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EFFECT OF TEMPERATURE ON THE LOAD BEARING CAPACITY OF GLUED-IN RODS
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Structural bonding technology has proven to be an economically and attractive connection process in timber engineering. Within old or historical wooden buildings, local reinforcement of weak zones is currently performed by glued-in rods connections. The association of experiments and numerical investigations on small specimens leads to a better knowledge of mechanical and fracture behaviour of such connections. The stiffness evaluation, the pull out strength and the fracture energy are investigated in this study according to the evolution of temperature. Results supply complementary information relative to the safety prediction of glued-in rod connections.

INTRODUCTION 123

Structural bonding technology and connections in timber engineering undergo an important growth in the last few years. Connections with concealed rods bonded into timber are often used for rehabilitation (repair or reinforcement) of historical or old wooden buildings: this process, using structural adhesive, appeared for the first time in French historical monuments in 1979 [START_REF] Taupin | Restauration à la résine époxyde de planchers et charpentes au Monastère de la Grande Chartreuse[END_REF]. Such connections make the transfer of loads within wooden elements possible. They also offer aesthetic benefits (inconspicuous joint and rods hidden in the cross sections of the members) and preserve a large part of the original timber. Despite previous research programs in many countries, some design rules, predicting the pull-out strength, are available [START_REF] Riberholt | Glued bolts in glulamproposal for CIB code[END_REF][START_REF] Turkovsky | Designing of glued wood structures joints on glued-in bars[END_REF][START_REF] Buchanan | Strength of steel rods in glulam timber[END_REF][START_REF] Aicher | Bonded glulam-steel rod connections with long anchorage length[END_REF][START_REF] Aicher | Load displacement and bond strength of glued-in rods in timber influenced by adhesive, wood density, rod slenderness and diameter[END_REF] but a general approach is still lacking. Nowadays, many experiments are carried out to understand better short-term behaviour of glued-in rod connections varying geometric parameters, such as glued-in length, diameter of the rod, bond line thickness, edge distance... However, the durability of this process according to fluctuating temperature is not well known and it must be further analysed through experiments and numerical simulations. The objective consists in consolidating knowledge dedicated to design rules. The current study is focused on the influence of temperature on mechanical performance of glued-in rod connections. Firstly, each component of the connection is studied: geometric and mechanical properties of wood, rod and adhesive are described. The knowledge of mechanical properties of rod and adhesive, through experiments, is essential to calibrate a Finite Elements Model (FEM). Secondly, a mastered experimental campaign on the entire connection is proposed. On one hand, these tests lead to analyse the variation of stiffness of glued-in rod connections according to temperature. On the other hand, they allow describing the evolution of shear strength at wood/adhesive interface (failure zone). At last, this study is focused on numerical investigations: FEM is carried out with Castem® software. Simulations are directly associated with experiments. They reveal substantial information on mechanical and fracture behaviour of glued-in rod connections. Numerical analysis supply information, which is difficult to evaluate only by experiments. For instance, the stress distribution at wood/adhesive interface can be estimated. Using the framework of Fracture Mechanics (FM) in a first approach, the beginning of nonlinearity in experimental Load-Displacement (LD) curves (decrease of stiffness) is wholly imputed to the formation and to the propagation of a crack at wood/adhesive interface. Within this approach, from a critical value of energy release rate, the compliance method (inverse of stiffness) leads to define the complete mechanical behaviour of glued-in rod connections. The main goal of this study is to check the suitability of FM approach when temperature modifies the mechanical properties of materials constituting glued-in rod connections.

MATERIAL FEATURES

WOOD

Eighty test specimens (cubic volume, edge of 50 mm) are shaped with spruce (Picea Abies L.). Density of specimens is close to 0.41 (mean value). Specimens are longitudinally drilled along the grain, with a diameter equal to 12 mm. This one is located at the centre of the section, in order to insert rod and adhesive. After two weeks in a climate enclosure room with a controlled atmosphere (20°C and 65% RH), the moisture content (MC) of all specimens is close to 12% (-/+ 1%), which corresponds to the humidity for the gluing process.

ROD MATERIAL

Type and geometry in the connection

Threaded steel bars are commonly used for glued-in rod connections, improving the mechanical anchorage between rod and adhesive. So, one threaded steel bar (nominal diameter of 8 mm and length of 160 mm) is used in this study and is inserted axially on the wooden specimen.

