, elevated temperature condition, chemical reactions or degradation of material, the existence of toxic smokes. In this research, the authors aim to study the performance of M-CFRP and insulated M-CFRP under condition with combined elevated temperature and mechanical load at the same time without consideration on the other phenomena such as material degradation due to elevated temperature. According to current guideline for fire-design, the main role of insulation material is to protect the structure under the elevated temperature. Furthermore, the mechanical properties of several available insulation materials in commercial market are not significant in comparison to the structure and materials. The result on the performance of M-CFRP under combined mechanical load and temperature load can be applied for evaluation its performance in fire-concerned cases. With the experimental and numerical results on insulation material, the evolution of temperature behind the insulation layer with an identified thickness at different elevated temperature cases can be estimated. The experimental test with insulated M-CFRP shows that the real temperature at M-CFRP surface (under insulation layer) at failure is higher than that of the cases without insulation material. However, if the failure temperature in the case without insulation material is referred as a failure criterion for M-CFRP, then it is possible to apply this criterion to predict the failure of insulated M-CFRP specimens which are simultaneously subjected to both mechanical load and elevated temperature. Therefore, within the objective of this research, it is assumed that the surface temperatures of M-CFRP at the failure in two tested cases (with and without insulation material) are not much different, disregarding the mechanical status. Then, combining with the numerical result in fire-temperature loading case (Figure 192), a proposal thickness of insulation material to protect the M-CFRP under firetemperature load regarding the mechanical loading status and the requirement to extend the fireresisted duration as displayed in Figure 193. -Based on two prediction results on CFRP reinforced concrete specimen and insulated CFRP under standard fire-temperature case, it is possible to improve the fire performance of CFRP reinforced concrete by using appropriate reinforcement method and also protect the bond with suitable insulation layer with consideration to the mechanical state of the structure in order to meet with the fire-resistance design standards. -Of course, there are still differences between the temperature profiles which are experimentally and numerically measured. These differences are attributed to several factors from the numerical model simplifications, the nature of the material heterogeneity and the possible effects of environmental factors and experimental conditions during testing. However, to these numerical values obtained in this study, it clearly requires further test to confirm. -The combination of two numerical models can be developed for predicting the firetemperature performance of CFRP reinforced concrete structures that are under mechanical load as well as protecting them to meet the fire-safety requirements according to design guidelines.
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Recommendation for civil engineering design

The used materials in this research are laminate pultruded CFRP (which is commonly used to externally reinforce structures) and M-CFRP (which is commonly used to strengthening structure in shear, flexural and confined performance). Therefore, the experimental data can be exploited in structure profiles such as concrete structures (beams, slabs,...) and steel structures (beams,..) that are reinforced with CFRP. From an application standpoint, we would like to impress that in the fire engineering domain, there is little guideline for designing, evaluating the fire performance of general structures (beams, slabs, columns) due to dispersed experimental data, especially on material, reinforcement method as well as testing protocol. From the above mentioned conclusions, the author proposes following recommendations for civil engineering design:

1. It is necessary to evaluate the fire performance of CFRP and CFRP reinforced structures based on thermo-mechanical behaviour. The properties obtained from closer-to-fire condition increase the reliability in fire design for civil engineering structure. 2. The residual behaviour of CFRP and CFRP reinforced structures can be applied in fire concerns: evaluating the residual performance of CFRP and CFRP reinforced structure at post-fire situation, for repairing / strengthening / retrofitting or even destructing decision if needed. 3. The experimental residual behaviour of CFRP and CFRP reinforced structures can be applied for fire-performance in design stage if the correlation between two conditions for each material is taken into account. 4. The proposed analytical model is able to predict the reduction of ultimate strength of two studied CFRPs at elevated temperature condition for fire design application. The model can be applied for other type of CFRP in the literature with limited experimental data under thermo-mechanical condition. 5. The analytical models proposed in the literature can be better applied to predict the reduction of Young's modulus of two studied CFRPs at elevated temperature condition for fire design application. 6. For the use of CFRP and FRP in reinforcing concrete structures, it is better to use near-surface mounted method for better fire performance of structures. The geometry of reinforcement method may vary due to the availability of structure dimension with the efficiency can be confirmed with numerical verification. 7. For the use of CFRP and FRP in general, conducting thermal curing can improve the mechanical performance of reinforced structure under ambient temperature situation. 8. The use of Duralco 4703 epoxy can improve the thermo-mechanical performance of CFRP reinforced structures under elevated temperature rise that is close to fire case, respecting the appropriate mechanical load during the elevated temperature rise. 9. For further extending the service duration of CFRP reinforced structures to meet the firedesign regulations, it is better to use the insulation material to protect structure with the consideration on the mechanical status of structures.

Research perspectives

The study has experimentally characterized the performance of CFRP and small concrete structure reinforced with CFRP under three conditions that simultaneously combine temperature and mechanical loads.

Based on these results on CFRP material, further comparative and analytic study can be conducted for synthesizing and generalizing the performance of FRP and CFRP in particular for different applications concerning fire case.

The new proposed analytical model is based on three-degree polynomial function, which is different from sigmoid function proposed in the literature. The new proposed model is better suit with thermomechanical ultimate strength of two studied CFRPs while previous models are more suitable to thermo-mechanical Young's modulus. Therefore, it is also necessary to clarify the suitability of the new proposed analytical model and others proposed in the literature for predicting the reduction of material properties under elevated temperature condition.

Based on the experimental results on CFRP reinforced concrete specimens, further studies can focus on:

1. Influence of thermal effect on performance of CFRP or FRP reinforced concrete structures at ambient temperature condition. This can result in the standard treatment procedure improving the mechanical performance of CFRP reinforced concrete structures. 2. The residual test on CFRP reinforced concrete structure is obtained from cooled specimen after exposing to constant temperature condition, which is not the same as fire-temperature condition. To be applied to estimate the residual performance of CFRP reinforced concrete structures at post-fire situation, it is also necessary to study the residual performance of the near surface mounted CFRP reinforced concrete under mechanical load after exposing to standard-fire history within different durations. 3. Because the experimental tests were conducted with a small scale structure, further confirmations on full scale structure should be studied with comparative analysis. Base on that result, the experiment on small scale, which is easier and cheaper to conduct, can be applied for full scale situation.

Base on numerical results, further developments can be considered:

