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Experimental and analytical analysis of the effect of water content on the thermomechanical behaviour of glass textile reinforced concrete at elevated temperatures
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Textile reinforced concrete (TRC) composites are generally used to repair and/or reinforce civil engineering structures. In most cases, these reinforced structures are subjected to the weather conditions of the surrounding environment and issues such as thermal variation, humidity, and fire exposure. With consideration for these types of conditions, this study investigates the thermomechanical behaviour of TRC composites under various elevated temperatures from 20 °C to 800 °C and two water contents (i.e., 'almost-dry' and 'saturated').

An analysis of these conditions will allow the effect of temperature to be quantified and combined with the presence of water in the pores of the TRC composites. The experimental study is followed by an analytical model that aims to calibrate the existing Gibson model. Based on the obtained experimental results, the parameters of the analytical model that were adapted for cementitious matrix composites are identified and discussed. With a minimum number of experimental tests, the modified analytical model enabled the prediction of the thermomechanical properties of glass TRC as a function of its water content and temperature. Therefore, the proposed modified analytical model can be applied to the prediction of the thermomechanical properties of similar TRC composites.

Introduction

Textile reinforced concrete (TRC) composites are mortars reinforced with multiple layers of continuous and closely spaced multifilamentary textile materials. These composites have already been studied by several researchers and have been developed and applied in recent decades to the repair and reinforcement of civil engineering structures [START_REF] Mechtcherine | Novel cement-based composites for the strengthening and repair of concrete structures[END_REF][START_REF] Butler | Application of textile-reinforced concrete (TRC) for structural strengthening and in prefabrication[END_REF]. The main purpose of this composite material is to compensate for the weakness of the cementitious matrix in terms of its tensile strength and cracking sensitivity [START_REF] Mobasher | Distributed cracking and stiffness degradation in fabric-cement composites[END_REF].

The tensile behaviour of TRC composites at ambient temperatures has been the subject of many studies, [START_REF] Mechtcherine | Novel cement-based composites for the strengthening and repair of concrete structures[END_REF][START_REF] Mobasher | Distributed cracking and stiffness degradation in fabric-cement composites[END_REF][START_REF] Hegger | Investigations on the bearing behaviour and application potential of textile reinforced concrete[END_REF][START_REF] Peled | Influences of textile characteristics on the tensile properties of warp knitted cement based composites[END_REF] which have shown that the behaviour law (i.e., stress-strain) consists of three zones [START_REF] Brameshuber | Textile Reinforced Concrete. State-of-the-Art report[END_REF]: a "pre-cracking" zone, "crack propagation" zone, and "post-cracking" zone. In addition to the mechanical properties of the textile and matrix, this behaviour is related to the adherence between the textile and matrix [START_REF] Saidi | Experimental analysis of the tensile behaviour of textile reinforced cementitious matrix composites using distributed fibre optic sensing (DFOS) technology[END_REF][START_REF] Saidi | Adaptation of the strain measurement in textile reinforced cementitious matrix composites by distributed optical fibre and 2D digital image correlation[END_REF], the degree of textile impregnation [START_REF] Tran | Mesoscale experimental investigation of thermomechanical behaviour of the carbon textile reinforced refractory concrete under simultaneous mechanical loading and elevated temperature[END_REF], and the reinforcement ratio [START_REF] Saidi | Experimental analysis of the tensile behaviour of textile reinforced cementitious matrix composites using distributed fibre optic sensing (DFOS) technology[END_REF][START_REF] Colombo | Erratum: Textile reinforced concrete: Experimental investigation on design parameters[END_REF], as well as the geometric properties of the specimen [START_REF] Colombo | Erratum: Textile reinforced concrete: Experimental investigation on design parameters[END_REF]. However, very few studies have addressed the behaviour of TRC in a fire, even though such an evaluation is now required in light of the increasingly alarming fire statistics. Studies on the residual behaviour of TRC have been conducted and have focused on the influence of the exposure temperature [START_REF] Brameshuber | Textile Reinforced Concrete. State-of-the-Art report[END_REF][START_REF] Colombo | Textile Reinforced Mortar at High temperatures[END_REF][START_REF] Silva | Effects of elevated temperatures on the interface properties of carbon textile-reinforced concrete[END_REF], fibre impregnation, the nature of the cementitious matrix [START_REF] Xu | The high-temperature resistance performance of TRC thinplates with different cementitious materials: Experimental study[END_REF][START_REF] Strauss Rambo | Tensile strength of a calcium-aluminate cementitious composite reinforced with basalt textile in a high-temperature environment[END_REF], the number of reinforcing layers, and the duration of the exposure to the elevated temperature [START_REF] Blom | Modelling textile reinforced cementitious composites -Effect of elevated temperatures[END_REF]. Indeed, the exposure of TRC to some temperatures (e.g., 75 °C, 150 °C [START_REF] Brameshuber | Textile Reinforced Concrete. State-of-the-Art report[END_REF], and 200 °C [START_REF] Colombo | Textile Reinforced Mortar at High temperatures[END_REF]) results in a positive influence on the residual mechanical behaviour by increasing the stress level in the first zone and the ultimate stress compared to the levels reached in the laboratory environment. However, a decrease in the tensile performance has been observed at elevated temperatures. At 400 °C, there are only two zones instead of three, whereas for a temperature of 600 °C or 1000 °C, a single linear zone is observed followed by brittle failure. The thermomechanical behaviour of TRC has been the subject of a few studies, which analysed the global behaviour and distribution of cracks compared to the residual regime [START_REF] Strauss Rambo | Tensile strength of a calcium-aluminate cementitious composite reinforced with basalt textile in a high-temperature environment[END_REF] and the influence of the addition of continuous grids of alkali-resistant (AR) glass fibres at different temperatures (up to 400 °C) [START_REF] Nguyen | Experimental study of the effect of simultaneous mechanical and high-temperature loadings on the behaviour of textilereinforced concrete (TRC)[END_REF]. These studies have shown that the combined effects of temperature and mechanical stress significantly influence reduction in the tensile mechanical performance of TRC, with particularly significant effects on the crack resistance, ultimate tensile strength, and ultimate thermomechanical strain, starting at a temperature of 200 °C. This reduction in thermomechanical performance is associated with both quantitative and qualitative changes at 300 °C [START_REF] Nguyen | Experimental study of the effect of simultaneous mechanical and high-temperature loadings on the behaviour of textilereinforced concrete (TRC)[END_REF] and 400 °C [START_REF] Strauss Rambo | Tensile strength of a calcium-aluminate cementitious composite reinforced with basalt textile in a high-temperature environment[END_REF]. In fact, at these temperatures, the curves present a profile made up of a single zone, or, at least, the existence of a second zone is not obvious. This is induced by the degradation of the mortar, textile, and fibre matrix's adherence properties, which constitute the main piloting elements of the second zone [START_REF] Saidi | Experimental analysis of the tensile behaviour of textile reinforced cementitious matrix composites using distributed fibre optic sensing (DFOS) technology[END_REF]. Otherwise, the addition of discontinuous short AR glass fibres to the TRC matrix results in an increased ultimate strength, stiffness, and resistance to cracks at elevated temperatures [START_REF] Homoro | Experimental and analytical study of the thermomechanical behaviour of textile-reinforced concrete (TRC) at elevated temperatures: Role of discontinuous short glass fibres[END_REF].

