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In civil engineering, fire concern is always a strict constraint to FRP reinforced structure in general.

The main objective of this study is to experimentally study the effect of adhesive at concrete/CFRP interface on thermomechanical behaviour of near surface mounted CFRP reinforced concrete specimens under elevated temperature condition. The specimens are subjected to simultaneous combination of mechanical load and elevated temperature that is close to fire condition. In this study, the CFRP is bonded to concrete using three adhesives: one common epoxy for ambient cured temperature, one high temperature performance epoxy and one cement-based adhesive. In experimental test, the sample is firstly loaded by a pre-defined and fixed mechanical load, and then the temperature surrounding the sample quickly increases until failure. The failure temperature and the thermal exposure duration are then analysed to identify the performance of specimen under simultaneously combined temperature-mechanic load. The results show that the two epoxies, compared to cement-based adhesive, can perform in wider range of mechanical and temperature condition. It is also shown that the thermomechanical performance of CFRP reinforced concrete can be optimized by choosing appropriate type of epoxy under certain designed mechanical load.

Introduction

This section reviews experimental research on CFRP reinforced concrete structure at elevated temperature conditions and presents the objectives of this work.

Behaviour of CFRP reinforced concrete structure at elevated temperature conditions

In recent decades, there is an increasing need for reinforcing/retrofitting concrete and steel structures due to the change in usage, the structural degradation, or even insufficient design. Among the FRP temperature increases from 20°C to 1200°C [START_REF]Eurocode 2: Design of concrete structures -Part 1-2: General rules -Structural fire design[END_REF]. For epoxy adhesive material, the effects of temperature on mechanical properties of several types have been studied [START_REF] Bascom | Effect of Temperature on the Adhesive Fracture Behavior of an Elastomer-Epoxy Resin[END_REF][START_REF] Moussa | Time-temperature dependence of thermomechanical recovery of cold-curing structural adhesives[END_REF]. Bascom et al. studied the temperature effects on mechanical properties of an epoxy adhesive from -40°C to 50°C [START_REF] Bascom | Effect of Temperature on the Adhesive Fracture Behavior of an Elastomer-Epoxy Resin[END_REF].