1. Influence of thermal effect on performance of CFRP or FRP reinforced concrete structures at ambient temperature condition. 
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	content, 500°C), an nd the transfo and type o of aggregate es (Menou, formation fro om -quartz--to -quartz 2004). The 2004; M Mindeguia, 20 009; Missem mer, 2012; Ng guyen, 2013; around 570°e thermal con nductivity o of ordinary C of siliceou us aggregate concrete at e (Kodur, Tshimanga, 2007). reaches the e transition t temperature of the polym mer matrix, t the matrix b becomes soft ten and the m material's
	ambient 2014; Ngu uyen, 2013). temperature e is betwee n 1.4 W/m. .°C and 3.6 6 W/m.°C. T The thermal mechanica al properties (Young's m modulus, ten nsile strength h) are reduc ced significa antly. There conductivit ty of high-efore, the
	perform The concre ance concret te is general lly higher th han that of or rdinary conc crete due to ete specific-h heat at ambie ent temperat ture varies be tween 840J /kg.K and 18 low water/c ement ratio 800J/kg.K d epending . Con nclusion contributio on of the m matrix to th he composite e tensile st trength grad dually becom mes negligib ble. This
	(W/C) a and the use o of different b binders in hig gh-performa ance concrete e (Kodur, 20 014). When t temperature on aggrega ate types (K Kodur, 2014) ). The speci fic-heat of t the hardened d cement pa aste ranges f from 700 This sec ction synthes sises the mai n observatio ons and expe erimental resu ults concerni ing the evolu ution of the contributio on reduces to o zero after total decomp position of t the matrix, c characterized d by a decom mposition
	Figur re 15: Therm increase es, the therm al deformati ion of concre etes with diffe ferent types of of aggregates s (Hager, 20 04); mal conductiv vity of concr rete generally y reduces. F Figure 17 illu ustrates the v variation in J/kg.K to 1 1700J/kg.K a at room temp perature (Min ndeguia, 200 09). This qua antity general ally increases s with the behaviou ur of concret te at high tem mperatures. It is shown that under h igh temperat ture conditio on, concrete temperatur re T d ( from 250°C to 50 00°C (Mouri itz and Gibs on, 2006; M Mouritz et al., , 2006; Corre eia et al.,
	1.Quartz, 2 2. Sandstone, conductivity and emp thermal material pirical relatio l and the deh y of ordinary 3. Limeston ne, 4.Basalt, 5 5.Expanded onships (Kod hydration in y concrete a dur, 2014). T C-S-H that c as function o The decrease create voids of temperatur clays, 6. Cem ment paste e in thermal (Missemer, re based on conductivity 2012)). In a the publishe y is due to th addition, the ed test data he drying of appearance rise of tem different te aggregate, mperature du emperature o the concret ue to endothe of two conc te specific-h ermic reactio cretes with d heat increase ons. Figure different agg ed around 50 18 shows th gregate type 00°C due to e variation o (Nguyen, 2 o the transfo of of specifi 2013). With ormation of ic heat at siliceous quartzite Figure e 19: Specific c heat as a fu function of te (0%; 1.5% emperature of % and 3%) (E of concretes w EN 1992-1-2) with three dif fferent water experien nces several physical a nd chemica al changes w which strong gly modify its thermo-mechanical 2010). Fur rthermore, th he mechanic cal propertie es of fibres, in general, are not sign nificantly af ffected at r contents propertie es. These physic-chem mical transfo formations a are water-in nto-steam p processing, C-S-H gel temperatur res close to glass trans ition temper rature T g of f the matrix x. Several fi ibres themse elves are ). dehydrat tion, portlan ndite de-hydr roxylation, q quartzite-pro ocessing pha ase and lime estone de-car rbonisation. intrinsicall ly resistant t to high temp peratures. Fo or example, carbon fibre e modulus d decreased on nly above
	The oppos site change and dev velopment of f cracks, cau of the ther rmal expansi ion of the used by defo ormation inco aggregates a and the cem ment paste g generates ompatibilitie es of betwee en thermal sh hrinkage of while with h the limeston ne concrete (or carbonat te aggregate concrete), sp pecific-heat intensively i increased Among these param meters, water (in the form m of free wa ater, capillar ry water, ads sorbed water r and water 500°C and d its tensile st trength bega an only slight tly to decrea se from 400°n °C (Feih and d Mouritz, 20 012; Feih
	deformatio on incompati ibilities whic ch cause ten nsile stresses cement-p paste and ex xpansion of f aggregates, , limit the h heat transfer in the ceme ent paste, com mpressive st tresses at in concrete e (Nguyen, 2013). The between 6 00°C and 80 00°C becaus se of the hea at consumpt tion in latent t form for th he de-carbon nation of Accordin ng to Kodu ur, the presen nce of fibre es also has a minor infl fluence on th he specific h heat of the chemica ally bound to o the hydrate ed-cement) h has a signific cant influence e to concrete e behaviour. During the et al., 2009 9). Figure 22 2a also show ws the evolut tions of stren gth of some e fibres at el levated temp peratures.
	the level variation of aggregate es and tang gential stress ses at ceme ent paste/agg gregates inte erface. The n of the mea asured data o on the therm mal conductiv vity is repres sented by the e shaded are ea in Figure opposite limestone. The drying g effect wa as taken int to account in the peak k of specifi ic heat betw ween the concrete e (Kodur, 20 014). For exa ample, for co oncrete adde ed with polyp propylene fib bres, the com mbustion of temperat ture rise, wa ater gradually y escapes fro om the mater rial, loses th e bound free e water and d dehydrating The carbon n fibres are hardly affec cted by eleva ated tempera ature up to 1 1000°C, whe ereas the gla ass fibres
	behaviour 17. This between agg gregates and s variation o n a reported d basis was m cement past te could ther refore cause mainly due t to the water temperatur res ranging fr from 100°C t to 200°C is d depending on n the water c ontent of the damage to t the concrete content, the e type of agg material. gregate, test e concrete (F Figure 19, these fib bre products releases mic cro-channels from its eva aporation; an nd thus the am mount of he at absorbed hydrates s. This repre sents the ma ain cause of loss in mass s of the conc crete, causing g the volume e change of retain mos st of their s trength at 4 400°C. Thus , at low tem mperatures ( between 20°u °C and temp peratures
	One conse equence of th his damage i is the appear rance of crac cks in matrix x, trans-aggre egates and e especially conditio ons and meas surement tech hniques used d in the exper riments (Kod dur, 2014). (EN 1992--1-2)). Figur re 19 also sh hows that the e peak of sp ecific heat o of concrete d depends on t the water to the d dehydration o of the chemi ically bound d water decr reases. For th hat reason, t the specific heat of the the mat terial and th he thermal s stresses indu uced by the e evaporated d-water pres ssure in the pores. As around the e glass transit tion tempera ature of the m matrix), the s stiffness redu ction of a FR RP composi te can be
	the cement t paste /aggre egate interfac ce where the e materials ha ave poor mec chanical prop perties (Figu ure 16). content of the concrete e. concrete e reduces in the tempera ature ranging g from 600°C C to 800°C. However, th he concrete added with temperat ture rise, the e combinatio on of physic -chemical tr ransformation ns including g water evapo oration, the mainly att tributed to th he degradati ion of the m matrix. And the compos ite tensile s strength at v very high
	steel fib bres shows a pored-pr ressure and t the deformat high specifi ic heat in the e temperatur re ranging fr rom 400°C t to 800°C, wh hich can be tion-incompa atibility betw ween the har dened cemen nt-paste and d aggregates temperatur res is genera ally controll led by the f fibre, There are also sev veral other factors affec cting the
	12: Thermal attribute ed to the addi expansion of mecha f hardened c anical cases cement paste (Bazant and d Kaplan, 19 in function o of temperatu ure in four dif itional heat a absorbed to t the water of d dehydration chemically b bonded. cause de e-structuring g of the har rdened ceme ent paste and d aggregates s. This brea akdown dire ctly affects change of these proper rties, for exa ample the re einforcing ra ate, the fibre /matrix bond ding ... Alth hough the ifferent Figu ure 14: Evolu ution with tem mperature lin near expansi ion different t kinds of roc cks: a) limes tone; b) thermal, , mechanical properties a and mechanic cal transfer o of concrete m material as fo ollowings: individual fibre can m maintain their r mechanical l strength at t high tempe eratures, how wever, when they are 96). quartz; d d) basalt (Ha ager, 2004) 1.2.1.5. In gener with inc . Evo ral, the comp creasing temp olution of me pressive stre perature. Che echanical pro ength, the ten emical transf operties of c nsile strength formations d concrete h and elastic during heatin c modulus in ng can lead to n compressio o the degrad on decrease dation of the Figur re 20: Differe ent tensile str rength result ts, reported b by (Fares, 20 010) ----Increases in Occurrence Variations in A modifica pore size, po and develop n thermal pro ation (which orosity and p ment of micr operties such h is typically permeability combined with the re esin in a co omposite, th he strength of the com mposite at hi igh tempera ature can of concrete. significant tly decrease as shown in n Figure 22b. . At tempera atures around d 400°C, mo ost composit tes lose a ro-cracks h as thermal ly a decreas conductivity se) in comp y (decrease) a pressive stre and the speci ength, tensil substantial l part of its te ensile streng th. This is du ue to the sof ftening and d degradation o of the polym er matrix ific heat. le strength, at tempera atures above its glass tra ansition tem mperature. Th hus, the mec chanical load d sharing fu unction is