To the best of authors' knowledge, no study focusing on the effect of water content on the elevated thermomechanical behaviour of TRC has been performed. Water in cementitious materials is generally divided into three forms: free water in the pores of the concrete, physically linked water, and chemically linked water. The presence of water in cementitious materials significantly influences their mechanical properties [START_REF] Vu | Experimental analysis of concrete behavior under high confinement: Effect of the saturation ratio[END_REF][START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF]. When the water content of concrete is increased, its mechanical strength under triaxial compressive loading is significantly decreased [START_REF] Vu | Experimental analysis of concrete behavior under high confinement: Effect of the saturation ratio[END_REF]. Zhang [START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF] reported that the water content of concrete greatly influences its strength, stiffness, tenacity, and brittleness. The residual bending performance (i.e., stiffness and compressive strength) of concrete exposed to different temperatures decreases due to the evaporation of free water [START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF]. Dias et al. [START_REF] Dias | Mechanical properties of hardened cement paste exposed to temperatures up to 700 C (1292 F)[END_REF] noticed that at a temperature of 300 °C, the ultimate strength and stiffness of concrete increased. This behaviour is justified by the evaporation of the physically linked water, which leads to an increase in the connection forces between the hydrates of the cement. In addition, the rate of change of the temperature influences the rate of water evaporation [START_REF] Khoury | Transient thermal strain of concrete: literature review, conditions within specimen and behaviour of individual constituents[END_REF]. Indeed, if the temperature rises too quickly, water vapour can be trapped in the pores of the concrete, creating an interstitial pressure. This interstitial pressure is related to both the exposure temperature and water/cement ratio [START_REF] Mindeguia | Temperature, pore pressure and mass variation of concrete subjected to high temperature -Experimental and numerical discussion on spalling risk[END_REF]. The peak of this measured pressure is reached during the temperature interval in which water vaporisation occurs, which indicates that the increase in the pressure in the pores is caused by water vaporisation. Alternatively, the higher the water/concrete ratio is, the lower the interstitial pressure will be [START_REF] Mindeguia | Temperature, pore pressure and mass variation of concrete subjected to high temperature -Experimental and numerical discussion on spalling risk[END_REF]. Interstitial pressure can cause concrete spalling [START_REF] Lo Monte | The influence of pore pressure on fracture behaviour of Normal-Strength and High-Performance Concretes at high temperature[END_REF], which highlights the role of porosity and permeability on the thermo-hydric behaviour of concrete. Some previous studies have indicated that both temperature and moisture have a significant influence on the deformations of concrete [START_REF] Gasch | A coupled hygro-thermo-mechanical model for concrete subjected to variable environmental conditions[END_REF] or multiphase composite materials [START_REF] Oller | A hygro-thermo-mechanical constitutive model for multiphase composite materials[END_REF] when these materials are subjected to variable temperatures and moisture conditions. In this sense, this study aims to assess the effect of the presence of water in a cement-based matrix on the high-temperature behaviour of TRCs.

The prediction of the mechanical behaviour of composites exposed to elevated temperatures has been the subject of several studies, and some analytical models have been proposed [START_REF] Firmo | Fire behaviour of FRP-strengthened reinforced concrete structural elements: A state-of-the-art review[END_REF][START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF][START_REF] Bisby | Fire behaviour of fibre-reinforced polymer (FRP) reinforced or confined concrete[END_REF], including the model proposed by Gibson et al. [START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF]. In the field of composites, these models are exclusively dedicated to the behaviour of fibre reinforced polymers (FRP), which constitute a limitation for these models. The Gibson model predicts different properties (e.g., the ultimate stress and strain, stiffness) of FRPs at various temperatures based on experimental tests and the intrinsic properties of the studied material at ambient temperature. To the best of the authors' knowledge, there have been no analytical models to date that can predict the thermomechanical properties of TRCs as a function of their content water and temperature.

In addition, there have been no studies to date focusing on the effect of the water content of TRC on its thermomechanical behaviour at various temperatures. Consequently, the following scientific questions must be asked: How can the water content of TRC be measured and controlled? What is the evolution of the main characteristic parameters (ultimate stress, ultimate strain, stiffnesses) of TRC as a function of its water content and temperature? What is a suitable analytical model for prediction of the thermomechanical properties of TRC subjected to elevated temperatures?

The purpose of this study is to contribute to the answers to these questions. This study will also provide the scientific community with experimental data concerning the thermomechanical behaviour of TRC with different water contents. In addition, it proposes an analytical model, developed from the existing Gibson model, that enables the estimation of the thermomechanical properties of TRC with different water contents at various temperatures.

Experimental work

Experimental equipment

The elevated temperature tensile tests performed in this study were conducted using the thermomechanical test machine, Zwick TM20KN-1200°C, shown in Figure 1. It has a maximum capacity of 20 kN and is equipped with a small furnace that can generate a temperature potentially up to 1200 °C. The machine is automated and able to control both mechanical and thermal loadings. The furnace is equipped with three integrated thermocouples, designed to be positioned inside the furnace wall, and three external thermocouples, positioned on the external surface of the TRC specimen. During thermo-mechanical testing, the three external thermocouples were placed in three positions that were an equivalent distance along the part of the TRC specimen that was placed in the furnace. The positions of these external thermocouples were almost opposite to the positions of three integrated thermocouples inside the furnace wall. During the thermo-mechanical test, the six thermocouples were connected to the temperature controller (Eurotherm 2604) of the equipment. For each second during the thermomechanical test, the temperature values measured by the six thermocouples allowed the temperature controller to compare the measured values with the previously programmed increasing temperature rate and temperature level, which were predetermined in the beginning of each test by the experimenter. Therefore, the temperature controller of this equipment monitored the temperature regulation inside the furnace during the thermomechanical test according to the programmed increasing temperature rate and temperature level.

The maximum rate of increase in the temperature of this furnace is 30 °C/min. The specimen is placed in the middle of the furnace and clamped by two ball-joint loading heads. The TRC strain is measured in this study using a laser extensometer (Figure 1). This laser sensor can provide the axial strain of the part of the specimen placed in the middle of the furnace during the test (Figure 1). The process of the laser sensor measurement and the technical procedure for thermomechanical tensile tests on composite have been developed and validated in the previous works [START_REF] Nguyen | Experimental study of the effect of simultaneous mechanical and high-temperature loadings on the behaviour of textilereinforced concrete (TRC)[END_REF]. 

Components of the TRC composite

The TRC tested in this study was made using a refractory mortar and a reinforcement textile.

The properties of these two components are described in the following subsections.

Refractory mortar

With the purpose of formulating a TRC that could resist elevated temperatures, a commercial refractory mortar was chosen and used for the matrix of the studied TRC. This matrix was made by mixing water with a premixed powder at a water to powder (W/P) mass ratio of 0.18.

The premixed powder of the refractory mortar used consisted of calcium aluminate cement, fine aggregates (with grain sizes under 1 mm), and adjuvant agents. The rheology of the fresh cementitious matrix and properties of the hardened matrix after 28 days were experimentally characterised in a previous study [START_REF] Tlaiji | Characterization of thermomechanical properties of a textile reinforced concrete (TRC) under high temperature[END_REF]. The results are presented in Table 1. 