Moussa et al. studied the residual properties of a commercial epoxy adhesive (used in CFRP strengthening systems) from -35°C to 100°C with constant temperature condition [START_REF] Moussa | Time-temperature dependence of thermomechanical recovery of cold-curing structural adhesives[END_REF]. For CFPR material, the research results showed that its properties (Young modulus and ultimate strength) reduced as the temperature increased. Nguyen et al. [START_REF] Nguyen | Characterization of pultruded carbon fibre reinforced polymer (P-CFRP) under two elevated temperature-mechanical load cases: Residual and thermomechanical regimes[END_REF][START_REF] Nguyen | Elevated temperature behaviour of carbon fibre-reinforced polymer applied by hand lay-up (M-CFRP) under simultaneous thermal and mechanical loadings: Experimental and analytical investigation[END_REF] studied the performance of two types of CFRP (pultruded CFRP and manually fabricated CFRP) at various thermal and mechanical combined conditions including thermomechanical and residual conditions. There are also investigations concerning the thermomechanical performance of different systems of CFRP at several ranges of temperature [START_REF] Cao | Tensile Properties of CFRP and Hybrid FRP Composites at Elevated Temperatures[END_REF][START_REF] Wang | Mechanical properties of pultruded carbon fibre-reinforced polymer (CFRP) plates at elevated temperatures[END_REF][START_REF] Wang | An experimental study of the mechanical properties of fibre reinforced polymer (FRP) and steel reinforcing bars at elevated temperatures[END_REF][START_REF] Yu | Effect of temperature on strength and stiffness properties of near-surface mounted FRP reinforcement[END_REF] or residual performance of CFRP subjected to fire condition [START_REF] Adelzadeh | Numerical Study of FRP Reinforced Concrete Slabs at Elevated Temperature[END_REF][START_REF] Feih | Tensile properties of carbon fibres and carbon fibre-polymer composites in fire[END_REF][START_REF] Foster | High temperature residual properties of externally bonded FRP systems[END_REF][START_REF] Foster | Fire survivability of externally bonded FRP strengthening systems[END_REF]. In application, the CFRP can be directly bonded to concrete surface (externally bonding reinforcement method -EBR) or by impregnating CFRP into grooves on concrete surface with adhesive (near surface mounted method -NSM). The selection of reinforcement method depends on the structure, strengthening purpose and particular implementation condition. Regarding these two reinforcement methods, several observations have been conducted to identify the performance of CFRP reinforced concrete structure under conditions that are close to fire case in terms of the co-existence of thermal and mechanical actions. For the first reinforcement method, Bisby et al. [START_REF] Bisby | Response to fire of concrete structures that incorporate FRP[END_REF] investigated the residual performance of CFRP EBR reinforced concrete beams and columns subjected to fire using a normal adhesive. Firmo et al. [START_REF] Firmo | Experimental characterization of the bond between externally bonded reinforcement (EBR) CFRP strips and concrete at elevated temperatures[END_REF] experimentally studied the thermomechanical bond performance of the EBR reinforced concrete structures between 20°C and 120°C. There are also investigations on fire performance of insulated EBR CFRP reinforced concrete beams [START_REF] Firmo | Fire behaviour of thermally insulated RC beams strengthened with EBR-CFRP strips: Experimental study[END_REF][START_REF] Carlos | Experimental analysis on flexural behaviour of RC beams strengthened with CFRP laminates and under fire conditions[END_REF]. For the second reinforcement method, Al-Abdwais et al. [START_REF] Al-Abdwais | Performance of NSM CFRP strengthened concrete using modified cement-based adhesive at elevated temperature[END_REF] observed the NSM CFRP reinforced concrete structures using cement-based adhesive at elevated temperature condition. Jadooe et al. [START_REF] Awad | Bond Behavior between NSM CFRP Strips and Concrete Exposed to Elevated Temperature Using Cement-Based and Epoxy Adhesives[END_REF][START_REF] Jadooe | Experimental and numerical study of strengthening of heatdamaged RC beams using NSM CFRP strips[END_REF] investigated the residual performance of NSM CFRP reinforced concrete by single lap shear test using cement-based and epoxy adhesives after 1 hour exposure to temperature of 200°C, 400°C and 600°C. Yu and Kodur [START_REF] Yu | Effect of high temperature on bond strength of near-surface mounted FRP reinforcement[END_REF][START_REF] Yu | Fire behavior of concrete T-beams strengthened with near-surface mounted FRP reinforcement[END_REF] investigated the performance of NSM CFRP reinforced concrete structure under different elevated temperature levels. In comparison between two reinforcement methods, Firmo et al. [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] compared the EBR and NSM methods in reinforcing concrete beams with CFRP by experimental study at room temperature and numerical study [START_REF] Firmo | Three-dimensional finite element modelling of the fire behaviour of insulated RC beams strengthened with EBR and NSM CFRP strips[END_REF]. The results also showed that at the room temperature, NSM reinforced beam has 21%-35% better performance compare to EBR reinforced one depending on the bond configuration. Kotynia et al. [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] also experimentally studied the performance of a CFRP reinforced concrete structure using NSM and EBR reinforcement methods at ambient temperature condition and also verified with numerical solution. The results showed that the NSM method allows concrete beam higher failure strain, compared to the EBR method. There are also other available studies for shear strengthening, compression strengthening concrete structures or even CFRP/GFRP pre-stressed slabs/ beams at various temperature-mechanic testing conditions [START_REF] Kiang Hwee | Performance of FRP-Strengthened Beams Subjected to Elevated Temperatures[END_REF][START_REF] Kim | Residual Behavior of Shear-Repaired Concrete Beams Using CFRP Sheets Subjected to Elevated High Temperatures[END_REF][START_REF] Cree | Tensile and Lap-Splice Shear Strength Properties of CFRP Composites at High Temperatures[END_REF][START_REF] Terrasi | Fire Behavior of Thin CFRP Pretensioned High-Strength Concrete Slabs[END_REF][START_REF] Zhang | Comparative fire behavior of geopolymer and epoxy resin bonded fiber sheet strengthened RC beams[END_REF][START_REF] Mousa | Experimental and analytical study of carbon fiber-reinforced polymer (FRP)/autoclaved aerated concrete (AAC) sandwich panels[END_REF][START_REF] Ahmed | The experimental behavior of FRP-strengthened RC beams subjected to design fire exposure[END_REF][START_REF] Truong | Flexural behavior of RC beams strengthened with NSM GFRP strips after exposed to high temperatures[END_REF].

For instant, Tan et al. [START_REF] Kiang Hwee | Performance of FRP-Strengthened Beams Subjected to Elevated Temperatures[END_REF] investigated the residual performance of shear strengthening of glass FRP wrapped beams after thermal exposure (temperature-time history following ASTM E-119). Kim et al. [START_REF] Kim | Residual Behavior of Shear-Repaired Concrete Beams Using CFRP Sheets Subjected to Elevated High Temperatures[END_REF] studied the residual shear performance of CFRP shear strengthened short beams after exposure to temperature up to 200°C. For temperature-mechanic load consideration, Cree et al. [START_REF] Cree | Tensile and Lap-Splice Shear Strength Properties of CFRP Composites at High Temperatures[END_REF] observed the shear performance of hand lay-up lap-splice test in two loading cases at elevated temperature up to 200°C. Terrasi et al. [START_REF] Terrasi | Fire Behavior of Thin CFRP Pretensioned High-Strength Concrete Slabs[END_REF] reported the fire behaviour of CFRP pre-stressed high-performance selfconsolidating concrete (HPSCC) slabs through an experimental study on thin slabs exposed to a standard fire.

In conclusion, there is very few study in the literature on CFRP reinforced concrete structures which is focusing on the thermomechanical condition that simultaneously considers both elevated temperature and mechanical load. The comparison on the efficiency between different types of adhesives (which are potentially used in civil engineering application) in the thermomechanical performance of CFRP reinforced concrete structures is not available in the literature.