	microstr ructure of co modulus wit ncrete (Nguy yen, 2013). th increasing g temperature e.	
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	d and the ind dividual fibre e can be over erloaded and	broken grad ually inducin ng ultimately y rupture of
		posite (Green n et al., 2007 7).
	Figu ure 25: Part	ial decompos sition (left) a and total dec composition	(right) of the e epoxy matr ix after
	Figure 27	exposur re to elevated d temperatur res, (Wang e t al., 2011) stress -strain : " Tensile s n" Curves of f CFRP comp posites (left) and GFRP ( (right) after e exposure
	to hig gh temperatu ures (tests ca arried out on n heated-coo led cylinders s), (Foster an nd Bisby, 20 05) F
	) e 22: Evoluti ion of ultima ate strength o temperat of bare fibres ture (Green e (b) s (a) and com mposite FRP P (b) dependi Figure 23: : Stress-strai in relationsh ip of CFRP o (Wan obtained by ng et al., 200 "direct test a at elevated te emperature" Recently, t the author of f the present study (Nguy yen et al., 20 18) perform med two serie es of tests on n P-CFRP (200°C), 07) ng on the following both the the ermo-mechan nical procedu dure and resi idual procedu ure as the te emperature i increased et al., 2007) from 20°C C to 700°C. The details of research are further e explained in the chapter r 2. Accordin ng to the
	The stress s-strain relat tionship was s also inves stigated on results of t the mentione ed study, the residual perf formance of	laminate CF FRP (thermo osetting epo oxy resin P-CFRP is h higher than it ts thermo-me echanical
	. performanc matrix) in direct tensil Rela ation "stress s-strain" dep pending on t e tests under r high tempe erature up to o 520°C (Wa ang et al., 20 011) (Figure ce. It is also o shown that t the P-CFRP P decreased 50% of its strength at 3 300°C in the e thermo-24). The temperature limits of th hese results a are that the ob btained tensi ile modulus is based not on the displa acement betw ween two mechanica al condition a and 500°C in n the residual l condition, w while its You ung's modul lus decreased d by 50%
	The redu uction of me echanical be ehaviour of F FRP compos site exposed points of th he test speci men but on t the grips of the traction machine. Ho to high tem mperature (in cluding the owever, the " "stress-displa acement" at 540°C a and 570°C in two conditio ons, respectiv vely.
	resistanc ce and rigidi ity) is also o observed thr rough the va ariation of th he stress-stra ain relation curves sho own in Figur re 24 reflect the trend of f the "stress--strain" relat tionship. Par rticularly, the at different e "stress-
	temperat the "stre ture. Accord ess-strain" r ding to the a elationship, available rese mainly due earch data, f to technica few experime al difficulty ental studies in measurin s provide dat ng deformati ta regarding ion at high displaceme maximum ent" curves p temperature present nonli e in this study inearities in y). Accordin the temperat ng to the auth tures ranging hors, these n g between 62 nonlinearities 25°C and 70 s are attribut 1.2.2.3. Tensil le properties evolution 06°C (the ted to the Figure 26 6: Mass loss in test speci imens with te emperature, ( (Foster and B Bisby, 2005) ) Because o of difficulties s in experim ments (inabil lity to meas sure the defo formation of f the compo site), the Figu
	temperat ture. loss of the mechanical results for r the change es in mechan performanc e of fibres fr from the oxid dation of car bon fibres. T This study le earns that nical proper rties of FRP P composites s mainly rel late to their ultimate
	Wang et temperat reinforce All tests desired t test is mechani pair of d furnace mechani deforma temperat the auth almost l t al. conducte tures ranging ement in con s were carrie temperature. assessed mo ical loading, displacemen (heated part ical load w ation data fo tures, the res hors found t inear until fa ed experimen g from 20°C ncrete structu ed out in the . After half a onotonous m the tempera nt transducers t). These tra was applied. or most of t sin is burnt in that the "str failure of the nts by pullin C to600°C (W ures. They co e condition an hour of w mechanical ature of the s s was used t ansducers sta . However, tests at elev n the test tub ess-strain" r specimens. ng on cylindr Wang et al., onsist of car of thermally waiting to get loads under specimen is k to measure t arted measur the displa ated temper bes leading th relationship Figure 23 be rical specime 2007). Thes rbon or glass y stable state t a uniform t r tension un kept constan the deformat ring the defo acement sen ratures (beyo he fall of the even at elev elow shows ens of pultrud se specimen fibres and a e. The sampl temperature ntil failure. nt (direct high tion of the c ormation at nsor system ond 350°C). transducers vated tempe an example ded CFRP an ns were used a polyester re le is first he within the m During the h-temperatur cylinder part the same tim has failed It is becau system. On eratures (up of the stress the duratio on of 5 minu utes is suffici ient to achiev ve thermal h homogeneity referred in s specimens of f 1.4 mm resistance. However, t there are cha anges in You ung's modul lus as a func ction of the temperature of some nd GFRP in in thicknes ss and that a an extension of this peri iod does not affect the te ensile resista ance of lami inates. In Residua l linear "stre ess-strain" cu urves of lam minate CFRP P and GFRP have also b been studied , Figure 27 materials ( (CFRP, GFR RP polyester resin matrix x) (Wang et t al., 2007). The tests car rried out in the latter as internal addition, e exposure to h high tempera atures causes s partial loss (from 97°C to308) or to otal loss (from m 395°C (Foster and Bisby, 2 2005). The s significant d difference in this study i in compariso on with that mentioned study are h high tempera ature direct te ests (see sect tions mention ned above), Figure 28. It t should be n noted that esin matrix. to 625°C) of the matr rix in the tu ubes due to t the decompo osition of th he epoxy, Fi igure 25. It was also above (d direct test at t high tempe erature) is th hat the test s specimen we ere imposed with mecha anical loads the tensile modulus of GFRP remai ins constant up to a temp perature of 40 00°C. In add dition, the de crease of eated to the demonstrat ted that the pure epoxy materials an nd epoxy ma atrix compos sites (CFRP, GFRP) sign nificantly after bei ing heated to o the desired d temperatur re and then c cooled to roo om temperatu ture. The reg gime of this this modu ulus is very marked wh en the temp perature incr reases progr ressively. At t 500°C, thi is tensile material, the loses their weight at a t temperature of 367°C (F Foster and Bi isby, 2005, 2 2008). Howev ver, carbon a and glass test will now be call led "residual l" regime. In n the previou us study (Fos ster and Bisb by, 2005), ex xtensometer modulus r retains about t 30% of it ts initial val lue. The res sults are no t available for CFRP a at higher period of fibres show w almost no m mass reducti ion in temper rature up to 6 600°C (Figu re 26). gauges w were used to o measure the e deformatio on of the test t specimens. However, th he authors al lso reported temperatur res due to t the damage of strain m measurement sensors. At temperature es up to 20 00°C, the re test). A that the strain gauge es were detac ched before the rupture o of most GFR RP specimen ns. This again n illustrates evolution o of the CFRP P Young's m modulus is sim milar to that t of GFRP (a a loss of abo out 14% of its initial t within the the diffi culties in me easuring of s strain for FR RP composite es including at room tem mperature. In addition, it value at 20 00°C). Acco ording to the se authors, a a degradatio n of CFRP a and GFRP Y Young's mod dulus can me that the to record use at these test results, to 600°C), s-strain (" -was obs being ex the mov specime measure erved that th xposed to 40 vement of tw ens. Accordin e deformation he epoxy poly 00°C (for 3 h wo clamping ng to Cao et n at elevated ymer matrix hours). Yu an brackets on t al. (Shengh temperature of the tested nd Kodur (Y the tensile m hu Cao et al. e up to 200°C d specimens Yu and Kodu machine to e ., 2009), it w Figure 30 . However, it should b be noted th hat the dispe ersion of te est results in ncreases wi th rising C. was almost c ur, 2014) use stimate the e was difficult completely b ed an LVDT elongation o to use strain burned after also be fou und in the stu udy of Saafi, but with a lo ower amplitu ude (Saafi, 2 002), Figure e 28. a) to measure f the CFRP decreased up to 400°C C and that of f the GFRP c composite pr resented a sig gnificant red duction abov ve 300°C, n gauges to The availa 2005, 200 able results o 08) showed of residual t that the res tests carried sidual modu d out on " h ulus of CFR heated-cooled RP composit d specimens" te (resin epo " (Foster an oxy matrix) nd Bisby, ) slightly Figur