Specimen preparation

The TRC specimens used in this study had a rectangular parallelepiped shape with dimensions of 50 mm × 10 mm × 750 mm (±2 mm) (width × thickness). These dimensions were chosen based on the size of the furnace used (Figure 1).

The TRC composite was manufactured by hand lay-up moulding. A mould with a dimension of 850 mm × 50 mm × 10 mm was prepared, which allowed for the casting of nine TRC specimens. The preparation process consisted of spreading the mortar and positioning the AR glass layer in the mould until a TRC with three reinforcement layers was obtained (Figure 2a).

After the specimens were prepared, the TRC plates were stored at the ambient laboratory temperature and protected by a plastic film to promote the hydration of the cement and limit the possible shrinkage of the upper surface.

After a minimum curing time of one month, the TRC plate was demoulded (Figure 2b) and cut to obtain the TRC specimens shown in Figure 2c. A portion of 50 mm on each side of the specimens was removed to avoid edge effects. As the cutting was done manually, small differences were observed in the sizes of the different specimens. Subsequently, two aluminium plates were glued to both ends of each specimen using an epoxy resin glue (Eponal 380). After 2 days of gluing, holes with a diameter of 10 mm were drilled in the centre of each aluminium plate (Figure 2c). 

Preparation of the 'almost-dry' and 'saturated' TRC specimens

In the literature, Zhang et al. [START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF] reported that when the drying temperature of ordinary concrete was between 60 °C and 150 °C, the splitting tensile strength gradually decreased (approximately 20%). Based on the results of previous studies (Zhang et al [START_REF] Zhang | Experimental research on drying control condition with minimal effect on concrete strength[END_REF]), in this study, the temperature chosen for the drying of the TRC specimens was 50 °C. This temperature allowed the free water within the TRC to evaporate, while avoiding a possible decrease in the tensile strength of the TRC owing to thermal heating effects.

To obtain the minimum delay necessary to achieve 'almost-dry' or 'saturated' TRC specimens, daily mass-monitoring of the TRC specimens was done. Fourteen specimens with the same size, as well as those used for the thermomechanical tests, were prepared without aluminium plates. Seven specimens were immersed in water, and the other seven were kept in an oven at 50 °C. These specimens were only used to calculate the hydric properties of the TRCs and were not tested afterwards. These measurements enabled the evaluation of the mass variation of the specimens without aluminium plates or glue and determination of the minimum delay from which we could assume that the TRC specimens in the oven were 'almost-dry' and those in the water were 'saturated'. This delay was obtained once mass stabilisation was reached, which corresponded to six days for the dried and saturated TRCs (Figure 3). From these results, once the aluminium plates were glued onto the specimens and the holes were drilled in preparation for the thermomechanical tests, the TRC specimens were conserved in water to obtain the 'saturated' TRC specimens or in the oven at 50 °C to obtain the 'almostdry' specimens over a minimum of six days. To avoid affecting the hydrous state of these specimens, they were not removed from the water or the oven until the thermomechanical test was started. 

Volumetric mass, porosity, and water content of the TRC

To determine the volumetric mass, porosity, and water content of the TRC, twelve smaller TRC specimens (150 mm × 50 mm) were created by cutting longer TRC specimens. These smaller specimens were immersed in water, and their mass was monitored daily (Figure 4).

After mass stabilisation was reached, it was assumed that these smaller TRC specimens were saturated (8 days). Then, six of these specimens were placed in the oven at 50 °C until mass stabilisation was reached (7 days), as shown in Figure 4a. Then, these specimens, which were preheated at 50 °C, were placed in an oven at 110 °C until mass stabilisation was reached (5 days), as presented in Figure 4a. The temperature of 110 °C allowed the free water to evaporate in the cement matrix without affecting the physically linked water that would evaporate at 150 °C according to the literature [START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF]. In agreement with the results of the previous study [START_REF] Zhang | Effects of moisture evaporation (weight loss) on fracture properties of high performance concrete subjected to high temperatures[END_REF], the authors assumed that at 110 °C, the free water in the pores of the TRC completely evaporated (i.e., the water content of the TRC, dried at 110 °C until mass stabilisation, was assumed to zero). The volumetric mass and porosity of the TRC were measured for the six specimens of 'saturated' TRC using the hydrostatic weighing method (ISO-5017 [START_REF]Dense shaped refractory products --Determination of bulk density, apparent porosity and true porosity[END_REF]). The results are presented in Table 3. Average volumetric mass of saturated TRC (g/cm 3 ) 2.17

Table 4 shows the measurement of the porosity accessible to water and the water content of the TRC. From the volumetric mass and mass of the 'saturated' TRC, the porosity accessible to water (η) of the TRC is calculated using the following formula:

η = !" = # $ !" !" = ρ !" ρ # * % # $ !" % !"
Eq. 1

The water content (ω) of each TRC specimen was calculated according to the following formula:

ω (%) = &'()* +,-,//0°- (%) = +,-,+ 2 +,-,//0°- +,-,//0°- (%)
Eq. 2

where MTRC,T and MTRC,110°C are the stabilised mass of the TRC dried at temperature T and the stabilised mass of the TRC dried at 110 °C, respectively.

Table 4 shows the evolution of the mass of the six TRC specimens from their saturated states to their 'almost-dry' states at 50 °C and their very dried states at 110 °C. The mass variation of the TRC specimens is shown in Figure 4a. The water content of the saturated TRC specimens conserved at 50 °C and the saturated TRC are also presented in Table 4. The average measured water content of the saturated TRC was equal to 14.18%, and that of the TRC dried at 50 °C (and a relative humidity (RH) of 8%) until mass stabilisation was equal to 3.8% (Table 4). Otherwise, based on the measurements taken on the six specimens (Figure 4a), it was estimated that water contents of the TRC specimens, conserved at ambient laboratory conditions (i.e., 20 °C, HR=40%) varied from 6.5% to 8.2%. 

Test procedure

The test procedure, used to define the thermomechanical behaviour of the 'almost-dry' and 'saturated' TRC specimens, is defined in Figure 5. The test consisted of three steps: and the one hour waiting phase (step 3).

• Step 2:

The temperature level inside the furnace was increased to the target value at a rate that was programmed by the experimenter at the beginning of each thermomechanical test. The heating rate of each thermomechanical test was programmed as function of the target temperature level according to the technical data sheet given by the furnace's supplier, which is shown in Table 5. During this phase, the laser sensor was not used because of the development of water vapour and smoke inside the furnace. •

Step 3: The target temperature for each test was maintained for one hour so that the temperature was homogeneous throughout the TRC specimen. The constant temperature exposure time of one hour allowed for the dissipation of the smoke and water vapour emitted from the TRC. This enabled the laser sensor to provide good results when measuring the longitudinal displacement of the TRC specimens. The constant temperature exposure also reduced any possible effect from the variation of the heating rate inside the furnace (step 2) on the mechanical response of the TRC.

• Step 4: A mechanical load was finally applied to the TRC specimen with an imposed displacement of 0.3 mm/min until failure of the TRC specimen tested.

Test results

This section presents a summary of the tests carried out (sub-section 3.1), the global behaviour (sub-section 3.2) and failure mode of the TRC specimens tested (sub-section 3.3), and a comparison between the behaviour of the 'almost-dry' and 'saturated' TRC specimens (sub-section 3.4).

