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The combination of concrete and wood is well known in the rehabilitation of wood structures. In this paper, this association is used for reinforced concrete (RC) strengthening. Experiments were conducted to analyze the bending behavior of several combinations of wood-concrete composite beams with and without fiber-reinforced-polymer (FRP) bars. The results exhibit a significant effect of the reinforcement, essentially provided by the wood material. The presence of FRP bars seems to increase the stiffness of the reinforced beams without influencing the ultimate load as compared to a reinforcement using only wood.

However, the thickness of the wood element can modify the failure mode (failure under a tension or shear force) and the value of the ultimate load. This work underlines the possibility of using wood in the field of RC structure rehabilitation.

properties.

Highlights

-RC structures are currently reinforced using fiber-reinforced-polymer (FRP) composites -The replacement of FRP by a wood element is proposed herein

Introduction

The durability of concrete structures may be limited by poor-quality construction materials, in improper conception, inadequate design codes, or corrosive environments. The strengthening and rehabilitation of these structures, often expensive, are then necessary to reinforce and control/decrease the cracking process. To minimize the refection costs, a partial or complete wrapping with carbon or glass fiber-reinforced-polymer (CFRP or GFRP) is used in construction projects [START_REF] Luyckx | Composites à fibres de carbone dans le Génie Civil, Technique de l'Ingénieur Les matériaux de la construction[END_REF] [START_REF] Luyckx | Composites à fibres de carbone dans le Génie Civil, Technique de l'Ingénieur Les matériaux de la construction[END_REF], Marouani et al. 2009 [START_REF] Marouani | Composites realized by hand lay-up process in civil environment : inital properties and durabylity[END_REF]). FRP has a few advantages including a low weight, a good corrosion resistance, and a high strengthto-weight ratio compared to steel. In the rehabilitation, the main structures applicable to this type of reinforcement are reinforced concrete buildings particularly when the element is loaded when bending (Hamelin 2009 [3]). The two means of reinforcement are an external bonded reinforcement method (for a plate and strip FRP), which is essentially used for the rehabilitation of RC or timber structures (Khalifa 2016 [4] and Ahmad 2013 [START_REF] Ahmad | Ductility of timber beams using fiber reinforced polymer[END_REF]), and a near-surface mounted (NSM) method, which is employed for strengthening (Hosen et al. 2014 [6] and Xu et al. 2017 [START_REF] Xu | Experimental study and numerical simulation of long -term behavior of Timber beams strengthened with Near-Surface-Mounted CFRP bars[END_REF]). The NSM technique consists of placing FRP reinforcing bars inside grooves pre-cut into the concrete members and embedding the bars with a high-strength adhesive (epoxy or mortar). Nevertheless, FRP reinforcements also show certain disadvantages such as high costs, an industrial origin, and non-degradability. Mechanically, the failure mode corresponds to a debonding of the reinforcement, called a "peeling-off," generally within an axial strain of the composite of less than 50% of the material limit. This means that the mechanical properties of the FRP composite are too important to compare to the adhesive joint and concrete, and the mechanical use of the composite is thus not optimal (Maleej et al. 2001 [START_REF] Maalej | Analysis and design of FRP externally-reinforced concrete beams against debonding-type failures[END_REF]).

With respect to long-term performance, confidence regarding the safety of FRP, particularly when the age of the reinforced building approaches the designed service life, is low. Thus, the safety level of building structures using such composites cannot be maintained (Lau 2016 [9]). This is essentially due to the degradation at the interface substrate/FRP reinforcement, particularly in saline and alkaline environments or for the freeze-thawing cycles (Toutanji et al. 1997 [10], Ferrier 1999 [11]).

In addition, regarding the durability problems, the fire safety of an FRP composite is a serious preoccupation ; indeed, the mechanical properties of FRP are significantly reduced from 100 o C (Nguyen et al. 2018 [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], Ferrier and Agbossou 2017 [START_REF] Ferrier | Temperature effects on the shear capacity of External Bonded Fiber reinforced polymer on concrete[END_REF]).

To solve the economic and ecological problems of this composite, it has been proposed to replace the carbon or glass fibers with natural fibers. Despite achieving a lesser performance, studies have shown interest in using textiles with natural fibers with sufficient mechanical properties for the reinforcement of different structures (Ku et al. 2011 [14]). This conclusion was also found for Flax FRP used in the reinforcement of RC structures (Ngo 2016 [START_REF] Duc | Renforcement au cisaillement des poutres béton armé par matériaux composites naturels (fibres de lin)[END_REF]). Moreover, these natural composites have the advantages of a lighter weight and less cost than synthetic composites.