Mechanical properties of threaded steel bars used

Mechanical tensile tests are untaken on eight threaded steel bars with a nominal diameter (d) of 8 mm in order to evaluate their mechanical properties, such as their tensile strength and Young's modulus. The strength class of specimens is 8.8. The use of such a grade allows avoiding the plastic behaviour of bars: thus the failure of glued-in rods is located in the interface (wood/glue/rod). They are tested under displacement control (5 mm/min), so that failure is produced in 3 minutes. Test machine recorded axial load applied to the bar and an additional device measures the corresponding elongation of the rod. Thus, Load-Displacement (LD) curves for each rod are depicted and stiffness is directly deduced from the linear part of these curves. An example of an experimental LD curve is shown in Figure 1.

Figure 1: Experimental LD curve

The interest of this test is to characterise the stiffness of the rod in order to implement it in FEM. For this, Young's modulus (E steel ) and section (S) are required. We propose in FEM to model threaded rod by an equivalent smooth bar, in order to simplify the mesh process. In this condition, smooth bars are characterised by the couple (E steel , S) supplying the same stiffness found in experiments. Thus, tensile Young's modulus can be estimated using Equation [START_REF] Taupin | Restauration à la résine époxyde de planchers et charpentes au Monastère de la Grande Chartreuse[END_REF]. An equivalent section of the rod is taken into account for calculations of stress and is equal to 36.6 mm². This section is evaluating using Equation (2). The experimental mean values of tensile strength and Young's modulus of smooth bars tested are given in Table 1.

Table 1: Mechanical properties of smooth bars (mean values)

Tensile strength (MPa) 840 Young's modulus (MPa) 180 390

Results on both properties are very homogeneous, since they reveal a coefficient of variation of 3%. The average value of tensile strength corresponds to the grade 8.8 (yield strength of 640 MPa and minimum tensile strength of 800 MPa).

ADHESIVE

Type and geometry in the connection

A large range of adhesives is available but recent studies [START_REF] Kemmsies | Comparison of pull-out strength of 12 adhesives for glued-in rods for timber structures[END_REF][START_REF] Gustafsson | Glued-in rods for timber structures-development of a calculation model[END_REF] concluded that epoxy adhesive revealed increasing pull-out strength in comparison with phenol-resorcinol or polyurethane, and they exhibit a strong bond with both steel and wood. So, a 2-component epoxy (resin + hardener) is chosen in this study (Sikadur®-330). Diglycidyl ether of bisphenol A (DGEBA) is the typical commercial epoxy resin. The curing process is a chemical reaction in which the epoxy groups in resin react with the hardener to form a three dimensional network. The cure time is mainly dependent of the hardener. Previous studies, carried out in the laboratory, revealed that optimal mechanical properties of the adhesive are reached after 7 days at 20°C. In the connection, an annular bondline thickness of 2 mm over 50 mm high is created.

Mechanical properties of bulk adhesive

Tests on 17 specimens of bulk adhesive are carried out in order to characterise it mechanically. Results are implemented in FEM. Specimens are dumbbell shaped and get the following dimensions: thickness of 4 mm, width of 10 mm and length of 155 mm. In order to obtain a complete polymerization of the adhesive, specimens are conditioned during 7 days at 20°C, before testing. Afterwards, specimens are tested in tension, under displacement control (1 mm/min). The failure is reached after 3 minutes. Test machine recorded axial load applied to the bulk adhesive, and strain are measured. First, on 16 specimens, classical tensile tests are performed with an additional device, which measure specimens' elongations. The experimental set-up of these tests is shown in Figure 3. The experimental mean values of tensile strength, Young's modulus and Poisson's coefficient of epoxy adhesive are listed in Table 2.

Table 2: Mechanical properties of epoxy adhesive (mean values)

Tensile strength (MPa) 30 Young's modulus (MPa) 4 100 Poisson's coefficient 0.34

The accurate knowledge of elastic properties of bulk adhesive, such as Young's modulus or Poisson's coefficient, is necessary to calibrate, later, FEM.