Summary of the tests performed

Several tests at each temperature level were performed for the two hydric states of the TRC specimens. The experiment consisted of 32 thermomechanical tests at seven temperature levels ranging from 20 °C to 800° C, and included fifteen tests carried out on the 'almost-dry' specimens and seventeen tests carried out on the 'saturated' ones. Table 6 gives a summary of the tests performed on the 'almost-dry' TRC specimens and the 'saturated' ones. It should be noted that, for some tests, owing to a technical problem related to the axial strain measurement by the laser sensor, only the axial stresses of the TRC specimens were measured and analysed. The tensile behaviour of the 'almost-dry' TRC tested at different temperatures ranging from 327 20 °C to 800 °C is presented in Figure 6. For each temperature level, one average stress/strain 328 curve is presented. When the temperature was increased, the ultimate stress was reduced, except in the cases of 75 °C and 150 °C where a remarkable increase in the stress was observed. This can be explained by a phenomenon where the hardened cementitious matrix initially expanded and then underwent a significant shrinkage. The initial dilatation phase was generally attributed to thermal effects, whereas the contraction phase was related to the evaporation of the water contained in the composite. The 'almost-dry' TRC at 75 °C and 150 °C experienced shrinkage when it was then subjected to a tensile load, which resulted in the composite being subjected to compressive residual stress. In the tensile test, compensation for this compressive residual stress led to an increase in the ultimate stress of the TRC at 75 °C and 150 °C.

A reduction in the ultimate tensile strength was produced at the target temperatures of 400 °C, 600 °C, and 800 °C. This was due, on the one hand, to damage sustained by the matrix which no longer ensured a good transfer of stress to the textile (i.e., low matrix-textile adherence). On the other hand, the opposite evolution of the thermal expansion of the glass textile and cement paste generated strain incompatibilities and caused tangential shear stresses on the matrix-textile interface.

'Saturated' TRC

The stress-strain curves, which show the behaviour of the 'saturated' TRC composite, are presented in Figure 7. In this figure, one average curve is shown for each temperature level. By studying the influence of water on the mortar matrix, it was observed that the shape of the stress-strain curves at 20 °C, 75 °C, 150 °C, and 300 °C remained similar to that of the 'almostdry' TRC (i.e., the curves were composed of three zones). At 400 °C and 600 °C, the 

Failure mode

The development of cracks in the 'almost-dry' and 'saturated' TRC specimens at different temperature levels was described by observing the failure mode of each specimen after testing was concluded. After each test, crack detection was performed either by visual analysis or by applying methylene blue on the surface of the specimen. Generally, the cracks were perpendicular to the direction of the tensile stress. It was noted that the failure of the specimens was associated with failure of the glass textile. In addition, a small spacing between the cracks indicated a good load transfer at the fibre-matrix interface level [START_REF] Saidi | Experimental analysis of the tensile behaviour of textile reinforced cementitious matrix composites using distributed fibre optic sensing (DFOS) technology[END_REF]; hence, the importance of these measurements. Figure 8 shows the final crack pattern of the 'almost-dry' and 'saturated'

TRCs tested at different temperatures. Figure 9 shows the average crack spacing of the different specimens tested. Using this measurement, it is possible to observe an initial decrease in the crack spacing as the temperature increases for the two hydric states up to 300 °C, with an exception between 20 °C and 75 °C for the 'saturated' TRC, where a significant increase in the average spacing was observed. At 400 °C, there was an increase in the average spacing, which could have been up to only one or two cracks on the entire specimen (at 800 °C). In addition, it can be seen that from 400 °C, the average spacing between the cracks of the 'almost-dry' TRC was 25% to 30% greater than that of the 'saturated' TRC. Thus, it can be noted that a close relationship exists between the crack spacing and ultimate stress.

At all target temperatures, when the 'almost-dry' TRC had a greater ultimate stress than the 'saturated' TRC, its crack spacing was smaller than that of the 'saturated' TRC (which was the case here for 75 °C, 150 °C, and 300 °C, and vice-versa for other temperatures). This observation led to the determination that, for temperatures below 300 °C, the water stored in the pores of the TRC had a negative influence on the matrix and fibre-matrix interface behaviour. 

Evaluation method of the experimental results

To compare the thermomechanical behaviour of the TRC specimens, an idealisation of the experimental stress-strain curves was made. It was assumed that the curves would display trilinear behaviour for temperatures from 20 °C to 300 °C and linear behaviour for temperatures from 400 °C to 800 °C. The notations presented in Figure 10 were used to identify the overall mechanical properties of the TRC. Points 1, 2, and 3 correspond to the end of the first linear zone, the end of the multiple cracking phase, and failure of the composite, respectively. E1, E2, and E3 are the equivalent stiffness of the first, second, and third zones, respectively. 

Comparison of the global behaviour between the two studied TRCs

To analyse the influence of the hydric state on the thermomechanical behaviour of the TRC, Generally, at 20 °C (Figure 11a), 75 °C (Figure 11b), and 300 °C (Figure 12b), the stressstrain curves of the 'saturated' TRC were higher than those of the 'almost-dry' TRC. These were reversed at 150 °C (Figure 12a) and 400 °C (Figure 13a). At 800 °C, only the stress-strain curve of the 'almost-dry' TRC was obtained (Figure 14) owing to the failure of the 'saturated' TRC caused by thermal effects before the mechanical load could be applied.

3.4.3.

Mechanical characteristics of the 'almost-dry' and 'saturated' TRC specimens

A second comparison of the 'almost-dry' and 'saturated' TRC specimens was made for the following mechanical characteristics: the ultimate stress, σ3, ultimate strain, ε3, the stress and strain corresponding to the loss of linearity in the first zone, σ1 and ε1, the stress and strain of the second zone, σ2 and ε2, and the stiffnesses of the first, second, and third zones, E1, E2, and E3, respectively.

Stresses σ1, σ2, and σ3

Figures 15 and 16 present a comparison of the stress of the TRC for both hydric states at various temperatures. These figures show that, in terms of stress, the hydric state has no observable effect at 20 °C. However, the ultimate stress was reduced by 42%, 34%, and 10% at 75 °C, 150 °C, and 300 °C, respectively. This was attributed to the increase in interstitial pressure in the pores filled with water, combined with the incompatibility of the strain between the fibres and matrix, which did not have the same coefficient of thermal expansion. At 400 °C, it was noted that the hydric state had no influence, which was attributed to the thermal damage sustained by the matrix. Therefore, the glass fibres ensured the resistance of the TRC. This observation explained how the only zone that recorded data at temperatures above 400 °C influenced the behaviour of the textile. As a result, the mechanical characteristics of zones one and two were zero. At 800 °C, the 'almost-dry' TRC had an ultimate stress of 0.7 MPa, while the 'saturated' TRC failed during the temperature increase phase, thereby illustrating the effect of pore pressure. These findings were also valid for the stress, σ1 (Figure 16) and σ2 (Figure 15b). Figure 18 shows that the initial stiffness, E1, of the 'saturated' TRC was about twice that of the 'almost-dry' TRC at 20 °C. This phenomenon could be attributed to one of two possibilities: one of the chemical components of the matrix reacted with water, or the immersion of the TRC in water after 28 days promoted hydration of the mortar and stiffening of the matrix. At 75 °C, the water content of the TRC had a minimal effect on the E1 stiffness.