Nevertheless, the problem of fire safety remains, and to avoid this issue, the use of lumber has been proposed to protect the interface substrate/FRP. Indeed, owing to its low heat conductivity, namely, λ = 0.15 W/m.K, wood transmits heat 7-times more slowly than carbon FRP (λ=1.1 W/m.K) and 3-times more slowly than glass FRP (λ = 0.5 W/m.K) (Ashby 1999 [16]).

An association between timber and concrete has been shown in mixed systems. Such materials have essentially been used for slabs and desks, in the rehabilitation of timber structures, and in new timber building/bridges to promote the use of timber in construction projects. Such mixed structures, called timber-concrete composites, are an efficient method for optimizing the structural performance and construction cost of buildings and bridges. For slabs/desks, the concrete lo-cated in the compression part increases the global stiffness and strength, whereas the timber in the tensile part reduces the weight of the system and the ecological impact, and improves the esthetics of the structure (Lukaszewska 2009 [17],

Crocetti et al. 2015 [START_REF] Crocetti | Innovative Timber-Concrete Composite Structures with prefabricated FRC slab[END_REF]).

The current project described herein is put forward within the global context, based on the necessity to rehabilitate the heritage built and essentially the RC structures. It was shown that carbon and glass FRP are interesting solutions for such structures but also present certain disadvantages such as a high cost, an industrial origin, and long-term and fire behaviors. Replacing a "artificial" FRP with a composite that is more ecological, less expensive, inexhaustible, and that achieves a high performance is thus proposed.

Comparison between current reinforcements and the study solution

Geometry and loading

The aim of this section is to evaluate the effect of several types of reinforcement on RC beams, and to grade them according to their efficiency on the ultimate load.

Six beams were then manufactured. The compressive strength of the concrete was C30/C37 and the steel section, A s (2HA10), was equal to 0.004 A c (with A c , the concrete section equals 250x150mm 2 ) . The dimensions of the beams were 2300x250x150mm 3 .

The composition of the concrete mixture is given in Table 1, and the reinforced scheme is shown in Figure 1. A study on the effect of the number of layers was also conducted, and for the 5 CFRP reinforcement, three configurations were tested using 1, 2, and 4 layers, respectively. For the FFRP reinforcement, two layers were used. Several of the conditions are summarized in Table 2. The properties of each component are as follows :

-CFRP band from FOREVA R TFC, nominal thickness of 0.48 mm (65% fiber and 35% epoxy) with f t = 1700 MPa and E =105 000 MPa [19] ;

-FFRP band developed in a lab during the PhD thesis by Hallonet, with a flax fiber thickness of 0.49 mm, a composite thickness of 2.1 mm, and

f t =160 MPa
, where E = 20 000 MPa [START_REF] Hallonet | Développement et caractérisation d'un matériau composite à base de fibres de lin : application au renforcement de structures en béton par collage externe[END_REF] ;

-CFRP rod : f t = 1500 MPa, E = 128 000 MPa [START_REF] Ect Team | ECT Fact Sheets[END_REF] ;

-Lumber : C24 in Douglas fir with f m,k = 24 MPa, f t,0,k = 14 MPa, and E 0,05 = 7400 MPa.

All FRP bands (carbon and flax) were dry fabricated and impregnated on-site by hand through a wet lay-up process.

Results

The beams were then tested using four-point bending, applying a hydraulic machine with a load capacity of 500 kN, until failure. The distance between the two load points (the central part) was equal to 500 mm and a displacement sensor, LVDT, was located at mid-span (span = 2 m).

Figure 3 shows the results for the six beams in terms of the curve load/displacement. For the differences among FRP, carbon, and flax, Ngo (2016) and Hallonet (2016) [START_REF] Duc | Renforcement au cisaillement des poutres béton armé par matériaux composites naturels (fibres de lin)[END_REF], [START_REF] Hallonet | Développement et caractérisation d'un matériau composite à base de fibres de lin : application au renforcement de structures en béton par collage externe[END_REF] studied the use of natural fibers in the reinforcement of RC elements. As indicated in their studies, Figure 3 shows the efficiency of flax FRP.

Indeed, an ultimate load equivalent to CFRP 2L is obtained at a value of 78,30 kN.

Finally, regarding an innovative reinforcement with wood and a CFRP bar, the results (F max = 15,110 kN) show a gain of 230% compared to the reference beam (against 92% for CFRP 4L and 72% for FFRP 2L). The ultimate load of the reinforcement with wood is at least twice higher than that with the other materials.

This first result demonstrates the reason to continue investigating this type of reinforcement. To pursue such a study, other tests were conducted. The aim of the next section is to evaluate the effect of each component of the new reinforcement on the flexural behavior, and identify their goals in the composite system.

Influence of each component on the mechanical behavior of RC

beams based on a reinforcement study

Configurations and loading

The RC beams were not modified, and the conditions illustrated in Figure 1 and described in Table 1 were applied. Only the effect of the components present in the additional reinforcement were studied herein. For this experiment campaign, ten RC beams were manufactured.