	") curve e of a CFRP temperatur re of exposu Yu and	specimen at t 200°C. re. Finally, t two analytica al models pr roposed by S Saafi and Bis sby for the e evolution
	of GFRP c composite mo odulus as the e increase of f temperature e were observ ved (Figure 2 29) (Adelzad deh et al., tensile p
	2014). How wever, accor rding to these e models, it c can be seen t that the comp posite Young g's modulus and Kod	degrades
	significant tly for tempe for both	ratures abov v200°C.
	47% for	
	Figure	24: Relation n "stress-disp placement cr ross" in the h high tempera ature direct te tests on lamin nated
				CFRP, ( (Wang et al.,	2011)
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	effect in ncreases the Furthermo re, there was heterogeneit ty of the mat terial resultin ng in the dis spersion of th the test data s the "high t temperature d direct test" d done on sam ples in the fo form of the l aminated such as the It is cle ear that the ultimate ten nsile strength h of the CF FRP and GF FRP compos site material ls generally loading studied in d different wor rks ["direct t testing at hig gh temperatu ure" (thermo--mechanical regime) or The influe ence of tem mperature on n the therm mo-physical and mechan nical proper rties (mass, thermal
	Young's s modulus or r ultimate str ength of FRP P composite. . CFRP hav ving the epo oxy resin ma atrix (Wang et al., 201 1). The resu ults showed decrease es with incr reasing temp perature. Ne evertheless, t the level of f evolution o that there w were two of this resis stance with "testing on heated-co ooled specim men" (residua al regime)]. I In addition, i it is necessar ry to take acc count of the conductivi ty, specific h heat, modulu us, resistance e) of the adh hesive polym mers (especia ally epoxy) w was quite
	significant t reductions i in the tensile e strength oc ccurring in th he temperatu ure ranging b between 20°s C-150°C temperat ture depend ds not only on the co omposite com mposition, b but also the e test proto ocol ("high difficulty ty of measur rement of th he deformat tion of the composite m material and d the dispers sion of the extensively y studied. In n general, th he physic-me echanical pr roperties of t these adhesi ives change with the
	1.2.2.4. . and 450°C C-700°C (Fig Ten ure 35). Betw sile resistan ce ween these tw wo temperat ture ranges, t there was a s temperat ture direct te est " or "resid dual test"). experim mental data u under elevate ed temperatu ure. Therefor re, it is obvi ously necess light reducti ion in the sary to add as much as temperatur re especially y when the t temperature reaches the e glass trans ition temper ratures of ad dhesives.
	The stud gradual al., 2011 dy on rebar reduction in 1), with a nor shape of test n tensile stren rmalized ten t specimens ngth of CFR nsile stress ab under high RP and GFRP bout zero at a temperature P composites about 550°C direct test sh s at elevated for a GFRP howed that t temperature P and 600°C there was a es (Wang et for a CFRP ultimate st at room te temperatur trength of ma emperature. re. aterial. At 30 However, a 00°C the ulti at 700°C, th imate tensile he latter reta e strength of ained about the CFRP w 5% of its in was about 50% initial value % of that at room The resu 40% for by appro ults from Yu r rods (Figur oximately 90 u and Kodur e 37a) and 5 0% for both s showed that 50% for strip strips and rod t, at 300°C, ps (Figure 37 ds (Figure 37 the tensile st 7b); and at 60 7a,b) (Yu and trength decre 00°C, the ten d Kodur, 201 eased by app nsile strength 14). relevanc ce still needs to continue to be evalua ated and impr roved. h decreased characte eristics of th he composit es as a fun nction of tem mperature ha ave also bee en proposed d, but their Figure 42, Figure 43, F Figure 46, Fig gure 47 and Figure 48. proximately possible e new experi imental data a to fill this gap. Severa al models fo or the evolut ution of the mechanical Some vari iations in th he characteri stics of epo oxy adhesive es are repres sentatively s shown on Fi igure 41,
	(Figure Figure 36 Finally,	33). Accord ding to these e authors, th his is a reaso onable result t comparing shows a diff ferent evolut tion of the re esidual tensi le strength o of the CFRP the previou us experime ntal studies show that the measure ements of t the deformat to that in t he work of and GFRP m materials tion or the
	Blontroc ck (Blontrock k et al., 1999 9). (epoxy res sin matrix). T These results s were obtain ned by the te ests carried o out on "heat ted-cooled sp pecimen" displace ement of com mposite, wit th instrumen ntation in di irect contact with FRP s specimen (e e.g. gauges,
	Two mo odels propos sed by Saafi (residual re egime) (Fost ter and Bisby (Saafi, 2002 2) and Bisby y (Bisby, 20 003) for the y, 2005, 200 08). It was n oted that the e residual str rength of the evolution of f the GFRP e material LVDT) at elevated temperature e condition, are very tec chnically dif fficult and ex xpensive. Th he elevated
	composi ite tensile st trength as fu unction of te emperature w were reporte ed in the stu udy of Adelz zadeh et al. decreased slightly with h temperatur re up to 300°a °C, but sever rely beyond 400°C. At t the latter tem mperature temperat ture can dam mage the mea asuring instru umentation. Furthermore e, it is necess sary to take in nto account
	31: Variatio on of tensile m a) rod modulus of p temperature pultruded CF e (Yu and Ko FRP rod (a) p b) strip Behavio .2.3. 1. our of polym mer adhesive es 1994). dur, 2014) (Adelzad deh et al., 20 014) (Figure 34). They a also showed a nearly line ear degradati ion of this m magnitude in (400°C), t the decrease e in residua l strength G GFRP comp posite was greater than n that of th he CFRP the influ uence of tem mperature on n the accura acy of meas surement ins strumentation n. These ar e the main p pultruded CF FRP strip (b) the temp perature rang ging between n room tempe erature and 4 composite. . It was beca ause that the r resistance of f the carbon f fibres is bette er than that o of glass fibre es. reasons why few exp perimental d data on evolu ution of You ung's modulu us and ultima ate deformat tion of FRP 400°C. ) with Figure 3 9: Residual tensile streng gth for FRP bars under e elevated temp peratures (H Hamad et al., 2017). composi ites dependin ng on temper rature are ava ailable in the e literature. Figure 4 43: Variation n of the shea r modulus as s a function o of temperatu ure for amorp phous polym
	al. investigat re condition al., 2017). A reduced 50% btained at 23 ted the resid ranging from According to % of their mo 3°C. ual mechani m 23°C to 4 o the results o odulus at abo ical propertie 450°C with d of the previo out 375°C (F es of FRP ba deformation us research, Figure 32) in ars (CFRP an measured by CFRP and G n comparison nd GFRP) at y local exten GFRP bars (1 n with their t elevated nsometer 10 mm in Young's Figure 37: V Variation of t a) Rod tensile streng gth of CFRP b) S P with temper Strip rature(Yu an nd Kodur, 20 14) 1In summa temperatur engineerin work cover Conclu ary, the inf res is still ra ng application red in this pa Adhesiv ve is used to o bond the c composite sh heets to sub bstrate surfac ces such as concrete or r even steel usion formation on are, even as ns. Despite a art offers a g n the therm carbon/epox a small amo eneral under mo-mechanic xy and glass ount of study rstanding of t cal behaviou s/epoxy whi y of FRP com the thermo-m ur of FRP ich are comm mposites, the mechanical b composite monly used e gathering o behaviour of structure es. Common n types of ad dhesive are k known as ep poxies, acryl lics, … Epox xies provide The cha ange in mas ss of the ad dhesive is in nfluenced b y its decom mposition (So ouza and R e high bond at high strength with elevate ed temperatu ure resistance e, whereas a crylics provi ide moderate e temperature Moreove er, changes in the physi ical or mech hanical prop erties resulte ed from mol lecular move e resistance for civil with goo od strength a and rapid cu uring (Obaida at, 2011). Se everal consid derations inv volved in imp flexibilit ty of the pol lymer chains s (Perkins, 2 011). Depen nding on the structure of f the polymer proving the of all the efficienc cy of adhesi ives. Careful l surface pre eparation suc ch as remov ving the cem ment paste, g material l can underg go two sign nificant trans sitions: the crystalline p portions of t the polymer grinding the FRPs. surface b by using a d disc sander, r emoving the e dust genera ated by surfa ce grinding u using an air blower and thermod dynamic tran nsition of the e first order to the polym mer melting temperature e (T m ). The
	Generally, careful c curing are cr exposure to o high tempe erature caus ritical to bon nd performan es thermal, nce (Obaidat chemical, ph hysical and t, 2011; 2001 1). The most t important p mechanical complex part of FRP portions s will be subj jected to a se econd order t thermodynam mic transitio n at the glas s transition t