However, at 300 °C, an increase in E1 of 60% compared to the stiffness at room temperature was obtained for the 'saturated' TRC. This increase at 300 °C could be attributed to a physicochemical change in the matrix owing to the effects of temperature. According to Dias et al.

[20], the departure of physically linked water could lead to an increase in the connection forces between the hydrates of the matrix, which influences its mechanical response by making it stiffer.

For stiffness E2 and E3, the 'saturated' TRC was generally less stiff than the 'almost-dry'

TRC, except at 20 °C. These results highlighted the effect of the interstitial pressure, which contributed to the degradation of the matrix and generated a poor load transfer at the fibrematrix interface. For the other target temperatures, a general decreasing trend in each of the three zones was observed for the strain with an increase in temperature. Regarding the hydric state, it was considered to have little influence on the deformability of the TRC. However, at 300 °C, the ɛ1 strain of the 'saturated' TRC was twice that of the 'almost-dry' TRC. This was mainly due to the stiffening of the 'almost-dry' TRC (as explained in section 3.4.3.2) that was triggered by the evaporation of the physically linked water, which led to an increase in the connection forces between the hydrates of the matrix, resulting in a higher stiffness [START_REF] Dias | Mechanical properties of hardened cement paste exposed to temperatures up to 700 C (1292 F)[END_REF]. 

Analytical modelling

This section presents the analytical modelling of the thermomechanical behaviour of the two hydric states of the TRC, based on the experimental results and adjustments made to the existing Gibson model.

Modifications proposed for the analytical Gibson model

Gibson proposed a general model [START_REF] Gibson | Laminate Theory Analysis of Composites under Load in Fire[END_REF] that takes the form of a hyperbolic tangent function and describes the reduction of the mechanical properties of an FRP composite as a function of temperature: P4T6 = R 9 :

; <; = -;

= tanh CK E 4T -To6GH Eq. 3

Where: P(T) is the mechanical property modelled at temperature T;

Pu is the value of this property at ambient laboratory conditions;

Pr is the value of this property at temperature To;

Km is a coefficient that is determined according to the experimental results;

To is the temperature that corresponds to the effect of shrinkage by the evaporation of water;

R is a coefficient that depends on the matrix and varies between 0 and 1; and n (n = 1 when the properties of the resin dominate, n = 0 when the properties of the fibres dominate).

It should be noted that to adjust this model with the results of the experimental tests, the coefficient Km must be adjusted. By inverting the equation of the model, we find:

Km = I 2 J * Atanh M I ; 2; NPu + Pr - = ;4 6 R ST Eq. 4
This equation is mathematically valid if it respects the following condition:

-1 ≤ I ; 2; NPu + Pr -

= ;4 6 R S ≤ 1 Eq. 5
This condition is not verified with the experimental results.

To have a general model that takes into consideration the water content of the TRC and verifies the condition shown in Eq. 5, the authors propose the following formula: P4T6 = R 9 :

; <; = -4100 -ω4%66 4; 2; 6 = tanh CK E 4T -To6GH * f4ω4%6, T6 Eq. 6

In which:

a) The parameters (Pu, Pr, To, R, n, and Km) can be calibrated from the experimental results for the 'almost-dry' TRC specimens that were tested at 20 °C and 75 °C.

b) An additional term [100ω(%)] was introduced in Eq. 6 to take into consideration the hydric state of the TRC and to verify the condition in Eq. 5. The water content used in this model is measured at room temperature, regardless of the target temperature. c) f(ω(%),T) is a proposed new function that depends on the TRC water content (ω) at 20 °C and temperature. The additional term was introduced in equation Eq. 4 to adjust the results at a given temperature with respect to the hydric state of the TRC. It can be calibrated using the experimental results. This function is expressed in the form below:

Z4ω4%6, T6 = 1 -α(T) Nω4%6 -ω \]J 2 ^ ,_`° 4%6S Eq. 7
In which α(T) is temperature dependent.

This analytical model is valid for the seven target temperatures studied in this work [i.e., 20 °C (T1), 75 °C (T2), 150 °C (T3), 300 °C (T4), 400 °C(T5), 600 °C (T6), and 800 °C (T7)]. To predict a thermomechanical property of a wet TRC specimen at temperature T between 20 °C and 800 °C using Eq. 6, this property must be estimated at the two target temperatures that contain temperature T, with T4i6 ≤T≤ T(i+1) and i = 1 to 7. Then, the value of the property at temperature T is deduced through linear interpolation between T(i) and T(i+1).

Calibration of the parameters of the modified Gibson model

This section describes the analytical prediction of the following thermomechanical properties of the TRC: stresses σ1, σ2, and σ3, and strains ε1, ε2, and ε3 (Figure 10). When these parameters of the TRC are known, the stiffnesses E1, E2, and E3 can be deduced.

Parameters Pu, Pr, To, R and n

From the experimental tests performed on the 'almost-dry' TRC tested at 20 °C and 75 °C, parameters Pu, Pr, To, R, and n were calibrated in accordance with the modified Gibson model.

These parameters are presented in Table 7. The analytical model data versus the experimental data for the 'almost-dry' TRC, 'saturated' TRC, and TRC with ω=8% are, respectively, presented in Table 9 (for the ultimate stress and strain), Table 10 (for stress σ2 and strain ɛ2), and Table 11 (for stress σ1 and strain ɛ1). or 'saturated' TRC, the analytically predicted 'property-temperature' curve passes between the experimental points at all temperature levels. This indicates that the modified Gibson model can predict the thermomechanical properties of the TRC as a function of its hydric state and temperature with good accuracy. In addition, based on the mass variation observed in the six specimens (Figure 4), the TRC specimen in the 'natural' state subjected to long-duration conservation at ambient laboratory conditions may have a water content that varies from 6.5% to 8.2%. For this reason, estimation of the thermomechanical response was performed for a TRC with a water content of 8% using the modified model. The results are presented in Figures 

Performance evaluation of the modified Gibson model

To evaluate the ability of the modified Gibson model to predict the thermomechanical properties of TRC as a function of its water content and temperature, two indices were calculated:

• The root-mean-squared error (RMSE):

RMSE = - ∑ 4^ 2^ 6 ™ R š/ 9 , Eq. 8
where n is the number of measurements, yi is the experimental value, and › oe • is the corresponding predicted value.

• R squared (R²):

R = = 1 - ∑ 4^ 2^ 6 ™ R š/ ∑ 4^ 2ž6 ™ R š/
, Eq. 9

where n is the number of measurements, yi is the experimental value, y oe is the corresponding predicted value, and y ¡ is the average of the experimental values. 

Conclusion

The purpose of this study was to experimentally and analytically investigate the influence of the water content of textile reinforced concrete on its thermomechanical behaviour at elevated temperatures ranging from 20 °C to 800 °C. Thirty-two thermomechanical tests were conducted on TRC specimens with two different water contents: 'almost-dry' and 'saturated' TRC. The results of the experiment are summarised below:

• Monitoring the mass variation of the TRCs (by immersion in water and an oven) enabled the calculation of the hydric characteristics (i.e., the water content, volumetric mass, and porosity) of the composites.

• A progressive decrease was observed in the number of zones of the TRC 'stress/strain' curves as the temperature increased. At 400 °C, the curves transitioned from three zones to two zones for both hydric states of the TRC. At 600 °C and 800 °C, only one quasilinear zone was observed in the 'stress/strain' curve for both hydric states of the TRC.