For all configurations (as described in the previous and following sections), C24

grade Douglas fir was used as the lumber, and the epoxy bi-component applied was Sikadur R 31 with f t = 22 MPa, f m = 28 MPA, and E t =6,900 MPa after 1 week under a temperature of 23˚C [START_REF] Trust | Notice Produit Sikadur -31 EF, Colle époxydique multi usages, à 2 composants[END_REF].

Effect of the thickness of the wood element

Four RC beams were reinforced using lumber (without FRP), the aim of was to evaluate the effect of the wood reinforcement on a solution with wood and an FRP bar, as well as the influence of the thickness of the lumber pieces on the mechanical behavior.

Two RC beams were reinforced using lumber with a cross-section of 90x45mm 2

(W45 1 and W45 2) and two RC beams with lumber 90x25mm 2 (W25 1 and W25 2), as illustrated in Figure 4.

The lumber elements were voluntary sawed and oriented to achieve knots or The interest in locating knots in the central part is to observe whether the natural variability of wood will be harmful on the mechanical response of a reinforced beam.

Effect of the FRP bar

To complete this study, a type of FRP was also investigated. Indeed, carbon and glass FRP bars with a diameter of 9 mm were tested. Two RC beams were reinforced using wood with a cross-section of 90x45 mm 2 and a CFRP bar (W45 CFRP9 1 and W45 CFRP9 2), and another RC beam was reinforced using wood (90x45 mm 2 ) and a GFRP bar (W45 GFRP9 1). The location of the bar inside the wood is based on the conditions illustrated in Fig. 2.

The mechanical properties of the CFRP rod are f t = 1,500 MPa and E = 128,000 MPa [START_REF] Ect Team | ECT Fact Sheets[END_REF], whereas those of the GFRP rod are f t = 1,100 MPa and E = 60,000 MPa [START_REF]ROD 60-Barre d'armature en fibre de verre[END_REF].

Effect of the diameter of the FRP bar

The influence of the diameter of the FRP was also studied. As presented, samples with FRP rods have a diameter of 9 mm. Nevertheless, two RC beams were reinforced by wood planks (90x45 mm 2 ) and a GFRP bar with a diameter of 14 mm (W45 GFRP14 1 and W45 GFRP14 2). The elements will be compared with W45 GFRP9 1 to see the effect of the diameter of the GFRP bar, and with W45 CFRP9 1 and W45 CFRP9 2 samples with a carbon FRP bar with a diameter of 9 mm. Indeed, using a GFRP bar with φ = 14 mm and a CFRP bar with φ = 9 mm, the equivalent axial stiffness (EA) is achieved.

For the configurations of W45 GFRP14 1 and W45 GFRP14 2, Figure 5 shows the location of the rod in the wood element. Ten RC beams were then studied, and their designations and characteristics are summarized in Table 3. 

Results

Non-destructive tests were conducted on wood planks before their connec- The table 4 summarizes the modulus of elasticity of a wood plank obtained for each configuration. After conception, RC beams were tested through four-point bending until failure, and the results based on the load-deflection are shown in Figure 6. 

ULTIMATE LOAD

In terms of the ultimate load, a gain of approximately 40% (W25 1) to 130% (all other configurations) is obtained compared to the reference beam, which is a control RC beam without an additional reinforcement, REF.

For RC beams reinforced by wood with a thickness of 25 mm, a discrepancy in the results is obtained for this configuration (W25 1, F max = 7,200 kN ; and W25 2, F max = 10 800 kN). Then, for this thickness, the heterogeneity of the wood influences the mechanical behavior of the reinforced structure (Figure 7a)

).

Nevertheless, for wood elements with a thickness of 45 mm (W45 1 and W45 2), the same ultimate load (Figure 7b) ), 115,00 kN was obtained (close to that with a reinforcement using wood and FRP bar). If we compare the RC beams reinforced with wood, it can be seen that a sufficient thickness of the lumber decreases the variability in the results. An optimal thickness (between 25 and 45 mm) can be found for this configuration of an RC beam to allow a reliable mechanical response.

For the type of FRP rebar (carbon or glass) with a diameter of 9 mm or 14 mm (Figure 7c) ), an equivalent ultimate load was obtained, with the difference being in the shape (linearity) of the curve load/deflection. Indeed, for the reinforcement using GFRP, the behavior is more brittle than that using CFRP. This tendency is more important when the GFRP diameter is equal to 14 mm. 

WORK RATE OF FRP BAR

For complete information regarding the reinforcement of RC beams with wood and FRP, strain gauges were located at the middle span on an FRP bar during the bending test, as shown in Figure 8.