Objectives of this study

The literature review shows that each fire test on a CFRP reinforced concrete structure makes it possible to identify fire behaviour of the structure as a function of mechanical loading. Such a test makes it possible to identify one maximum temperature (or one maximum thermal exposure duration) that the structure can undergo; this temperature is dependent on the mechanical loading level applied on the structure. However, the cost of a fire test is still high and therefore the design instruction for full scale structures subjected to fire remains limited. This explains a lack of available experimental data on fire behaviour of CFRP reinforced concrete large structure under different mechanical loadings. Moreover, experimental tests on small scale CFRP reinforced concrete specimen under elevated temperature conditions has more interesting costs and allows more instrumentation than on large scale specimen under fire test.

To the best of the authors' knowledge, there is no comparative study on the effect of adhesive used on the performance of CFRP reinforced concrete structure that is simultaneously subjected to mechanical load and elevated temperature rise (this condition is close to fire case regarding the co-existence of thermal and mechanical actions). The following scientific questions can be asked: How can a CFRP reinforced concrete specimen be designed to be subjected to simultaneous mechanical load and elevated temperature? How can the effect of adhesive at concrete/CFRP interface on thermomechanical behaviour of near surface mounted (NSM) CFRP reinforced concrete specimen can be experimentally characterized? The goal of this work is to contribute to answers to these questions. This study will also provide the scientific community with experimental data concerning the elevated temperature thermomechanical behaviour of near surface mounted CFRP reinforced concrete specimens.

This paper proposes an experimental investigation to characterize the behaviour of CFRP reinforced concrete specimens under simultaneous mechanical load and elevated temperatures. This paper also presents an experimental comparison study on the thermomechanical performance of NSM CFRP reinforced concrete specimens using three adhesives: one traditional epoxy adhesive, a high temperature performance epoxy adhesive and a cement-based adhesive. The two later adhesives are expected to improve the thermomechanical performance of CFRP reinforced concrete under a condition that is close to standard fire case regarding the thermal and mechanical actions. The comparative result of these tests can contribute to explain the effect of adhesive used on the thermomechanical performance of NSM CFRP reinforced concrete.

In the next sections, this paper presents an experimental work, and then describes and discusses the experimental results of tests carried out on CFRP reinforced concrete specimens. Finally, the main conclusions are presented.

Experimental work

This section describes experimental devices, materials and specimens, testing procedures.

Experimental devices

In this research, a thermomechanical testing system (Figure 1) [START_REF] Nguyen | Characterization of pultruded carbon fibre reinforced polymer (P-CFRP) under two elevated temperature-mechanical load cases: Residual and thermomechanical regimes[END_REF] is used to study the thermomechanical behaviour of CFRP concrete specimen. The system includes two main parts: the Thermomechanical machine (called TM20kN-1200C, Figure 1a,b) and laser extensometer (Figure 1c). The TM20kN-1200C can control the force (up to 20 kN) and temperature (heating rate up to 30 °C/minute) that are applied on the sample following a pre-determined procedure while the laser extensometer can measure the local tensile displacement of a length up to 20 cm. The TM20kN-1200C includes a mechanical part (Figure 1a) and a furnace (Figure 1b, Figure 2). The heating chamber is insulated to guarantee the temperature inside the furnace that is as close as established by testing program (see Figure 2). In this research, a force sensor is placed outside the furnace to measure the real-time mechanical load.

Base on this value, the program can adjust the applied load level to meet the pre-defined value. Six thermocouples are placed inside the furnace including three interior thermocouples on the side wall of heating chamber and three others thermocouples type K placed on sample surface (Figure 1d and TC-I, TC-II, TC-III in Figure 2) to follow and control the furnace temperature during the test. The global displacement of the CFRP reinforced concrete specimen is measured via two traverses connecting to specimen by two loading heads (Figure 1f). 

Materials and specimens

In this section, the design of CFRP/adhesive/concrete specimen, material descriptions and specimen preparation are introduced with details.

Design of CFRP/adhesive/concrete sample

This study aims to characterize the behaviour of CFRP/adhesive/concrete bond at thermomechanical condition using three different adhesives. There are several available methods in the literature to determine shear capacity of the joint such as single lap, double lap [START_REF] Camli | Strength of carbon fiber reinforced polymers bonded to concrete and masonry[END_REF][START_REF] Mazzotti | An experimental study on delamination of FRP plates bonded to concrete[END_REF]. Based on a standard test on externally bonded CFRP reinforced concrete specimen proposed by Ferrier et al [START_REF] Ferrier | Influence of the properties of externally bonded CFRP on the shear behavior of concrete/composite adhesive joints[END_REF], a small scale near surface mounted CFRP reinforced concrete specimen is proposed to investigate the thermomechanical performance of CFRP/adhesive/concrete bond. Firstly, it is because the NSM reinforcement method is demonstrated to have better fire performance compared to EBR method [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].

Secondly, to adapt with testing system, the dimensions of double shear specimen have been reduced.

The testing specimen includes two concrete blocks bonded by two CFRP strips via NSM method.