• For the two hydric states of the TRC, a decreasing trend in the evolution of the stresses in the three mechanical behaviour zones of the TRC was observed.

• At 75 °C and 150 °C, for the 'almost-dry' TRC, a significant increase in the ultimate strength was noted and attributed to the residual compressive stress generated by thermal shrinkage that was the result of the evaporation of the free water in the pores of the matrix.

• An overall progressive decrease was observed in the stiffness of the first zone of the stress-strain curve with an increase in the temperature, except at 300 °C for the 'almostdry' TRC specimen. At this temperature, the evaporation of the physically linked water led to an increase in the connection forces between the hydrates of the matrix that resulted in increased stiffness.

• The stiffness in the first zone of the stress-strain curve for the 'saturated' TRC was almost twice that of the 'almost-dry' TRC at ambient laboratory conditions. This was likely caused by either the presence of a chemical component that reacted with water, or the continuation of the hydration process when the TRC was immersed in water.

• The effect of the TRC's hydric state on the stress was evaluated by observing the different behaviours of the two hydric states of TRC specimens tested at 75 °C, 150 °C, and 800 °C. At 75 °C and 150 °C, the ultimate stress increased for the 'almost-dry' TRC and decreased for the 'saturated' TRC. At 800 °C, the 'almost-dry' TRC displayed a non-negligible mechanical resistance, while the 'saturated' TRC failed due to thermal effects in the temperature increase phase. This behaviour was caused by the interstitial pressure generated by the evaporation of free water, which damaged the matrix by making it more brittle.

• The effect of the TRC's hydric state on the fibre-matrix interface was noticed in the third zone of the stress/strain curve illustrating the thermomechanical tensile behaviour of the TRC. The stiffnesses in the third zone of the 'almost-dry' TRC specimens were more rigid than those of the 'saturated' TRC specimens for temperatures ranging from 20 °C to 300 °C. This was related to damage sustained by the fibre-matrix interface due to the presence of water and interstitial pressure.

• The failure modes of the tested TRC specimens and the evolution of the average crack spacing with temperature were presented and analysed. At ambient laboratory conditions, regardless of the hydric state, failure of the TRC occurred in the part of the specimen adjacent to the aluminium plates. At other temperatures, all the specimens failed in the portions that were immersed in the furnace, except for the tests at 75 °C and 150 °C for the 'almost-dry' TRC. The average spacing between the cracks substantially increased with an increase in the temperature. In addition, the evolution of the average spacing between cracks was determined to be inversely related to the evolution of the ultimate stress of the TRC. From an application standpoint, the new findings of this study highlight the advantages of reducing the water content of textile reinforced concrete composites by insulating the composite against water for the purpose of raising its thermomechanical properties. Thus, during the fire design phase, it would be wise to assume that the TRC is completely dry to ensure a conservative design and safety margin.

From the authors' perspectives, this study would be enriched by a physico-chemical study of the matrix at different temperatures with the two hydric states. Thus, a parametric study of TRC and its thermomechanical behaviour, while taking into consideration the hydric state, will foster improved understanding of the behaviour of this type of composite, i.e., the effect of the textile type, matrix type, reinforcement ratio, insulation, exposure time at a constant temperature, etc.

The findings and results of this study are applicable to the numerical modelling of the behaviour of TRC or concrete structures reinforced with TRC, in which an elevated temperature and mechanical load are simultaneously applied and the water content of the TRC is taken into account.

Figure 1 :

 1 Figure 1: Thermomechanical test protocol 2.2. TRC specimens

Figure 2 :

 2 Figure 2: Manufacturing steps of the TRC plate: (a) Preparation of the TRC by hand lay-up moulding; (b) Cutting of the TRC plate after hardening; (c) Gluing of the aluminium plates 2.2.2.1.

Figure 3 :

 3 Figure 3: Preparation of the TRC specimens initially conserved at 20 °C: (a) Conservation in the oven at 50 °C; (b) Conservation in water 2.2.2.2.Volumetric mass, porosity, and water content of the TRC

Figure 4a shows theFigure 4 :

 4 Figure4ashows the mass variation in the TRC specimens during the three phases of conservation: water saturation, at 50 °C, and at 110 °C. This figure illustrates how the TRC specimens were first conserved in water and reached mass stabilization owing to water

Figure 5 :

 5 Figure 5: Description of the thermomechanical test procedure • Step 1:The TRC specimen was first placed inside the furnace, and both sides were fixed with two ball joints. A force of 20 N was applied to the TRC specimen as a mechanical pre-load. Two hinges, connected to the traverse of the equipment used, were vertically moved in order to produce a fixed force and compensate for the effect of thermal expansion during the period in which the temperature was increased, (step 2)

Figure 6 :

 6 Figure 6: Comparison of the 'almost-dry' TRC stress-strain curves at different temperatures ranging from 20 °C to 800 °C

  thermomechanical behaviour was characterised by an almost linear evolution. At 800 °C, the specimen failed due to thermal effects during the temperature increase phase (around 730 °C), even before reaching the target temperature. Contrary to what has been previously observed for the 'almost-dry' composite, the ultimate stress decreased at the target temperatures of 75 °C and 150 °C, despite the presence of the shrinkage phenomenon. This can be justified by the increase in the interstitial pressure in the pores filled with free water, which evaporated in this temperature range and caused microcracks that damaged the matrix. The ultimate stress also decreased at other target temperatures, with a significant drop from 300 °C. At 800 °C, the TRC specimen failed before the mechanical load could be applied. This was due to the effect of the heating rate (27 °C/min) and interstitial pressure, which generated micro-cracks and further damaged the cement matrix.

Figure 7 :

 7 Figure 7: Comparison of the 'saturated' TRC stress-strain curves at different temperatures ranging from 20 °C to 600 °C

Figure 8 :

 8 Figure 8: Failure mode of the specimens after testing at different temperatures: (a) 'almostdry' TRC; (b) 'saturated' TRC

Figure 9 : 3 . 4 .

 934 Figure 9: Average crack spacing of the 'almost-dry' and 'saturated' TRC as a function of temperature 3.4. Comparison of the behaviour between the 'almost-dry' TRC and the 'saturated' TRC This section presents the evaluation experimental results and a comparison between the 'almost-dry' TRC and the 'saturated' TRC in terms of various mechanical parameters (e.g., stress, stiffness, and strain).

3. 4

 4 .1.