Glass transition temperature

Earlier studies [START_REF] Buchanan | Fire resistance of epoxied steel rods in glulam timber[END_REF][START_REF] Aicher | Influence of moisture, temperature and load duration on performance of glued-in rods[END_REF][START_REF] Surleau | Les assemblages par goujons collés. Partie I: Aspects règlementaires et durée de vie[END_REF][START_REF] Custodio | A review of factors influencing the durability of structural bonded timber joints[END_REF] revealed that the load bearing capacity of glued-in rod connections decreases when the epoxy adhesive reached a critical temperature close to 50°C. The significant reduction of Young's modulus is shown in Figure 5.

Figure 5: Evolution of Young's modulus according to temperature, for epoxy and polyurethane adhesives

This critical temperature is also called glass transition temperature (T g ). When T g is reached, irreversible modifications of the inner structure of the polymer can occur. So, it is interesting in this study to analyse the effect of T g on the global behaviour of glued-in rod connections. The strength and the stiffness of the connection can be mainly dependent of it.

In the current study, Differential Scanning Calorimetry (DSC) is the method used to evaluate the glass transition temperature of the epoxy adhesive. The difference in exothermicity of the adhesive and a reference is measured as a function of temperature. A thin piece from the bulk adhesive is necessary (around 5 mg). Three thermal loadings are applied to the thin piece of adhesive during DSC experiments: first, equilibrium of the specimen at -25°C ; then, increase of temperature from -25°C to +100°C, with a rate of 10°C/min ; finally, decrease of temperature until +20°C. Consequently, the evolution of heat flow's specimen according to temperature is illustrated in Figure 6. Temperature inside roofs, recorded in summer 2004 in Portugal [START_REF] Cruz | Thermal performance of epoxy adhesives in timber structural repairs[END_REF], didn't exceed 45°C. So, glass transition temperature of this adhesive seem to be suitable for a use in glued-in rod connections. Nevertheless, in fire condition, if the temperature of the glued interface is over 58°C, the significant decrease of Young's modulus can produce pathology in the connection.

THERMAL EXPANSION COEFFICIENT OF WOOD, ROD AND ADHESIVE

Experimental tests are carried out in order to evaluate the thermal expansion coefficient of each component of the connection. Specimens of spruce, rod and adhesive are shaped to reach a height equal to 50 mm. In order to reduce a possible loss of moisture content of wood during tests, specimens of spruce are coated with a thin layer of paraffin. Experimental set-up (Figure 7) allows testing 8 specimens in the same condition. Elongations are recorded on each specimen, by means of LVDT (Linear Variable Displacement Transformer). In the current study, three thermal loadings are applied to specimens during thermal expansion tests: first, equilibrium of specimens at 0°C; then, increase of temperature from 0°C to 45°C; and, finally, equilibrium of specimens at 45°C. The higher value for the thermal loading (45°C) is chosen according to T g . In fact, to correctly perform thermal expansion tests, glass transition step of adhesive should not be reached. One test is performed in 5 days. Thermal expansion coefficient is estimated using the following Equation (3). 3. These results exhibit an important thermal expansion of epoxy adhesive in comparison with spruce and steel. Its thermal expansion coefficient is 3 times higher than steel or spruce. Consequently, the effect of temperature impact more the bonded line.

EXPERIMENTS ON GLUED-IN ROD CONNECTIONS 3.1 MATERIAL AND METHODS

Material

Threaded steel bar (M8) is glued with an epoxy adhesive (Sikadur®-330) into spruce cubic specimens. The simplified geometric configuration of the specimen is shown in Figure 8.

Figure 8: Schematic view of the specimen

Eight specimens for each temperature are shaped for the study. First, they are heated and then tested. During pullout tests, temperature decreases because the experiment is performed outside the oven. The temperature reference, taken into account in this study, corresponds to the temperature reached by the adhesive during the heating process.

Heating stage

The heating of the specimens is performed in an oven and four temperature settings are chosen: 30°C, 40°C, 60°C and 80°C. For each series of specimens, a thermocouple is introduced, at the moment of bonding, in the annular bondline thickness of one specimen. Within this device, the time needed to reach the temperature setting is well known. In addition, specimens are not insulated during the heating stage, which inevitably induces a loss of moisture content (MC) of wood, checked after mechanical tests.

When the temperature setting is reached by the adhesive, specimens are left during one additional hour in the oven.