There is a steel bar in the middle of the concrete block welded to a steel plate at its bottom with the ideas: both steel bars are used to connect the specimen with two loading heads and also to reduce the effect of tensile stress on bonded corner of concrete [START_REF] Mazzotti | An experimental study on delamination of FRP plates bonded to concrete[END_REF][START_REF] Seo | Bond strength of near surface-mounted FRP plate for retrofit of concrete structures[END_REF]. To bond CFRP to concrete, several proposed methods for the determination of the bond length and width at ambient temperature condition have been summarized in previous works [START_REF] Hosseini | Effective bond length of FRP-to-concrete adhesively-bonded joints: Experimental evaluation of existing models[END_REF]. The analytical model for bond-slip at elevated temperature from 4 °C to 180 °C has also been proposed and analysed [START_REF] Gao | Effect of temperature variation on the full-range behavior of FRP-toconcrete bonded joints[END_REF][START_REF] Dai | Bond-Slip Model for FRP Laminates Externally Bonded to Concrete at Elevated Temperature[END_REF]. To balance between the efficient length and the feasibility/ testability of specimen, the CFRP is bonded to two concrete blocks with two types of length: tie length of 90 mm on top part and observed length of 70 mm on the bottom part (Figure 3). The total contact surfaces between concrete and two CFRP plates are 2800 mm 2 for the observed bonded regions (see Figure 3a, observed length of 70 mm) and 3600 mm 2 for the tie bonded regions (see Figure 3a, tie length of 90 mm). 

Material descriptions

This subsection introduces details of the concrete, CFRP and three adhesives used in the experimental tests.

Concrete

Due to the small size of concrete block, the natural gravel (rounded in shape) for concrete has been sieved with maximum dimension at 6 mm to meet the sample requirements. The normalized standard sand includes siliceous particles with maximum grain size of 2 mm, accordance with the standard EN 196-1. The Porland cement with commercial class of 32.5 is used in this research. The gravel, the sand and the cement, mentioned above, have been mixed to obtain the concrete of C25/30 after 28 days. 

CFRP

The CFRP product is a unidirectional pultruded laminate with the cross-section of 1.2 mm x 50 mm and 25 m in length (laminate pultruded CFRP, SIKA CARBODUR S512). According to supplier's datasheet, its Young modulus and ultimate strength are 165 GPa and 2800 MPa, respectively and its fibre volume ratio is 68% as specification. The CFRP is prepared in to plates with the dimension of 10 mm x 220 mm (width x length in mm) with NSM specimen (Figure 3).

Adhesive

The three experimentally investigated adhesives are detailed bellow:

-The first type of epoxy (labelled EBA1 (Epoxy Bond Adhesive 1), commercial name: Duralco 4703) is a two-component adhesive with Al2O3 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 at 20 °C of this epoxy are 81.4 MPa and 76.5 MPa, respectively. The material has the glass transition temperature that is about 150 °C (according to datasheet). Using this adhesive, the authors expect to extend the service duration and also the performance of CFRP reinforced concrete under thermomechanical condition concerning fire case.

- 

Preparation procedure

The concrete blocks were casted in mould with dimensions of 60 mm x 60 mm x100 mm and then prepared for NSM method (Figure 4). According to the design (Figure 3), two cuts are made on two opposite sides of the concrete blocks with the depth at about 11 mm and the width at about 4 mm (Figure 4). The adhesive pastes are then prepared and mixed according to manufacturer's instruction before used to bond CFRP into two opposite grooves in two blocks of concrete (Figure 5).

According to the instruction from the producers, a thermal curing duration is recommended for two epoxies (EBA1, EBA2). However, this research aims to apply to civil engineering domain, where thermal curing procedure is not an ease, especially in real scale structure. Moreover, according to Cree et al. [START_REF] Cree | Tensile and Lap-Splice Shear Strength Properties of CFRP Composites at High Temperatures[END_REF], the tensile strength and Young's modulus of a manually fabricated composite with carbon fibre and epoxy matrix at elevated temperature (beyond 200 °C) are little influenced by the curing temperature. For these reasons, the specimens bonded with EBA1 and also EBA2 are maintained in ambient temperature condition until complete hardness before test. The specimens bonded with CBA are maintained at ambient temperature condition for 28 days before test. control force; Fa: applied force

Phase 1: Mechanical loading

Firstly, a small initial control force (Fc~100N, Figure 6) is applied to the specimen to generate the tensile status. A mechanical load cycle between an upper value of 150N and a lower value of 100N is repeated for 5 times to ensure the stability and the axial status of specimen. Then, the quasi-static tensile load on the specimen monotonically increases until reaching a force called applied force (Fa, Figure 6) with a loading speed of 300µm/minute. In this research, the levels of Fa are determined below 1 MPa to avoid both cracking in concrete and shear failure in the adhesive prior to thermal loading in the phase 2 [START_REF] Ferrier | Influence of the properties of externally bonded CFRP on the shear behavior of concrete/composite adhesive joints[END_REF]. For that reason, in both reinforcement cases, the following loads have been used: 400 N, 840 N, 1400 N and 2800 N (see Table 3) which correspond to the average shear adhesive stresses of 0.143 MPa, 0.3 MPa, 0.5 MPa and 1.0 MPa, respectively, at the CFRP/adhesive/concrete interface of the observed bonded regions (see Figure 3a, observed length of 70 mm).

Phase 2: thermal loading

As mentioned in ISO 834 [START_REF]Fire-resistance tests -Elements of building construction -Part 1: General requirements[END_REF], the standard evolution of the temperature as a function of time during a fire is described by the equation 1:

( )
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(Where t is time in minute and T is temperature in Celsius degrees).