Figure 10 :

 10 Figure 10: Notations used for the evaluation of the experimental results

aFigure 11 :Figure 12 :Figure 13 :Figure 14 :

 11121314 Figure 11: Results of the tensile tests at 20 °C (a) and 75 °C (b) for the 'almost-dry' and 'saturated' TRC specimens

Figure 15 :Figure 16 :

 1516 Figure 15: Evolution of the ultimate stress, σ3 (a) and σ2 (b), of the 'almost-dry' and 'saturated' TRC specimens according to temperature

Figure 17 :Figure 18 :

 1718 Figure 17: Evolution of stiffness E3 (a) and E2 (b) for the 'almost-dry' and 'saturated' TRC specimens according to temperature

Figure 19 :

 19 Figure 19: Evolution of the ultimate strain, ε3 (a) and ε2 (b), for the 'almost-dry' and 'saturated' TRC specimens according to temperature

Figure 20 :

 20 Figure 20: Evolution of the strain, ε1, for the 'almost-dry' and 'saturated' TRC specimens according to temperature

Figures 21 ,

 21 Figures 21, 22, and 23 show the 'property-temperature' curves that were obtained from the analytical model and experimental tests. Figures 21, 22 and 23 show that, for the 'almost-dry'

Figure 21 :Figure 22 :

 2122 Figure 21: Analytical model results vs. experimental results: evolution of the ultimate stress, σ3 (a), and ultimate strain, ɛ3 (b) of the 'almost-dry' TRC, 'saturated' TRC, and TRC, with ω=8% as a function of temperature (Mod. Gib. denotes the Modified Gibson model)

Figure 23 :

 23 Figure 23: Analytical model results vs. experimental results: evolution of the stress, σ1 (a) and strain, ɛ1 (b) of the 'almost-dry' TRC, 'saturated' TRC, and TRC with ω = 8% as a function of temperature

  The experimental study was followed by analytical modelling, which consisted of adapting the Gibson model to the TRC specimens. The proposed modified model was based on the development of the original Gibson model to predict the thermomechanical properties of TRC as a function of its water content and temperature. The parameters of the proposed model were calibrated using the experimental results of the 'almost-dry' TRC at 20 °C and 75 °C, with the water content of the TRC at 20 °C, as the input data. The analytical model results showed that the proposed modified Gibson model was able to predict the thermomechanical properties of the textile reinforced concrete as a function of its water content and temperature with good accuracy.

Table 1 :

 1 Properties of the refractory mortar used for the studied TRC, experimentally

		characterised in a previous study [29]		
			Fire mortar
	Properties of the cementitious matrix	Mean	Standard
			value	deviation
		Measurement of mortar flow table spread (cm) [30]	20	2
	Viscosity (or consistency) of the	Measurement of mortar viscosity using a plunger (cm) [30]	2.5	0.5
	fresh mortar	Workability time of mortar subjected to mortar vibration [31]	12	0
	Physical properties of the mortar	Control of entrained air volume (%) [30]	5	0
	Mechanical properties of the hardened mortar	Compressive strength after 28 days (Tests carried out according to the standard [32])	14.5	0.5
		Tensile strength after 28 days (Strength obtained using flexural tests carried out according to the standard [32])	3.3	0.16
	2.2.1.2.	Reinforcement textile		
	The reinforcement textile used in this study was a grid-type AR glass textile. It was obtained
	using the jetted mesh knitting technique. The yarns in both directions of the grid consisted of
	1600 filaments with a yarn weight of 1200 Tex and a filament diameter of 19 µm. The inter-
	axis opening mesh was 4 mm × 4 mm, which allowed the passage of the fine aggregates used in
	the refractory mortar.			

Table 2

 2 

	shows the primary mechanical characteristics at ambient laboratory conditions for
	this textile. The measured reinforcement textile ratio of the studied TRC, based on
	measurements of the volume of six specimens (see 2.2.2.2) and the volume of the textiles, was
	6.60(±0.40)%.

Table 2 :

 2 Mechanical properties of the AR glass textile used (supplier's data)

	Ultimate stress of the	Young's modulus of the AR	Textile	Volumetric mass
	yarn (MPa)	glass fibre (GPa)	weight	of textile (g/cm 3 )
	1102	74	570 g/m 2	2.6
	2.2.2.			

Table 3 :

 3 Measurement of the volumetric mass of the 'saturated' TRC specimens

		Specimen number	1	2	3	4	5	6
		Mass of the 'saturated' sample weighed in the air (g): Mair	185.7	190.7	175.4	155.3	162	164.2
	Mass of the 'saturated' sample weighed in the water (g): Mwater	100.3	103.6	94.8	83.2	86.6	87.7
	Volume of the specimen (cm 3 )	74.5	76.27	70.30	63.60	66.09	67.55
	Volumetric mass of the 'saturated' TRC (g/cm 3 )						
	ρ	=	2.17	2.19	2.18	2.15	2.15	2.15
		ρ						

Table 4 :

 4 Measurement of the porosity accessible to water, η, of the TRC

	Specimen number	Mass of saturate d TRC (g)	Mass of TRC at 50°C (g)	Mass of TRC at 110°C (g)	Mass of water in saturated TRC (g)	ρ of saturated TRC (g/cm 3 )	Porosity (η)	ω (%) (saturated TRC)	ω (%) (almost-dry TRC at 50°C)
	1	185.7	167.9	162	23.7	2.17	0.28	14.6	3.6
	2	190.7	173.5	167	23.7	2.19	0.27	14.2	3.9
	3	175.4	159	153	22.4	2.18	0.28	14.6	3.9
	4	155.3	141.9	137	18.3	2.15	0.25	13.6	3.6
	5	162	147.9	142	20	2.15	0.27	14.1	4.2
	6	164.2	150.2	145	19.2	2.15	0.25	13.9	3.6
	Average	172.22	156.7	151	21.22	2.16	0.27	14.2	3.8

Table 5 :

 5 Determination of the temperature heating rate inside the furnace for each thermomechanical test as a function of the target temperature for each test

	Ttarget (°C)	75	150	300	400	600	800
	Vtemp (°C/min)	2.5	5	10	13	20	27

Table 6 :

 6 Summary of the tests performed on the 'almost-dry' TRC and the 'saturated' TRC

	322					
	Designation	Hydric state of the TRC	Target temperature (°C)	Heating rate (°C/min)	Duration of exposure	Number of tests
	A.Dry-20-1,2		20	0	0 h	
	A.Dry-75-1,2		75	2.5		
	A.Dry-150-1,2,3		150	5		
	A.Dry-300-1,2	Almost dry (ω = 3.8%)	300	10	1 h	
	A.Dry-400-1,2		400	13		
	A.Dry-600-1,2		600	20		
	A.Dry-800-1,2		800	27		
	Sat-20-1,2,3,4		20	0	0 h	
	Sat-75-1,2		75	2.5		
	Sat-150-1,2,3		150	5		
	Sat-300-1,2 Sat-400-1,2	Saturated (ω = 14.2%)	300 400	10 13	1 h	
	Sat-600-1,2		600	20		
	Sat-800-1,2		800	27		
			Total			32

Definition of abbreviations: A.Dry-T-x: A.Dry: Almost dry TRC, T: temperature, x: test number; Sat-323 T-y: Sat: Saturated TRC, T: temperature, y: test number 324 3.2.

Global behaviour 325 3.2.1. 'Almost-dry' TRC 326

  

Table 7 :

 7 Modified Gibson model parameters as identified from the experimental results for the 'almost-dry' TRC tested at 20 °C and 75 °CBy calibrating the modified Gibson model with the experimental data from the 'almost-dry' and 'saturated' TRC specimens, parameter Km and function f4ω4%6, T6 could be calibrated and synthesised. They are shown in Table8.