Pull-out tests

The control specimen (with a thermocouple) allows the knowledge of temperature during tests, for each series. Specimens are tested in pull-out configuration, under displacement control (0.5 mm/min), producing a shortterm failure (under 3 minutes).

Test machine recorded axial load applied to the rod and three LVDT (Linear Variable Displacement Transformer) accurately measured displacements between rod and wood. Two LVDT are placed on each specimen and provides the global displacement of the connection (wood + glue joint + rod displacements) as a function of the axial load. They are located on two opposite faces of the specimen. The third LVDT is placed on the bottom of the rod. It can measure the progressive gradient of the vertical displacement of the rod between the upper and the lower part of the connection. Displacements of the rod are estimated from a reference point located on the two remaining lateral faces of the wooden specimens. The experimental set-up is represented in Figure 9. 

Post-analysis

After testing specimens, little pieces are extracted in order to estimate the corresponding loss of MC, due to the heating step, according to [START_REF] Nf B | Bois: Détermination de l'humidité[END_REF]. Pull-out experiments exhibit the influence of temperature on mechanical performance of glued-in rod connections, by assessing stiffness and shear strength. Stiffness is obtained graphically from the linear part of Load-Displacement (LD) curves. Then, shear strength is calculated using Equation ( 4), due to the failure mechanism described further. The diameter of the drilled hole is equal to 12 mm (see part 2.1) and the glued-in length is 50 mm (see part 2.3.1). Average values of stiffness and shear strength are obtained. Earlier experimental campaign [START_REF] Lartigau | Effect of temperature on mechanical performance of glued-in rods[END_REF] revealed the mechanical properties (stiffness and shear strength) of glued-in rod connections on 45 specimens at 20°C. So, results on temperature tests are compared with experiments at 20°C.

RESULTS

Temperature and Moisture Content

Tests are performed outside the oven and thermocouple on the control specimen permit to make the distinction between temperature settings of the oven and temperature of tests. Then, wooden specimens are subjected to a loss of their MC, due to the heating. The different temperatures and their corresponding MC are described in Table 4. Test temperature is controlled with one specimen per series, and the value of MC is checked on all specimens. The value of MC, in the table above, is the average value.

Failure mode

Failure of all specimens occurs in wood close to adhesive: wood surrounding bond is extracted with rod and epoxy cylinder, whatever the temperature is. Sudden failures are obtained and pictures of this typical failure mode are shown in Figure 10. These failure modes justify the use of Equation ( 4) to estimate shear stress.

Mechanical performance

Measurement device by LVDT allows analyzing each axial LD curve. In Figure 11, median LD curves for each series of temperature are presented.

Figure 11: Median LD curves

LD curves, whatever the temperature is, present the same trend and three parts can be distinguished. Firstly, an initial elastic field is apparent, from which the initial stiffness is estimated. After the yield point, the progressive decrease of stiffness appears and probably indicates the beginning of damage/crack propagation at wood/adhesive interface. Finally, the failure occurs. On one hand, LD curves analysis reveals a significant loss of stiffness at 80°C. On the other hand, experiments reveal that ductility is developed according to the increase of temperature, whereas there is no significant trend concerning load bearing capacity of the connection. Average values of stiffness and shear stress, for each temperature setting, are given in Table 5. These results exhibit that a significant decrease of stiffness is obtained when the temperature of the adhesive is superior to 60°C. This decrease is in agreement with the glass transition temperature of epoxy adhesive (T g = 58°C). The knowledge of stiffness is also an important parameter required for finite elements computations, in particular to calibrate the FEM. However, the average shear stress does not differ with temperature and is in the range of 6-7 MPa, which can explain the failure mechanism in wood close to the adhesive, whatever the temperature is.

NUMERICAL SIMULATIONS

MODEL CHOICE

The configuration of pull-out tests is also reproduced on a FEM (Castem®). Due to the symmetry around the rod axis, a 2D axisymmetric model is chosen. The mesh of thread is a complex step. It is the reason why, for simplicity, we define an equivalent bar (smooth rod characterised previously) producing the same stiffness.

In this condition, the radius of this smooth rod is equal to 3.4 mm, in order to correspond with the equivalent section (A s ), defined in previous part. Consequently, thickness of adhesive is modified in comparison to the real one. Hence, a 2.6 mm thickness of adhesive is implemented in the FEM. Besides, perfect adherence at both wood/adhesive and rod/adhesive interfaces is modelled. An elastic model is used to fit the initial stiffness of the connection.