According to this time-temperature relationship, within the first 5 minutes, the temperature increases with the heating rate up to 111 °C/minute. The heating rate then reduces to 20 °C/minute and 12 °C/minute in the following 10 minutes and 15 minutes, and the furnace temperature reaches 842 °C after 30 minutes (Figure 7). To simulate the temperature conditions of a fire, it is better to have the average temperature in the furnace that follows this standard relationship. The maximum heating rate at 30 °C/minute of the furnace used is lower than the required heating rate in the first 5 minutes of the ISO-834 curve (Figure 7). However with this heating rate, the furnace can monitor and control the temperature to reach 900 °C in 30 minutes, which can fulfil the requirements of the standard fire curve. Therefore, in this second phase, while Fa is maintained, the average temperature of the furnace surrounding the specimen increases from an ambient temperature until failure of the specimen with the maximum heating rate of the furnace. The temperature at which the specimen is broken is identified as the failure temperature (Tr), corresponding to the load level Fa. The duration from the beginning of the heating until the failure of the specimen is determined as the exposure duration corresponding to load level Fa. Table 3 summarizes the details of three testing groups conducted in this study. 

Results and discussions

In this section, general experimental results are firstly presented (subsection 3.1). The results are then synthesised as well as discussed in following subsections: influence of average shear stress in adhesive to thermomechanical performance of CFRP reinforced concrete specimens (subsection 3.2), specimen total displacement vs. time at different mechanical load cases (3.3), specimen total mechanical load vs. total displacement (3.4), influence of adhesive used on the performance of CFRP/adhesive/concrete bond (3.5) and failure mode (3.6).

General experimental results

Table 4 summarizes the experimental results in terms of failure temperature, exposure duration and overall heating rate at different applied mechanical loads Fa. The average adhesive shear stress (AASS, τ ) is the equivalent shear stress on adhesive that is determined based on the measured applied mechanical force ( a F ) and the total contact surfaces between concrete and two reinforced CFRP plates via two grooves for the observed bonded regions (see Figure 3a, observed length of 70 mm):

AASS = a F S τ = (Eq. 2)
In which: a F is the applied mechanical load and S is the total contact surfaces between concrete and two reinforced CFRP plates for the observed bonded regions (S= 2800 mm 2 ).

According to Table 4, the failure temperature, exposure duration and overall heating rate are collected from each test. The average result of each test case is then also summarized in Table 4. According to the experimental results, the specimens on the tests 23 and 24 failed in the phase 1 during the increase of mechanical load. Therefore, there is no collected data for these cases. As can be seen from Figure 8 shows the temperature evolution during the test 2. As can be seen from Figure 8, the evolution of average temperature during the test, resulted from three thermocouples on specimen surface (TC-I, TC-II and TC-III, Figure 1d and Figure 2), is close to the standard fire temperature mentioned in ISO 834. This curve shows that in the first 30 minutes, the actual heating rate is 26.75 °C/minute, close to the programmed value of 30 °C/minute but much lower than 111 °C/minute mentioned in ISO-834 curve. In the following period, the heating rate reduces to 4.69 °C/minute, which is higher than 3.43 °C/minute mentioned in ISO-834 curve. Therefore, the overall heating rate of the tests 1 and 2 is about 15 °C/minute, lower than the other tests. It should be noted that the average heating rate is identified from a determined duration, from three thermocouples; while the programmed value of 30 °C/minute is technically the maximum value at a specific moment that the furnace can reach. The average heating rate is lower than the programmed value due to the programmed temperature condition that the difference between thermocouples is limited at 10 °C according to ISO 834 [START_REF]Fire-resistance tests -Elements of building construction -Part 1: General requirements[END_REF]. 

Specimen total displacement vs. time at different mechanical load cases

Figures 11, 12 and 13 display specimen total displacement vs. time curves of reinforcement at different levels of AASS obtained from three testing groups (EBA1, EBA2, CBA). Generally, the system completely collapses when the specimen total displacement rapidly increases. This failure point can be apparently observed from the total displacement-time curves presented in these figures.

The total displacement value at the point the total displacement starts its rapid increase is hereby defined as the failure displacement. Overall, the failure displacement of specimen reduces when the AASS increases. As presented in Figure 11, the failure displacement of EBA1 group at the AASS of 0.143 MPa is from 3.5 mm to 4.5 mm then reduces to about 1 mm to 3 mm at the AASS of 0.3 MPa.

At the AASS from 0.5 MPa to 1.0 MPa, the failure displacement is between 0.5 mm to 0.7 mm.

The failure displacement of EBA2, as presented in Figure 12, shows that when the AASS varies from 0.143 MPa to 0.3 MPa, there can be a slippage from 0.6 mm to 0.8 mm at 2 minutes to 4 minutes before the final failure displacement (curves 2 and 3, Figure 12). At the AASS of 0.143 MPa, the failure displacement is about 1.1 mm to 1.3 mm (curves 1 and 2, Figure 12) while at the AASS of 0.3

MPa, this displacement is about 0.6 mm to 1.7 mm (including the slippage, curves 3, 4 in Figure 12).

When the AASS varies from 0.5 MPa to 1.0 MPa, the failure displacement slightly varies from 0.6 mm to 0.8 mm (curves 5 to 8, Figure 12). The failure displacement of CBA group, presented in Figure 13, varies from 0.6 mm to 1.3 mm when the AASS varies from 0.143 MPa to 0.3 MPa. According to the figures 14, 15 and 16, each curve has two phases:

-Phase 1: working phase of applied load, the Fa maintains constant, specimen total displacement gradually increases until failure point as results of temperature rise.