	Parameters Stress 1 (MPa) Strain 1 (%) Stress 2 (MPa) Strain 2 (%) Stress 3 (MPa) Strain 3 (%)
	Pu	1.991	0.082	3.009	0.293	5.317	0.459
	Pr	1.695	0.102	3.533	0.418	8.768	0.960
	To	75	75	75	75	75	75
	n	0	0	0	0	0	0
	R	1	1	1	1	1	1

Table 8 :

 8 Parameter Km and function f(T) of the modified Gibson model as identified from the

		experimental results
	Property Ultimate stress (g h ) (MPa) Ultimate strain (ε3) (%) Stress 2 (Ž • ) (MPa) Strain 2 (ε2) (%) Stress 1 (σ1) (MPa) Strain 1 (ε1) (%)	Km(T) -0.000052; Zno p = 150; 300; 600; 800 -0.00009; Zno p = 400 °t °t ‰ Š i ‰ ‹ -0.0001; Zno p = 150 °t -0.000025 ; Zno p = 300 °t yz{ 600 °t -0.00007 ; Zno p = 400 °t -0.000036 ; Zno p = 800 °t • 0.0009 ; Zno p = 150 °t 0.0001; Zno p = 300 °t • 0.0008 ; Zno p = 150 °t -0.00005; Zno p = 300 °t • 0.00005; Zno p = 150 °t -0.00001 ; Zno p = 300 °t • 0.00001 ; Zno p = 150 °t -0.0002 ; Zno p = 300 °t	α(T) 0 ; xno p = 20 °t, 400 °t, yz{ 600 °t 4|}~y•€} •'}o} ƒ€ zn }ZZ}~• Zon" …4%66 43 * 10 2 † * p = -0.0002 * p + 0.05186; xno p = 75 °t, 150 °t, 300 °t, yz{ 800 °t 0 ; xno p = 150 °t yz{ 400 °t OE|}~y•€} •'}o} ƒ€ zn }ZZ}~• Zon" …4%6• 43 * 10 2 † * p = -0.0002 * p + 0.05516; xno p = 75 °t, 300 °t, 600 °t, yz{ 800 °t 0 ; xno p = 20 °t OE|}~y•€} •'}o} ƒ€ zn }ZZ}~• Zon" …4%6• 4-6 * 10 2 † * p = + 0.0002 * p -0.00026; xno •}"'}oy••o}€ Zon" 75 °t •n 800 °t -4 * 10 2' * p = -0.0014 * p + 0.0983 ; xno •}"'}oy••o}€ Zon" 20 °t •n 800 °t w Š ‹ Š ‹ Š ‹ 0 ; xno p = 20 °t OE|}~y•€} •'}o} ƒ€ zn }ZZ}~• Zon" …4%6• 4-2 * 10 2 † * p = + 0.00093 * p -0.07446; xno •}"'}oy••o}€ Zon" 75 °t •n 800 °t -0.0006 * p + 0.0679 ; xno •}"'}oy••o}€ Zon" 20 °t •n 800 °t

Table 9 :

 9 Analytical model data vs. experimental data for the ultimate stress and ultimate strain of the 'almost-dry' TRC, 'saturated' TRC, and TRC with ω=8%

			Ultimate stress, σ3 (Stress 3) (MPa)		Ultimate strain, ε3 (Strain 3) (%)
	T (°C)	Almost-dry	Saturated TRC	Modelling	Almost-dry TRC	Saturated TRC	Modelling
		TRC (… = 3.8%)	(… = 14.2%)	data for TRC	(… = 3.8%)	(… = 14.2%)	data for TRC
		Exp.	Model Exp. Model	(…=8%)	Exp.	Model Exp. Model	(…=8%)
	20	5.32	5.32	5.52	5.32	5.32	0.46	0.46	0.26	0.22	0.36
	75	8.77	8.77	4.94	5.27	7.35	0.96	0.96	0.43	0.54	0.79
	150	7.09	6.40	4.71	4.50	5.63	0.47	0.46	0.52	0.46	0.46
	300	5.31	5.10	3.81	4.11	4.70	0.59	0.57	0.48	0.44	0.52
	400	2.27	2.19	2.79	2.19	2.19	0.19	0.16	0.23	0.16	0.16
	600	2.27	2.51	2.51	2.51	2.51	0.38	0.39	0.22	0.22	0.32
	800	0.71	0.79	0.00	0.10	0.51	0.09	0.10	0.00	0.01	0.06

Table 10 :

 10 Analytical model data vs. experimental data for stress σ2 and strain ɛ2 of the

			Stress, σ2 (Stress 2) (MPa)		Strain, ε2 (Strain 2) (%)
		Almost-dry TRC (… = 3.8%)	Saturated TRC (… = 14.2%)	Modelling data for TRC	Almost-dry TRC (… = 3.8%)	Saturated TRC (… = 14.2%)	Modelling data for TRC
		Exp. Model. Exp. Model.	(…=8%)	Exp. Model. Exp. Model.	(…=8%)
	20	3.01	3.01	3.14	3.01	3.01	0.29	0.29	0.11	0.11	0.22
	75	3.53	3.53	3.14	3.11	3.36	0.42	0.42	0.26	0.25	0.35
	150	3.56	3.61	3.05	3.00	3.36	0.23	0.24	0.34	0.33	0.27
	300	2.37	2.53	2.45	2.37	2.46	0.38	0.38	0.28	0.27	0.34

'almost-dry' TRC, 'saturated' TRC, and TRC with ω = 8% T (°C)

Table 11 :

 11 Analytical

			Stress, σ1 (Stress 1) (MPa)		Strain, ε1 (Strain 1) (%)
	T (°C)	Almost-dry TRC (… = 3.8%)	Saturated TRC (… = 14.2%)	Modelling data for TRC	Almost-dry TRC (… = 3.8%)	Saturated TRC (… = 14.2%)	Modelling data for TRC
		Exp. Model. Exp. Model.	(… = 8%)	Exp. Model. Exp. Model.	(… = 8%)
	20	1.99	1.99	1.94	1.99	1.99	0.08	0.08	0.03	0.03	0.06
	75	1.69	1.69	1.94	1.97	1.81	0.10	0.10	0.09	0.09	0.10
	150	2.12	2.07	1.58	1.63	1.89	0.10	0.09	0.11	0.11	0.10
	300	1.68	1.71	1.26	1.27	1.53	0.044 0.047	0.10	0.11	0.17

model data vs. experimental data for the stress, σ1, and strain, ɛ1, of the 'almost-dry' TRC, 'saturated' TRC, and TRC with ω = 8% as a function of temperature

Table 12

 12 presents the RMSE and R 2 values calculated for the modified Gibson model. All values of R² are close to one. This means that the proposed model is a good fit for predicting the experimental data.

Table 12

 12 also shows that all the values of RMSE obtained with the modified Gibson model are small. This means that the differences between the predicted and experimental values are low, and the modified Gibson model does a good job of predicting the thermomechanical properties of TRC.

Table 12 :

 12 RMSE and R 2 values calculated using the modified Gibson model for the 'almost-

				dry' and 'saturated' TRC specimens				
				'Almost-dry' TRC					'Saturated' TRC		
	Properties	σ1 (MPa)	σ2 (MPa)	σ3 (MPa)	ε1 (MPa)	ε2 (MPa)	ε3 (MPa)	σ1 (MPa)	σ2 (MPa)	σ3 (MPa)	ε1 (MPa)	ε2 (MPa)	ε3 (MPa)
	R²	0.999 0.999 0.988 0.999 0.999 0.997	0.999	0.998	0.970 0.995 0.997 0.878
	RMSE	0.023 0.061 0.293 0.001 0.001 0.015	0.031	0.060	0.305 0.003 0.007 0.059
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