NUMERICAL ELASTIC CHARACTERISTICS

Temperature: 20°C

Elastic properties of rod and adhesive at 20°C are investigated through experiments (see parts 2.2.2 and 2.3.2), and elastic properties of spruce are deduced from its density [START_REF] Guitard | Mécanique du matériau bois et composites[END_REF]. These properties are supposed to be homogeneous in the cross section and are listed in Table 6. 

Table 6: Elastic characteristics of spruce, rod and adhesive, at 20°C

Temperatures above 20°C

It's recognized that elastic properties of many materials are influenced by a change in temperature. Nevertheless, varying temperature has a significant impact on the loss of MC of wood (see Table 4). In FEM, the effect of temperature on elastic properties of wood is firstly neglected. Evolutions of these properties according to MC are given by [START_REF] Guitard | Mécanique du matériau bois et composites[END_REF] with a good approximation for free defect wood, which corresponds to tested specimens. Then, reduction factor for the stress-strain relationship for steel at elevated temperatures is defined in [START_REF]Eurocode 3: Design of steel structures[END_REF]. It is concluded that no reduction of its Young's modulus is applied for temperatures between 20°C and 100°C. Finally, elastic behaviour of epoxy adhesive with temperature is discussed. Young's modulus of epoxy adhesive is quite constant, provided that temperature setting is below its glass transition temperature. However, above this threshold, mechanical properties of epoxy substantially decrease. In the current study, two temperature settings are above T g (60 and 80°C) and, so, reductions of Young's modulus are assumed (see Figure 5).

NUMERICAL STIFFNESS

Comparison between FE computations and experiments

Elastic model allows evaluating a numerical stiffness of the connection, which is evaluated at the same points than in experiments. This point is very important to perform a great calibration of the model. So, experimental and numerical results on stiffness can be compared. Elastic response of the specimen is computed from the set data of each material according to temperature. Proposed model considers a perfect adherence with homogeneous distribution of elastic properties. So, FEM results give the perfect stiffness of the connection, which is compared with experimental ones. Experimental results are different due to the presence of defects: air bubbles, adherence defects … So FEM results is then an indicator of perfect gluing, which must be compared with the best value obtained during tests. Therefore, we propose to calibrate the numerical model from the 95 percentile values of experimental stiffness, evaluated for each series of temperature by using statistical software Minitab®. So, numerical values of stiffness can be compared with highest experimental value, i.e. 95 percentile value of stiffness, called experimental value in Table 7. Numerical values are 20% upper than 95 percentile experimental ones, for temperatures between 20°C and 60°C. For 80°C, difference between both values is lower (5%). The effect of the defects in adhesive can be reduced by a decrease of its Young's modulus.

Influence of mechanical properties

These results lead to evaluate the influence of relevant elastic properties on numerical stiffness. Five characteristics are chosen: E L , G LR , E adh , ν adh and E steel and an experimental design is set up according to Taguchi method. Three levels (or values) are affected to each mechanical property and are chosen according to experimental material values. This method consists in varying levels together in each simulation, which allows decreasing the number of numerical computations. Results reveal that numerical stiffness is mainly governed by Young's modulus of steel (48%), Young's modulus of adhesive (32%) and shear modulus of wood (20%). According to the evolution of elastic characteristics of each component, from 20°C to 80°C (see part 4.2.2), Young's modulus of adhesive seems to be the dominant property on numerical stiffness, since z = 50 mm z = 0 mm elastic property of steel remains unchanged in these conditions.

FRACTURE MECHANICS

Distributions of stresses along the glued-in length are computed at wood/adhesive interface (failure zone), for a temperature of 20°C, and is shown in Figure 14.