-Phase 2: slip phase, after failure point where the mechanical load begins to drop, the specimen total displacement quickly increases and there is a remained tensile mechanical capacity (RMC) of the specimen resulted from the friction of the slippery of CFRP plates to the bonded surface [with exceptions for the tests 1 and 2 (curves 1 and 2, Figure 14), where the specimen fails due to the tensile failure of CFRP plate].

As seen on these above figures, the RMC of specimens are about 40% to 60% of the initial applied load. The details of RMCs in each test case are summarized in Table 5. According to this table, the mechanical capacity after the failure point accounts for 40% of initial mechanical applied load or more (with an exception for EBA2 group, AASS =1.0 MPa case, RMC of specimen is about 26% to 43% of the initial mechanical load). 

Failure modes

The failure happened inside the furnace at elevated temperature. Therefore, there is no visual record for collapse phenomenon of the tested specimen. Due to the de-bonding process of specimen, the loading head rapidly experienced a significant displacement and the failure point is identified. The temperature inside furnace then gradually reduced until reaching room temperature. After that, the furnace is opened for investigating the situation at failure. Figures 18,[START_REF] Awad | Bond Behavior between NSM CFRP Strips and Concrete Exposed to Elevated Temperature Using Cement-Based and Epoxy Adhesives[END_REF] 

Conclusion

This research aims to experimentally study the effect of adhesive at concrete/CFRP interface on elevated temperature thermomechanical behaviour of near surface mounted CFRP reinforced concrete specimens. According to the obtained results, following conclusions have been inferred:

-When the applied mechanical load on NSM CFRP reinforced concrete specimen increases:

• The failure temperature and exposure duration of NSM CFRP reinforced concrete specimen reduce. The reduction rates of failure temperature and exposure duration depend on the bonding material method and on the range of mechanical load. The reduction rates of failure temperature and exposure duration of EBA1 specimens are more significant than those of EBA2 specimens at moderate mechanical load levels, and more gradual beyond the AASS of 0.5 MPa.

• The failure displacements of NSM CFRP reinforced concrete specimens (EBA1, EBA2, CBA groups) are similar, with an exception for the EBA1 groups in AASS cases below 0.3 MPa.

• The remained mechanical capacity of NSM CFRP reinforced specimen accounts for 40% to 60% of initial mechanical applied load depending on the adhesive used and mechanical load case.

• The NSM CFRP reinforced concrete specimen tends to collapse due to the adhesive failure at the interface between CFRP plate and adhesive. At low mechanical load case, the use of EBA1 can result in the tensile failure in CFRP, which subsequently leads to the collapse of specimen.

-In comparison between three tested adhesives (EB1, EB2, CBA) regarding its efficiency under elevated temperature condition (with the same reinforcement method and configuration of specimen):

• The EBA1 and EBA2 can perform in wider range of mechanical load (AASS varies from 0.143 MPa to 1.0 MPa) while CBA can perform at moderate mechanical load (AASS varies from 0.143 MPa to 0.3 MPa).

• At low mechanical load (AASS of 0.143 MPa), the use of EBA1, compared to the use of EBA2 and CBA, results in much higher failure temperature and thus longer exposure duration for CFRP reinforced concrete specimen. At moderate mechanical load (AASS of 0.3 MPa), there is not much different between the uses of three adhesives. While at considerable mechanical load (AASS varies from 0.5 MPa to 1.0 MPa), the use of EBA2, compared to the use of EBA1, results in higher failure temperature for CFRP reinforced concrete specimen.

• With the use of EBA1, the failure displacement at AASS of 0.143 MPa is much higher than other cases of AASS and other adhesive types.

• After failure point, the remained mechanical capacities of NSM CFRP reinforced concrete specimens are about 40% to 60% of initial applied mechanical loads depending on the types of adhesive used.

• With EBA1, the NSM CFRP reinforced concrete specimen collapses due to the tensile failure of CFRP plate at low mechanical load (AASS of 0.143 MPa) and due to shear failure at CFRP/adhesive interface at moderate and high mechanical loads (AASS varies from 0.3 MPa to 1.0 MPa). With EBA2, the specimen collapses due to the burning of adhesive which then leads to the failure of two interfaces CFRP/ adhesive and adhesive/ concrete at low and moderate mechanical loads (AASS varies from 0.143 MPa to 0.3 MPa); while at higher mechanical load (AASS varies from 0.5 MPa to 1.0 MPa), the specimen fails due to the shear failure at CFRP/adhesive interface. With CBA, at low and moderate testing mechanical loads (AASS varies from 0.143 MPa to 0.3 MPa) the specimen only collapses at CFRP/adhesive interface.