	Figure e 33: Evolutio on of the ulti imate tensile FRP comp strength of t posite (Wang the composit g et al., 2007) te depending 7) g on the temp perature of Figure 35: : Evolution o of the tensile strength of t the CFRP co al., 2011) omposite as f function of te emperature, ( (Wang et Cao et methods al., 2009 temperat then slig the CFR al. investiga s of loading 9). The resul ture increase ghtly varied a RP bar reduce ated the the control at tem lts indicated ed. From 16 around that v ed 50% of its ermo-mechan mperatures b that tensile 6°C to 55°C, value as the t s strength at nical tensile between 16°C strengths of , the tensile temperature about 325°C strength of C and 200°C f CFRP sheet strength dec increased to C (Figure 39) f CFRP she C (Cao et al., ts were signi creased by a o 200°C. Acc (Hamad et a eets with tw , 2011; Shen ificantly red approximatel cording to H al., 2017). phenomeno on in a FRP P composite such as: con nduction, gen neration or a absorption o of heat, softe ening and applicati ion is the pro ocedure of la aying adhesiv ve between t the composit e material an nd substrate, Figure 40. of the p polymer (T g ) ). T g is in fa act a temper rature range, , rather than n a specific t temperature. wo different nghu Cao et duced as the ly 30% and amad et al., decomposi carbon fibr with each behaviours the concen of the com and the fr performanc mechanica temperatur ition of the res…. In add other and ar s of FRP com ntration of re mposite natur fraction of t ce and dec al properties res above T g , polymer ma dition, these re also influ mposite obvi einforcement re of the rein the polymer omposition as well as , the mechan atrix (releas processes d uenced by th iously depen t (volume fra nforcement-m r matrix are during a te the variatio nical stress d ing of smok do not individ he applied m nd on several action or ma matrix interfa e important emperature on of the th distribution o ke and flam dually occur mechanical lo l factors suc ss fraction) a ace... Among . Its softeni increase ge ermal prope f the matrix mmable gasse , but they ov oad. The ther h as the type and its distrib g these facto ing, degrada enerally caus erties of the for the fibre es), the oxid verlap and/or rmal and me e of resin, fi ibution in the ors, the role ation of me use reduction FRP comp es is degraded dation of r interact echanical ibre type, e volume of nature echanical n of the osite. At d and the Typicall used (C chemica temperat Among or corro shrinkag epoxy r structure ly, most of s anto, 2013). al resistance) ture resistan them, epoxy osion, good ge on curing resin and a e after curing structural ad . The physic ) are genera nce (Oudet, 1 y adhesives a mechanical and also goo hardener. E g is amorpho dhesives are cochemical c ally much h 1994). Table are widely us and thermal od electrical Epoxy resins ous (Odegard thermosettin characteristic higher than 2 shows pro sed in civil e l properties, insulation p s are thermo d and Bandyo ng polymers cs of thermo those of th operties of s ngineering f excellent a properties. Th osetting poly opadhyay, 20 s although so osetting adhe hermoplastics ome commo field with a h adhesion to v his is genera ymers and t ome thermop esives (mech s, especially on structural high chemica various subs ally a combin their overall Figure 41 : Typical the ermogravime etric analysis s (TGA) of a n epoxy (nea at polymer) a and modified d epoxies temperat ture increase es between th he glass tran nsition region n, the polyme er chains in t the amorpho plastics are (ET-10 and ET-5 co omposites) (R Rubab et al., 2014) move an nd the polym mer undergoe es a transitio on from a "g glassy" state to a "rubber ry" state. In hanical and the phy sical proper rties (specifi ic heat, coef fficient of t thermal expa ansion) and mechanical y regarding (modulu us, strength) of the polym mer may dra astically chan nge. For mo ost thermoset tting polyme adhesives . epoxies, , T g can dep pend on the hardener, c curing condit tion, compo sition and c crosslink den al resistance polymer r since these factors affec ct the mobilit ty and flexib bility of the p polymer chain ns. Figure 44 strates, low influenc ce of curing time on the e T g of an ep poxy. Gener rally, the T g is measured d by techniq nation of an Differen ntial Scannin ng Calorime etry (DSC) o or dynamic mechanical analysis (D DMA). After l molecular temperat ture continu ues to increa ase, material l and polym mers decomp ose, releasin ng of produc 011). smoke, g gas, coal hap ppen. Decom mposition is to otally beyon nd a temperat ture designat ted by T d .
	2: Residual e elastic modu ulus for FRP fibre can be e overloaded and gradual lly broken, e bars under e elevated temp peratures (H Hamad et al., especially wi th manually--fabricated F FRP. The 2017). The effe individual ect of temper rature also c changes shap pe and charac cteristic para ameters of "s stress-strain"
	decomposi ition of the polymer r adhesive. A polymer ma atrix is also According to o Revathi et	one of the al., at low t main factors s leading to temperatures s, the epoxy y resin exhib the variatio on of the
	This c rate. This i to the effe (deformati there are c the high-te all the ment materials at large differe re in the var on two type mm), showed can be attribu is also due to ects of temp on of instrum currently no emperature b ioned studie t elevated tem ence in deg ious works. es of test spe d a differenc uted to the d o a lack of ex perature on mentation, in available sta behaviour for es show a de mperatures (o gradation lev In the study ecimens of G ce of Young difference in xperimental the accurac nstrumentatio andards spec r composite m ecrease of th over 200°C vel of prope y of Wang e GFRP (same g's modulus the compos data, as well cy of the str on/substrate cifying the te materials. In he Young's m or 300°C or erties of com t al. (Wang material) bu reduction lev ition of the m l as various e rain measure sliding). Fro est procedur addition, it modulus of t 400°C). It i mposite mat et al., 2007) ut of differen vel with tem materials tes experimental ements at el om the review re related to appears that the CFRP an is clear that t terial as fun ), the results nt diameters mperature (se sted, their rei l techniques levated temp w from resea the determin the high tem thermal co onductivity an nd the specif fic heat via t the gas flux, voids and en ndothermic/e exothermic r reactions. linear an nd fragile be haviour whil le at high tem mperatures, i it has a ducti ile behaviour ur without flo nd GFRP Therefore, although the e fibres can r retain their m mechanical p performance at high temp peratures (ov er 400°C et al., 2 014). In add dition, as the e temperatur re increases up to the T T g (viscoelas stic region, 1 there is a for glass a and carbon fibres), the Young's mo odulus and ultimate ten nsile strength h of compo site may epoxy b becomes plas stic, with a significant d drop in mod dulus and te ensile strengt gth (Figure 4 nction of decrease s ignificantly. Furthermor e, the degrad dation of the e mechanica al properties of the fibre s at very attribute ed to the sig gnificant red duction of th he intermole cular bonds and the po ssible distor s of tests, ee Figure inforcing used and peratures arch data, nation of mperature Figur re 34: Mode els Saafi and Bisby for the temperatur e degradatio res (Adelzade on of the tens eh et al., 201 sile strength o 4) of GFRP at e elevated Figur re 36: Evolut a) tion of residu temp ual tensile str erature, (Fo trength of CF oster and Bisb FRP (a) and by, 2005, 20 b) GFRP (b) w 08) with the expos sure Figure 3 Experim standard GFRP b 38: Tensile s ments conduc d constant di ars reduced b strengths and cted by Ham isplacement r by 50% at ab d average str et al., 2011; mad et al. sho rate of 3.0 m bout 325°C ( rength ratios ; Shenghu Ca owed that un mm/min, the (Figure 39) ( s of CFRP sh ao et al., 200 nder the tens residual ten Hamad et al heets at differ 09). sile loading, nsile strength experimen ntal data for each compo osite materia al and the d difference in n the type o f thermo-me echanical ., 2017). rent tempera which is pe hs of 10 mm properties due to the v variety of com mposite type e (nature and d the fraction n of its consti tituents), a sc carcity of Phe enolic 1.3 3.5 1.4 50 m CFRP and 400°C). N Nevertheless, it is very d difficult to d draw represe entative law of evolutio on of the me echanical Poly ethanes 1.2 0.02 0.008 40 erformed by materials ( While mos ultimate te (CFRP, GFR st of the stud ensile strengt RP) significan dies presente th of CFRP a ntly lose thei ed in this sec and GFRP su ir mass at a te ction show s ubjected to e emperature a significant de elevated tem above 300°C ecreases in Y mperatures (o Young's mod over 200°C, 3 dulus and 300°C or Ma Epoxy aterial y adhesive Relative d 1.25 density Y 5 Young's mod GPa 3 dulus, She ear modulus, GPa 1.2 , Tensil M 60 (Ahmed d and Kodur, 2011) MPa Figure e 42: Diagram m of the vari iation of You ung's modulu us and the ten nsile strength h of the adhe esive, e strength, C. atures (Cao the lineari ity of the co omposite be ehaviour. In addition, th he pure epox xy and com mposite epox xy matrix Table 2: Compara ative values o of stiffness an nd strength o of common st tructural adh hesives (Can nto, 2013) deforma ations which are immeasu urable in exp periments. (9.5 mm high tempe eratures also o leads to the e reduction o of the mechan nical perform mance and th he possible c change in Figur re 40: Concr rete-FRP sys stem (Obaida at, 2011) cross-lin nk network a above T g . T hese results were also c confirmed b y Perkins (P Perkins, 201