Figure 14: Comparison between shear stresses (blue line) and transverse tensile stresses (red line) at wood/adhesive interface

Distribution of shear stresses found at wood/adhesive interface is in accordance with previous study [START_REF] Broughton | Pull-out behaviour of steel rods bonded into timber[END_REF]. Values of stresses on Figure 14 are extracted from a point located at 0.5 mm behind the beginning on the wood/adhesive interface, in order to avoid the effect of the singularity. This evaluation exhibits significant transverse tensile stresses in comparison with shear stresses. Ratio between transverse tensile stress and shear stress can be computed. It characterises the mixed contribution of stresses at the beginning of the interface, where stress state is the higher along the anchorage. We can consider, due to the orthotropic structure of wood, that mode I is predominant for the failure mechanism of the interface at 20°C. The interest is to investigate this ratio according to the temperature by modifying elastic properties of substrates. The evaluation of stresses, for a glued-in depth of 0.5 mm, is also performed for higher temperatures. Ratios are given in Table 8. 

where G f = fracture energy, W = work induced by external loads, T = kinetic energy, = elastic strain energy and A = fracture area. For quasi-static conditions, loading only by a single load, linear elastic performance is assumed to be only due to the external load. So, Equation ( 5) is simplified and become Equation (6). Hence, this approach requires the evolution of compliance (inverse of stiffness) according to a crack length. The elastic energy release rate is defined as the amount of elastic energy released during crack propagation. Crack propagation is expected for a critical value of energy release rate and is a material parameter. By this way, in a first approximation, the fracture energy of spruce in mode I is assumed to be the critical value of energy release rate, and a value of 150 J/m² [START_REF] Coureau | Modeling wooden fracture specimen with cohesive crack model[END_REF] is taken into account. Moreover, the effect of temperature on the ultimate displacements at failure (Figure 11) is also taken into account in the variation of compliance according to the elastic properties of each material (mainly due to the decrease of Young's modulus of the adhesive). By assuming that failure takes place when energy release rate is equal to the critical energy release rate of spruce, load bearing capacity can be estimated (see Figure 15). Brittle fracture behaviour of glued-in rod connections is obtained numerically: fracture mechanics in mode I supply a first approximation, which allows predicting the peak load of a tested specimen.

CONCLUSIONS

Glued-in rod connections specimens were performed. Threaded steel bars, a 2-component epoxy adhesive (Sikadur®-330) and cubic shaped specimens of spruce were used. Specimens were firstly heated in an oven and then tested on pull-out configuration, outside the oven. This experimental campaign reveals the effect of temperature on the load bearing capacity of glued-in rod connections and their corresponding stiffness. The obtained results were compared with previous glued-in rod connections specimens tested with the same experimental set up (test machine and LVDT) at 20°C. Experimental results exhibit a significant decrease of stiffness for a temperature superior to 60°C, which is directly due to the glass transition temperature of the adhesive used (T g = 58°C). Then, an elastic FE modelling is proposed. Elastic properties of each component are described and their evolutions according to temperature are discussed. So, 95 percentile experimental and numerical values of stiffness represent the basis of the calibration, since represent a perfect gluing with perfect materials. Adherence defects on both interfaces (wood/adhesive and rod/adhesive), polymerization defects of adhesive or loss of cohesion inside adhesive (due to elevated temperature) are not taken into account in the model and they could explain differences between experimental and numerical values of stiffness. Experimental design reveals, in particular, the influence of Young's modulus of adhesive on stiffness. Afterwards, distribution of stresses along the glued-in length exhibited that damage of glued-in rod connections was mainly governed by transverse tensile stresses, for a temperature of 20°C. The trend decreases when temperature is superior to T g . Behaviour of glued-in rod connections (experimental LD curves) is investigated, using FE modelling and Fracture Mechanics in mode I. In a first approximation, only the fracture energy of spruce in mode I is taken into account and allowed to predict peak load of a tested specimen.

Experimental failures show a low variation of the load bearing capacity in function of temperature. This study contributes to analyse the reliability of FE model performed in elasticity and using fracture mechanics concept in order to investigate the effect of temperature on gluing in rods behaviour.

  s modulus [MPa], k = stiffness [N/mm], l 0 = initial length [mm] and S = section [mm²].

  where A S = section [mm²], d 2 = pitch diameter [mm] and d 3 = minor diameter [mm]. Different diameters of screw are depicted on Figure 2.

Figure 2 :

 2 Figure 2: Screw's diameters

Figure 3 :

 3 Figure 3: Tensile test on bulk adhesive -Experimental set-upMoreover, contactless optical measurements of strain, based on Digital Image Correlation (DIC) principles, are performed on the last specimen. It provides full-field strain maps of bulk adhesive specimen under load until failure. Consequently, transverse strain/axial strain curve is deduced and Poisson's coefficient is directly deduced from the linear part of this curve. An example of an experimental curve is depicted in Figure4.