To the structural application point of view, regarding thermomechanical condition that is close to fire, the NSM CFRP reinforced concrete structure can better perform at low and moderate mechanical loads with EBA1 than EBA2 and CBA in terms of failure temperature, exposure duration, failure displacement as well as failure mode (in exploiting the advantages of each material at failure). At higher mechanical load, the EBA2, compared to EBA1, shows better performance in failure temperature and thus temperature exposure duration. This means that the use of high temperature performance epoxy under appropriate mechanical load can better exploit all advantages of constituent materials of CFRP reinforced concrete specimen in terms of failure temperature, thermal exposure duration, failure modes and failure displacement. This result can introduce the application of CFRP in reinforcing concrete structure in fire consideration with safety and effectiveness in choosing the adhesive and mechanical load level.

Figure 1 :

 1 Figure 1: Thermomechanical machine; In which: a is tensile machine; b is furnace; c: laser extensometer; d: three thermocouples used; e: specimen; f: two loading heads.

Figure 2 :

 2 Figure 2: Sample setting inside the furnace with three thermocouples (TC-I, II, III); Fa : applied force

Figure 3 :

 3 Figure 3: Details of NSM CFRP reinforced concrete specimen; In which: a: specimen dimension; b: steel system

Figure 4 :Figure 5 : 2 . 3

 4523 Figure 4: Prepared concrete blocks for bonding

Figure 6 :

 6 Figure 6: Thermomechanical testing procedure; In which: Ta: ambient temperature; Tr: failure temperature; Fc:

Figure 7 :

 7 Figure 7: Standard fire curve ISO-834 and programmed temperature-time testing curve.

Figure 8 : 2 3. 2

 822 Figure 8: Evolution of temperature (T_ext) of the test 2

Figure 9 :Figure 10 :

 910 Figure 9: Failure temperature at different mechanical load levels of three testing groups (EBA1; EBA2; CBA)

Figure 11 :Figure 12 :Figure 13 :

 111213 Figure 11: Specimen total displacement vs. time at different cases of mechanical load of EBA1 group

Figure 14 :Figure 15 :Figure 16 :

 141516 Figure 14: Total load vs. specimen total displacement of EBA1 group

Figure 17

 17 Figure17presents the comparative result on the efficiency of three testing adhesives (EB1, EB2, CBA) on thermomechanical performance of CFRP/adhesive/concrete bond at four mechanical load levels. As can be seen from Figure17, at the AASS of 0.143 MPa, the use of EBA1 results in higher failure temperature of 838 °C comparing to the uses of EBA2 (550 °C) and CBA (617 °C). At the AASS of 0.3 MPa, the failure temperatures of three adhesives are not much different: 544 °C with EBA1, 495 °C with EBA2 and 633 °C with CBA. At the AASS of 0.5 MPa and 1.0 MPa, the failure temperatures of EBA1 are 296 °C and 253 °C that are lower than those of EBA2. These differences in failure temperatures of different adhesives at each mechanical load case result in the differences in temperature exposure duration mentioned in Figure10.

Figure 17 :

 17 Figure 17: Comparison of the efficiency of three tested adhesives (EBA1, EBA2, CBA) at four mechanical load levels on the performance of NSM CFRP reinforced concrete specimen

Figure 18 :Figure 19 :Figure 20 :

 181920 Figure 18: Typical failure modes of NSM specimens at different mechanical cases (AASS) of EBA1 group

Table 1 :

 1 Concrete composition (for 1m3 ) 

	Porland cement, commercial	Water	Gravel (size less	Sand (size less
	class of 32.5 (kg)	(kg)	than 6 mm) (kg)	than 2 mm) (kg)
	336	180	1262	622

  The second type of epoxy (labelled EBA2, commercial name: Eponal 380) is a two-component product which is common used with concrete bonding. The service temperature range of this epoxy has not been mentioned in technical data as well as in the literature. The shear strength, data for the service duration and the performance of CFRP reinforced concrete under thermomechanical condition concerning fire case.

	-The third is a cement-based adhesive (labelled CBA), which involves calcium aluminate cement
	(SECAR51 with 51% of Al203 by weight), polycarboxylate based superplasticizer (Peramin®
	CONPAC 700), viscosity modifier agent (Master Matrix UW 400) and water. SECAR51 is a
	refractory cement with the melting temperature is up to 1465 °C (according to datasheet). The
	composition ratio of the cement-based adhesive (CBA) is presented in Table 2. 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 thermomechanical condition concerning fire
	case.

tensile strength and compression strength at 20 °C of this epoxy are 15 MPa, 29.5 MPa and 83 MPa, respectively. This epoxy has the glass transition temperature is about 40 °C (according to datasheet). As commonly used material in civil engineering, in this research, this adhesive is used as a referenced

Table 2 :

 2 Composition ratio of the cement-based adhesive (CBA)

	Water/cement	Polycarboxylate based	Viscosity modifier
		superplasticizer /cement	agent/ cement
	18.04%	0.53%	0.06%

Table 3 :

 3 Summarized number of tests; EBA1: Epoxy Bond Adhesive 1 (Duralco 4703); EBA2: Epoxy Bond Adhesive 2 (Eponal 380); CBA: cement-based adhesive.