Table 3 :

 3 Coefficients for tensile strength and Young's modulus of CFRP and GFRP proposed byBisby, Equation 3, (Bisby, 2003) 

	Material	Property	a	Coefficients b (x10e-3)	c
	CFRP	Tensile strength 0.10 Young's modulus 0.05	5.83 8.68	339.54 367.41
	GFRP	Tensile strength 0.10 Young's modulus 0.05	8.1 7.91	289.14 320.35

K.

Wang et al. (Wang et al., 2011) 

calibrated the models of

Bisby et al. (for FRP) 

[START_REF] Bisby | Fire behaviour of fibre-reinforced polymer (FRP) reinforced or confined concrete[END_REF]

,

Gibson et al. (for GFRP) 

  using their experimental results with CFRP rods and strips, resulting in the following retention factors:

	CFRP strips					
	Strength:	f T	0.56 0.44tanh 0.0052	T	305	Equation 5
	Young's modulus:	E T	0.51 0.49tanh 0.0035	T	340	Equation 6
	CFRP rods					
	Strength:	f T	0.54 0.46tanh 0.0064	T	330	Equation 7
	Young's modulus:	E T	0.51 0.49tanh 0.0033	T	320	Equation 8

Table 5 :

 5 Heating rates and corresponding ramp rates

	Target temperature (°C) 100 200 300 400 500 600 700 800 900-1200
	Ramp rate (°C/minute)	3	6	10 13 16 20 23 26	30

Table 6 :

 6 Epoxy material properties at 21 C (datasheet)

	Material property	ASTM	Test value
		method	
	T g	D4065	82°C
	Tensile Strength	D638	72.4 MPa
	Tensile Modulus	D638	3.18 GPa
	Elongation Percent	D638	5.0%
	Compressive Strength D695	86.2 MPa
	Compressive Modulus D695	3.2 GPa
	Flexural Strength	D790 123.4 MPa
	Flexural Modulus	D790 3.116 GPa
	2.4.2.4.		

  Table 10 summaries the residual properties in the temperature range between 200°C and 600°C. The residual ultimate stress ranges from approximately 1865-1912 MPa at 200°C to 1400-1492 MPa at 400°C. At 500-550°C and 600°C, these values are approximately 1080-1140 MPa and 394-398 MPa,
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Table 10 :

 10 Details of residual tests (RR) from 200°C to 600°C; MB: failure at the centre position; AB: failure at the aluminium position; NA: not available

	Test	Sample Name Temperature Rupture	Ultimate	Elastic	Waiting
	No			type	stress	modulus	time
			(°C)	(MB/AB) (MPa)	(GPa)	(minute)
	1	C.RR.200.01	200	AB	NA	179.9	60
	2	C.RR.200.02	200	AB	NA	164.6	60
	3	C.RR.200.03	200	MB	1865.1	172.9	60
	4	C.RR.200.04	200	MB	1913.1	160.2	60
	5	C.RR.400.01	400	MB	1378.7	NA	60
	6	C.RR.400.02	400	AB	NA	165.1	60
	7	C.RR.400.03	400	MB	1491.9	NA	60
	8	C.RR.400.04	400	MB	1399.9	158.8	60
	9	C.RR.500.01	500	MB	1139.0	154.6	60
	10	C.RR.550.01	550	MB	1080.3	NA	60
	11	C.RR.600.01	600	MB	393.8	NA	60
	12	C.RR.600.02	600	MB	397.9	46.1	60
	2.6.1.3.						

Table 11 :

 11 Table11shows that Young's modulus for[144][145][146][147][148][149][150][151][152][153][154][155][156] GPa and 143 GPa in tests with waiting times of 10, 30, 60 and 90 minutes, respectively. At a temperature level of 500°C, Young's modulus for P-CFRP is reduced to approximately 117 GPa, and steadily falls to approximately 16 GPa at 600°C. After the polymer matrix has completely degraded (normally above 400°C), the instability of the retained carbon fibres resulted in a failure of the laser extensometer to record the deformation in some tests. Details of thermo-mechanical tests1 (TM1) from 200°C to 700°C; MB: failure at the centre position; AB: failure at the aluminium position; NA: not available

	Test	Sample	Temperature Rupture	Ultimate	Young's	Exposure
	No			type	stress	modulus	duration
			(°C)	(MB/AB) (MPa)	(GPa)	(minute)
	1	C.TM1.200.01	200	AB	NA	137.2	60
	2	C.TM1.200.02	200	AB	NA	148.5	60
	3	C.TM1.200.03	200	MB	1642.2	152.3	60
	4	C.TM1.200.04	200	AB	NA	155.3	60
	5	C.TM1.200.05	200	MB	1629.6	176.1	60
	6	C.TM1.400.01	400	MB	1031.3	151.5	10
	7	C.TM1.400.02	400	MB	902.8	164.6	10
	8	C.TM1.400.03	400	MB	883.5	145.6	30
	9	C.TM1.400.04	400	MB	1068.7	126.4	30
	10 C.TM1.400.05	400	MB	1098.6	143.8	60
	11 C.TM1.400.06	400	MB	1113.3	157.5	60
	12 C.TM1.400.07	400	MB	1042.0	NA	60
	13 C.TM1.400.08	400	MB	938.8	142.6	90
	14 C.TM1.400.09	400	MB	1010.0	NA	90
	15 C.TM1.500.01	500	MB	839.9	116.7	60
	16 C.TM1.500.02	500	MB	609.9	NA	60
	17 C.TM1.500.03	500	MB	643.8	NA	60
	18 C.TM1.550.01	550	MB	392.7	NA	60
	19 C.TM1.600.01	600	MB	73.5	16.7	60
	20 C.TM1.600.02	600	MB	99.9	15.9	60
	21 C.TM1.600.03	600	MB	79.5	NA	60
	22 C.TM1.700.01	700	MB	0.0	NA	8
	2.6.1.4.						

Table 12 :

 12 Details of thermo-mechanical tests2 (TM2) at different stress ratios;

	No Sample Thickness width Stress	Failure	Exposure	Actual
			ratio	temperature	duration	HR
		mm	mm	°C	min	°C/minute
	1 C.TM2.10.1	1.22	8.26 0.10	712	39.7	16.6
	2 C.TM2.10.2	1.22	6.96 0.10	686	47.6	13.3
	3 C.TM2.25.1	1.22	6.64 0.25	669	27.3	26.4
	4 C.TM2.25.2	1.22	6.12 0.25	609	28.3	19.9
	5 C.TM2.25.3	1.22	6.07 0.25	601	47.1	12.3
	6 C.TM2.25.4	1.22	5.76 0.25	649	34.7	16.7
	7 C.TM2.25.5	1.22	8.45 0.25	664	25.2	25.6
	8 C.TM2.25.6	1.22	6.46 0.25	584	258.8	2.1
	9 C.TM2.50.1	1.22	9.3 0.50	489	50.3	10.5
	10 C.TM2.50.2	1.22	7.52 0.50	384	14.3	23.0
	11 C.TM2.68.1	1.22	6.83 0.68	41	1.0	15.0
	2.6.1.5.					