Figure 4 :

 4 Figure 4: Determination of Poisson's coefficient

Figure 6 :

 6 Figure 6: Glass transition temperature emphasisThe curve above indicates an inflexion point, where a change in the state of the adhesive appears. As a result, glass transition temperature is equal to 58°C. Temperature inside roofs, recorded in summer 2004 in Portugal[START_REF] Cruz | Thermal performance of epoxy adhesives in timber structural repairs[END_REF], didn't exceed 45°C. So, glass transition temperature of this adhesive seem to be suitable for a use in glued-in rod connections. Nevertheless, in fire condition, if the temperature of the glued interface is over 58°C, the significant decrease of Young's modulus can produce pathology in the connection.

Figure 7 :

 7 Figure 7: Experimental set-up So, 3 specimens of spruce in each direction (L, R ant T), 1 specimen of threaded steel bar and 1 specimen of epoxy adhesive are tested. In the current study, three thermal loadings are applied to specimens during thermal expansion tests: first, equilibrium of specimens at 0°C; then, increase of

  α = thermal expansion coefficient [°C -1 ], ΔT = change in temperature [°C], Δl = elongation of the specimen during test [μm] and l 0 = initial length [μm]. 3 series of tests are performed and the corresponding mean values of thermal expansion coefficient are given in Table

Figure 9 :

 9 Figure 9: Tests on connections -Experimental set-up

  τ = shear stress [MPa], P = load [N], S = section [mm²], d hole = diameter of the drilled hole [mm] and L a = glued-in length of the rod [mm].

Figure 10 :

 10 Figure 10: Failures at wood/adhesive interface for (a) 40°C and (b) 80°C

Figure 12 andFigure 12 :Figure 13 :

 121213 Figure 12 and Figure 13 exhibit all results extracted from experimental campaign according to temperature. They represent respectively the evolution of stiffness and strength.

  Spruce E L = 11 430 MPa -E R = 905 MPa -E T = 560 MPa ν LR = 0,39 -ν RT = 0,49 -ν LT = 0,42 G LR = 780 MPa Rod E steel = 180 390 MPa ν steel = 0,3 Adhesive E adh = 4 100 MPa ν adh = 0,34 where E = Young's modulus, ν = Poisson's coefficient, G = shear modulus and (L, R, T) = three orthotropic directions of wood.

  energy release rate in mode I [J/m²], P = load [N], C = compliance [N/mm], b = width of the fracture area [m] and a = crack length [mm].

Figure 15 :

 15 Figure 15: LD curves -Experimental (black line) and Fracture Mechanics approach (blue line)

Table 3 :

 3 Mean values of thermal expansion coefficient

	(10	-6 / °C)
		Spruce T	2.290
		Spruce R	1.675
		Spruce L	1.350
		Threaded steel bar	2.775
		Epoxy adhesive	7.940

Table 4 :

 4 Temperature and Moisture Content

	Temperature	Test temperature	MC (%)
	setting (°C)	(°C)	
		20	12
	30	28	10
	40	32	9
	60	38	6
	80	55	3

Table 5 :

 5 Mean values of stiffness and shear stress

	Temperature	Stiffness	Shear stress
	setting (°C)	(N/mm)	(MPa)
	20	58 775	6.3
	30	62 045	6.3
	40	61 545	6.5
	60	56 350	6.6
	80	34 005	6.5

Table 7 :

 7 Comparison between experimental (95 percentile) and numerical values of stiffness

	Temperature	Experimental	Numerical value
	setting (°C)	value	
	20	70 175	84 040
	30	74 910	85 045
	40	73 645	85 560
	60	63 320	82 990
	80	44 305	42 410

Table 8 :

 8 Ratios between transverse tensile stresses and shear stresses, for a glued-in depth of 0.5 mm

	Temperature (°C)	Young's modulus of adhesive (MPa)	Ratio
	20	4 100	4.64
	30	4 100	4.68
	40	4 100	4,69
	60	3 000	4,99
	80	1 000	2,38
		410	0,54

f dT d GW dA dA (
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