	Adhesive		Applied mechanical load, Fa	
	group	400 (N) 840 (N) 1400 (N) 2800 (N)
	EBA1	2	3	3	2
	EBA2	2	2	2	2
	CBA	2	2	2	-

Table 4

 4 MPa, the exposure duration varies from 53.4 minutes to 9.1 minutes for EBA1 group and from 20.3 minutes to 15.5 minutes with EBA2 group; whereas with CBA group, this duration varies from 20.22 minutes to 23.3 minutes as the AASS increases from 0.143 MPa to 0.3 MPa. The overall heating rate,

	,

slightly varies from 570 °C to 412 °C while that of CBA group varies from 639 °C to 443 °C when AASS increases from 0.143 MPa to 0.3 MPa. The variation of exposure duration well confronts with

Table 4 :

 4 Summary of tested results; EBA1: Epoxy Bond Adhesive 1; EBA2: Epoxy Bond Adhesive 2; CBA:

	319								
	320			Cement-based adhesive				
	Test	Adhesive	Average adhesive		Failure	Exposure duration	Overall heating
	No		shear stress	temperature (°C)	(minute)	rate (°C/minute)
			(AASS) (MPa)		Average		Average		Average
	1	EBA1	0.143	799	837.8	53.10	53.4	14.39	15.0
	2	EBA1	0.143	877		53.61		15.70	
	3	EBA1	0.3	655	543.7	24.51	20.3	25.27	25.0
	4	EBA1	0.3	441		15.97		25.44	
	5	EBA1	0.3	535		20.55		24.34	
	6	EBA1	0.5	210	295.8	7.43	10.5	23.59	24.6
	7	EBA1	0.5	309		11.47		23.91	
	8	EBA1	0.5	368		12.71		26.18	
	9	EBA1	1.0	224	253.0	7.94	9.1	23.80	24.0
	10	EBA1	1.0	282		10.22		24.17	
	11	EBA2	0.143	530	549.9	20.20	20.3	24.51	25.4
	12	EBA2	0.143	570		20.33		26.31	
	13	EBA2	0.3	554	494.5	19.99	18.0	25.96	25.5
	14	EBA2	0.3	435		15.95		25.09	
	15	EBA2	0.5	528	469.8	18.78	16.6	26.24	26.2
	16	EBA2	0.5	412		14.39		26.19	
	17	EBA2	1.0	452	459.5	14.39	15.5	29.01	27.6
	18	EBA2	1.0	467		16.53		26.11	
	19	CBA	0.143	617	530	25.17	20.22	23.14	24.93
	20	CBA	0.143	443		15.27		26.72	
	21	CBA	0.3	627	632.6	22.82	23.3	25.92	25.6
	22	CBA	0.3	639		23.84		25.31	
	23	CBA	0.5		Fmax = 1378 N (AASS = 0.492 MPa)	
	24	CBA	0.5		Fmax = 748 N (AASS = 0.267 MPa)	

Table 5 :

 5 Summary of remained tensile mechanical capacity (RMC) at different load cases obtained from three Influence of adhesive used on the performance of CFRP/adhesive/concrete bond

				testing groups (EBA1; EBA2; CBA)		
					Mechanical load, AASS		
	Adhesive							
		0.143 (MPa)	0.3 (MPa)	0.5 (MPa)	1.0 (MPa)
	group							
		RMC, N	%	RMC, N	%	RMC, N	%	RMC, N	%
	EBA1	-	-	351-433 41.8-51.5 724-932 51.7-66.6 1326-1696 47.4-60.6
	EBA2	194-258 48.5-64.5 570-626 67.8-74.5 795-911 56.8-65.1	744-1230	26.6-43.9
	CBA	204-232	51-58	403-537 47.9-63.9	-	-	-	-
	3.5							

Table 6 :

 6 Status of components of NSM CFRP reinforced concrete specimens after thermomechanical tests at

						different mechanical cases;
				Specimen component
	Testing	AASS				
			CF	CFA-I	A	ACO-I	CO	Description of failure mode
	group	(MPa)				
				Failure mode
							Tensile failure of CFRP,
		0.143	B	PB	PB	PB	mCr
							adhesive, concrete, and interfaces are affected,
	EBA1						Shear failure of CFA-I; CFRP,
		0.3	PBM	F	PB	PB	U
							adhesive and ACO interface are partly affected
		0.5 -1.0 U	F	U	U	U	Shear failure of CFA-I
							Adhesive burnt leading to
		0.143 -				
			PBM	F	B	F	mCr	shear failure at CFA-I and ACO-I,
		0.3				
	EBA2						CFRP and concrete are partly affected
							Shear failure of CFA-I,
		0.5-1.0	U	F	PB	U	U
							adhesive is partly burnt
							Shear failure of CFA-I,
		0.143	BM	F	U	U	U
							matrix of CFRP is burnt
	CBA					
							Shear failure of CFA-I,
		0.3	PBM	F	U	U	U
							matrix of CFRP is partly burnt
	Abbreviations used in			

Table 6 :

 6 

1) Testing group: EBA1: Epoxy Bond Adhesive 1; EBA2: Epoxy Bond Adhesive 2; CBA: Cement-based adhesive; 2) AASS: Average Adhesive Shear Stress; 3) Specimen component: CF: CFRP; CFA-I: Adhesive/CFRP interface; A: Adhesive; ACO-I: Adhesive /concrete interface; CO: Concrete; 4) Failure mode: B: burnt; PB: partly burnt; mCr: micro-cracks (for concrete); U: undamaged; F: failure; BM: burnt matrix (for CFRP); PBM: Partly burnt matrix (for CFRP).
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