  Table14displays the detailed results of direct tensile tests at 20°C. In this test series, the material fails at stresses between 816 MPa and 1001.3 MPa and the Young's modulus varied between 58.2 GPa and 67.9 GPa. All the specimens are broken in the middle position.Table15summaries the residual properties in the temperature range between 200°C and 600°C. The residual ultimate strength ranges from approximately 732-1044 MPa at 200°C to 535-662 MPa at 400°C and 75-119 MPa at 600°C. Whereas, the Young's modulus at 200°C is from 67.2 GPa to 74.7 GPa, at 400°C is from 37.2GPa to 54.7 GPa at 600°C is 17.5 GPa. Similar to tests on P-CFRP, the failure strain of M.CFRP is unable to be obtained.

			Table 14: Detailed result of M-CFRP at 20°C		
	No Temp.	Sample	Thickness Width	Failure	Ultimate	Young's	Retained
						force	strength	modulus	stress
	-	°C	-	mm	mm	N	MPa	GPa	ratio
	1	20	M.20.01	0.72	10.87	7222	922.8	58.2	1.01
	2	20	M.20.02	0.79	10.73	6921	816.5	60.6	0.89
	3	20	M.20.03	0.72	10.78	7772	1001.3	67.9	1.10
	2.6.2.2.		Residual tests						

Table 15 :

 15 Detailed result of the RR regime at different temperatures

	No	Temp.	Sample	Thickness Width	Failure	Ultimate	Young's	Retained
						force	strength	modulus	stress
	-	°C	-	mm	mm	N	MPa	GPa	ratio
	1	200	M.RR.200.01	0.69	10.9	7849.8	1043.7	67.2	1.14
	2	200	M.RR.200.02	0.73	11.67	6237.	732.1	74.7	0.80
	3	400	M.RR.400.01	0.69	10.9	4021.6	534.7	37.2	0.59
	4	400	M.RR.400.02	0.51	10.96	3700.6	662.1	54.7	0.72
	5	600	M.RR.600.01	0.59	10.89	767.6	119.5	17.5	0.13
	6	600	M.RR.600.02	0.49	10.49	385.7	75.0	-	0.08
	2.6.2.3.							

Table 16 :

 16 Table14). In test 9 of the TM1 regime, due to the technical incident, the laser extensometer failed to record deformation of M-CFRP at 600°C; thus, Young's modulus is unavailable. According to Table6, the ultimate strength of M-CFRP at 20°C varies between 816.5 MPa and 1001.3 MPa, and its Young's modulus varies between 58.2 GPa and 67.9GPa. At 200°C, the variation of ultimate strength is smaller from 525.1 MPa to 660.9 MPa while with Young's modulus, the variation is greater, from 52.5 GPa to 77.3 GPa. At 400°C, the ultimate strength varies from 448.8 MPa to 479.3 MPa, and Young's modulus varies from 53.2 GPa to 68.3 GPa. At 600°C, these variations are from 107.8 MPa to 176.9 MPa with ultimate strength and from 34.2 GPa to 51.1 GPa with Young's modulus. Detailed result of the TM1 regime at different temperatures

	No Temp.	Sample	Thickness Width Failure	Ultimate	Young's	Retained
						force	strength	modulus	stress ratio
	-	°C	-	mm	mm	N	MPa	GPa	
	1	200	M.TM1.200.01	0.79	10.83	5185	606.0	77.3	0.66
	2	200	M.TM1.200.02	0.73	10.99	4213	525.1	67.4	0.57
	3	200	M.TM1.200.03	0.66	11.13	4855	660.9	52.5	0.72
	4	400	M.TM1.400.01	0.65	10.85	3165	448.8	66.9	0.49
	5	400	M.TM1.400.02	0.73	10.95	3831	479.3	53.2	0.52
	6	400	M.TM1.400.03	0.67	10.6	3361	473.3	68.3	0.52
	7	600	M.TM1.600.01	0.7	10.43	984	134.8	34.2	0.15
	8	600	M.TM1.600.02	0.66	10.85	1267	176.9	51.1	0.19
	9	600	M.TM1.600.03	0.63	11.74	797	107.8	NA	0.12
	2.6.2.4.								

Table 17 :

 17 Detailed result of TM2 regime at different stress ratios

	No Stress	Sample	Thickness Width	Failure	Exposure	Actual
		ratio				temperature	duration	heating
								rate
				mm	mm	°C	minutes °C/minute
	1	0.1	M.TM2.10.01	0.63	11.05	630.0	31.2	19.1
	2	0.1	M.TM2.10.02	0.63	11	629.3	32.7	18.2
	3	0.1	M.TM2.10.03	0.63	11.18	650.0	36.8	16.7
	4	0.25 M.TM2.25.01	0.67	10.8	578.0	23.7	22.9
	5	0.25 M.TM2.25.02	0.6	10.94	598.4	25.7	21.9
	6	0.25 M.TM2.25.03	0.67	10.84	612.5	20.1	28.7
	7	0.5	M.TM2.50.01	0.64	11.2	543.0	52.1	9.75
	8	0.5	M.TM2.50.02	0.6	10.91	539.5	22.5	22.4
	9	0.5	M.TM2.50.03	0.67	11.3	393.0	12.8	28.0
	10	0.6	M.TM2.60.01	0.62	10.82	372.0	12.4	27.3
	11	0.6	M.TM2.60.02	0.56	11.01	364.0	12.1	27.3
	12	0.6	M.TM2.60.03	0.62	11.29	313.0	10.5	26.4
	13 0.75 M.TM2.75.01	0.71	10.94	46.0	0.4	26.4
	14 0.75 M.TM2.75.02	0.68	11.03	45.0	0.4	28.6
	15 0.75 M.TM2.75.03	0.6	10.88	64.0	2.2	13.3
	2.6.2.5.							

Table 22 modulus

 22 Figure 68:
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		Tempera ature	Av verage
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		20	23 89.42
		200	16 35.89
		400	10 84.65
		500	69 7.896
		550	392 2.662
		600	84 4.282
		700	0

Table 29 :

 29 Analysed TM2 results.

	Stress	Failure	Exposure	Actual	
	ratio	temperature	duration	heating rate
		Average Deviation Average Deviation Average Deviation
		°C	°C	minutes minutes °C/minute °C/minute
	0.1	636.4	11.8	33.5	2.9	18.0	1.2
	0.25	596.3	17.3	23.2	2.8	24.5	3.7
	0.5	491.8	85.6	17.7	6.9	25.2	4.0
	0.6	349.7	32.0	11.7	1.0	27.0	0.5
	0.75	51.7	10.7	1.0	1.0	22.8	8.3

Table 33 :

 33 
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  first type of epoxy (labelled Epoxy 1, commercial name: Duralco 4703) is a twocomponent adhesive with Al 2 O 3 and metal particles. Its service temperature is introduced up to 350°C for short term applications and 320°C for long term applications. According to supplier's datasheet, the tensile strength and lap shear strength of this epoxy are respectively 81.4 MPa and 76.5 MPa (at 20°C). The resin's hardness is classified as shore D95 as ASTM D2240. Using this adhesive, it is expected to extend the service duration and also the performance of CFRP reinforced concrete under thermo-mechanical condition concerning fire case. The second type of epoxy (labelled epoxy 2, commercial name: Eponal 380) is a twocomponent product which is common use with concrete bonding. The service temperature range of this epoxy has not been mention in technical data as well as in the literature. The shear strength, tensile strength and compression strength of this epoxy at 20°C are respectively 15 MPa, 29.5 MPa and 83 MPa. As commonly used material in civil engineering, in this research, this adhesive is used as a referenced data for the service duration and the performance of CFRP reinforced concrete under thermo-mechanical condition concerning fire case.

The cement-based adhesive (labelled cement-based adhesive) involves calcium aluminate cement (SECAR51, 81.37% by weight), polycarboxylate based superplasticizer (Peramin® CONPAC 700, 0.53% by weight), viscosity modifier agent (Master Matrix UW 400, 0.06% by weight) and water (18.04% by weight)

  small scale CFRP reinforced concrete structure conducted in this research with the details in configuration, method of reinforcement, adhesive and tested program.
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	will be	applied on s specimen fo llowing dire ect tensile pr rocedure. Th he TM2 test ting conditio on in this
	chapter	is conducted d as the sam me procedure e as mention ned in the ch hapter 2. Tab ble 35 summ marizes 8
		2			P

Table 42 :

 42 Summary of series 7: thermal performance of CFRP reinforced concrete specimens at different mechanical load cases

	Test	Mechanical	Specimen		Failure	Exposure	Actual
	No	load F w , N	No	temperature	duration,	heating rate,
						(°C)	(minute)	(°C/minute)
		Programmed	Actual F w			Average		Average		Average
		F w								
	1	400	411	1	530	549.9	20.20	20.3	24.51	25.4
	2	400	412	2	570		20.33		26.31	
	3	840	848	1	554	494.5	19.99	18.0	25.96	25.5
	4	840	848	2	435		15.95		25.09	
	5	1400	1405	1	528	469.8	18.78	16.6	26.24	26.2
	6	1400	1403	2	412		14.39		26.19	

Table 43 :

 43 Summary of series 8: thermo-mechanical performance of CFRP reinforced concrete using NSM method-cement-based adhesive(TM2 program) 

	Test	Mechanical	Specimen		Failure	Exposure	Actual
	No	load F w , N	No	temperature,	duration,	heating rate,
						(°C)	(minute)	(°C/minute)
		Programmed	Actual F w			Average		Average		Average
		F w								
	1	400	406	1	617	530	25.17	20.22	23.14	24.93
	2	400	402	2	443		15.27		26.72	
	3	840	845	1	627	632.6	22.82	23.3	25.92	25.6
	4	840	841	2	639		23.84		25.31	

Table 46 :

 46 Summary status of structure components after tests in RR and TM1 programs

	Series Note Temperature		Structure components		Cause of specimen
			at failure,	CFRP	Adhesive	Adhesive	Adhesive	Concrete	collapses
					/CFRP		/concrete		**
					interface		interface		
			°C	(CF)	(CFA-I)	(A)	(ACO-I)	(CO)	
	1	WOSP,	20	U	U	U	U	1.SF)	Shear failure
		NSM,							of concrete
		E1							
		WSP,	20	U	2.F	U	U	1.CF)	Compressive
		NSM,							failure
		E1							of concrete and
									then shear failure at
									CFRP-adhesive
									interface
	2	RR	75-300	U	2.F	U	U	1.CF	Compressive
		WSP,							failure
		NSM,							of concrete and
		E1							then shear failure at
									CFRP-adhesive
									interface
		RR*,	75-300	U	1.F	U	U	U	Shear failure at
		WSP,							CFRP-adhesive
		NSM,							interface
		E1							
	3	TM1	75-300	U	1.F	U	U	U	Shear failure at
		WSP,							CFRP-adhesive
		NSM,							interface
		E1							

Note: U: undamaged; F: failure; SF: shear failure; CF: compressive failure; X.*: X is order of failure

Table 47 :

 47 Summary status of structure components after tests in TM2 program

	Series Note NAS,		Structure components		Cause of specimen
				CFRP	Adhesive	Adhesive	Adhesive	Concrete	collapses
					/ CFRP		/concrete		**
					interface		interface	
			MPa	(CF)	(CFA-I)	(A)	(ACO-I)	(CO)
	4	TM2,	0.143 PBM	1.F	PB	PB	2.Cr	Shear failure at
		WOSP,							CFRP-adhesive
		NSM,							interface
		E1							then crack
									at concrete block

Table 50 :

 50 Duralco 4703 adhesives and test temperatures for single overlap shear experiments[START_REF] Horst | High performance adhesive bonding of VICTREX® PEEKTM at elevated temperatures[END_REF] 

	Properties	23°C	150°C	200°C
	Lap strength [MPa]	3	3.4	1
	W(95,n)	0.7	0.4	0.1
	Number of samples, n	4	5	5
	fracture mode	interfacial + cohesion failure cohesion failure cohesion failure

Table 51 :

 51 Range of values for interface parameters for EBR and NSM

Table 54 :

 54 Thermal resistance of M-CFRP at different applied load ratio

	83: Von-Mis
	CFRP; b) con

  exploit the strong point of concrete. This allows better characterizing the interface or bond behaviour of near surface mounted method under different complicated condition.

	5: Conclusion ns & Recomm endations
	better . It is b because that better method to	Duralco 470 03 is recomm mended for te emperature u up to 230 C t thanks to
	the mixed pa articles while e Eponal is u used in ambie ent temperat ure condition n.
	The appropr riateness of lo oad status, re einforcemen t method, an nd bonding ad dhesive in de esign can
	improve the e performanc ce (failure te emperature	and exposur re duration)	of CFRP re einforced
	structure und der elevated	temperature e condition th hat closes to	fire.
	experiments	on insulated d M-CFRP,	the followin ng conclusion ns about the ermal perform mance of
	on VG can be e inferred:
	The VG ins sulation mat erial can im mprove the th hermo-mech hanical perfo ormance of M M-CFRP
	under elevat ted temperatu ure condition n by delaying g the heat pe netration.
	The ability	to delay the e temperatur re rise depe nds on the	thickness of f the used in nsulation
	material use d in protectin ng structure. .
	With the pr rotection of t the VG insu ulation mater rial, the tem mperature at	M-CFRP m aterial at
	failure is hig gher than tha at obtained in n cases witho out insulation n material.
	.1.3.	Numeri ical model
	e numerical m model on CF FRP reinforce ed concrete:
	The finite e element meth hod has succ cessfully eva aluated the p performance	of CFRP re einforced
	concrete spe ecimen, whi ich is simul ltaneously u nder service e load and e elevated tem mperature
	condition, us sing the mate erial data obt tained in the e experimenta al part and in n the literatur re.
	The numeric cal model is s able to pre edict the ther rmal distribu ution inside t the CFRP re einforced
	concrete spe ecimen under r elevated tem mperature co ondition and	also the tota al displaceme ent of the
	specimen un nder effects o of mechanica al load and e levated temp perature rise.
	The numeric cal result sho ows that the	temperature e distribution n inside the b bonding inter rface can
	vary up to	150 C depe ending on th he interface	geometry. T Therefore the e temperatur re in the
	adhesive is	lower than	the temperat ture surroun nding specim men and vari ies along the e bonded
	interface and d thus results s in the highe er thermal pe erformance o of CFRP rein nforced conc rete.
	The propose ed method, b ased on therm rmal criterion n at different t mechanical	load cases,	is able to
	predict the s service durat ion of the CF FRP reinforc ced specimen n under simu ultaneous me echanical
	load and e levated tem mperature ris se. This me ethod can b be applied t to evaluate	the fire
	performance e of CFRP re einforced con ncrete structu ures under m mechanical lo oading condit tion.
	e numerical m model on ins sulated M-CF FRP:
	The finite e element meth hod has succ cessfully eva aluated the p performance	of CFRP re einforced
	concrete spe ecimen, whi ich is simul ltaneously u nder service e load and e elevated tem mperature
	condition, us sing the mate erial data obt tained in the e experimenta al part and in n the literatur re.
	Parametric s study based o on thermal a analysis show ws that: it is n necessary to	consider me echanical
	loading con dition when	protecting C CFRP with	insulation m material unde er fire-tempe erature to
	meet the fire e safety regu lations.
	Recommen ndation for r experimen ntal study o on CFRP-c concrete bo ond under e elevated
	temperatu re and mec chanical co ondition
	The used co onfiguration	of CFRP re einforced con ncrete specim men has con nverted the s specimen
	failure from m shear failur re of the con ncrete in to	shear failure e of the CFR RP-adhesive--concrete
	interface. T his is due t to the presen nce of steel l plate at th he bottom of f concrete b blocks in
	specimen de esign that has s changed sh hear state into o compressiv ve state of co oncrete, whic ch is also
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