Table 5 shows the maximal strain (corresponding to the strain at the ultimate load), ε max ; the limit strain of the composite, ε lim , which is issued to the mechanical properties given in the sub-section 3.1.2 ; and the work rate (in %) of 13 Within a work rate of between 15 % and 25%, it was observed that the mechanical properties of an FRP bar are more important compared to the adhesive joint and the concrete ; the mechanical use of the composite is then less than optimal and does not allow a gain in terms of the ultimate load.

FAILURE MODES

The failure of an RC beam reinforced by a composite may be due to a flexural failure of the critical section (composite under tension or concrete under compression) or by a debonding of the composite from the RC beam. Through a flexural failure, the final capacity of the beam is obtained, and the failure occurs because one of the materials has reached its maximal mechanical properties [START_REF] Teng | Debonding failures of RC beams strengthened with externally bonded FRP reinforcement : behaviour and modelling[END_REF].

However, in the case of a debonding of the composite/adhesive/concrete interface region, a significant decrease in the member capacity leads to a premature failure of the system. The propagation of cracks within a material is generally preferred over the interface debonding in the design of the structural joints [START_REF] Büyüköztürk | Understanding and assessment of debonding failures in FRP-concrete systems[END_REF].

For the case of an FRP plate [START_REF] Gunes | A fracture-based approach to understanding debonding in FRP bonded structural members[END_REF], the fundamental debonding mechanisms that may result in a premature failure of composite-strengthened beams are shown in Figure 9. Concerning this study, three failures modes were observed according to the following configurations :

-failure of the wood on the tensile side, -shear failure with concrete cover debonding, and -composite debonding from the end of the element.

W25 1 and W25 2

Because of the extreme thinness, i.e., 25 mm, and the presence of knots or a knot cluster, a failure occurs in the wood element on the tensile side in the central part of the four-point bending test. The mechanical limits of the material are then reached. An image of the failure mode is given in Figure 10. To minimize the refection cost and use more ecological but "poor" construction materials, the efficiency of a wood composite (wood+FRP) reinforcement for RC structures was studied. An FRP bar was anchored inside the wood element using a near surface mounted method, and the complex (wood+FRP) was connected to an RC element using an external bonded reinforcement method. The association of both materials was realized using the same epoxy bi-component without applying time between intermediary steps of the assemblies (wood+FRP and wood+FRP+RC beam). The results presented here underline the interest in studies based on this solution. Indeed, the new system is 1.3-times more resistant than that of a system with four layers of CFRP strips.

To evaluate the benefit of each additional element (wood, with or without the use of FRP, and the type and diameter of the FRP) on the bending behavior, nine configurations of RC beams were tested. A gain of 130% on a standard RC beam was observed, except for one of the RC beams reinforced by wood (w/ FRP) with a thickness of 25 mm and only a gain of 40%. This last result is due to the variability and heterogeneity of the wood. The extreme thinness of the natural material induces variable results and a failure owing to the presence of knots, which are the main defects in the bending strength, limiting the gain of failure properties of the wood concrete composite with a failure in the tensile side close to the natural defect. Consistent results were nevertheless observed for a sufficient thickness of lumber. For RC beams reinforced by a wood plank with a thickness of 45 mm, the same ultimate load was obtained through a failure by a debonding of the concrete.

The role of FRP on the reinforced structure is in the stiffness and not the ultimate load. Moreover, for these configurations, a failure occurs by a debonding at the interface of the adhesive/concrete with an axial strain of the composite of between 15% and 25% of the limit of this material. In following studies, a solution using only lumber will be preferred. Other tests are scheduled using another steel section, A s . Moreover, to optimize the solution, in addition to the bonding using epoxy, anchor sockets between reinforced concrete and wood will be tested to increase the mechanical efficiency of the wood concrete composite and improve the joining at the concrete-wood interface.

Moreover, for several rates of steel reinforcement, different thicknesses of wood will be tested to define the optimal thickness of the natural element necessary to obtain a robust and efficient mechanical response.

For the moment, the present study has focused on the potential of using wood for a reinforcement under tension of longitudinal steel rods ; however, the use of a wood plank for a shear reinforcement is also planned for application in the support of steel stirrups. Indeed, three-point bending tests with an eccentric load will be realized on RC beams without stirrups. 
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 1 Figure 1: Reinforcement scheme with a clear cover of 25 mm (quotations in mm)
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 2 Figure 2: Details of the reinforcement using wood and CFRP bar.
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 3 Figure 3: Curve load/displacement obtained for the six beams
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  knot cluster for each sample in the central part of the four-point bending test (where the bending moment is maximal and where a failure occurs for a homogeneous material). Indeed, knots are regarded as the main defects of timber regarding the bending and tensile strength. Their mechanical properties are different from those of wood, and they generate a local deviation in the grain. The material around the defect produces local decreases in the stiffness and strength of the structural element (Grazide et al. 2015 and 2018[START_REF] Grazide | Wood heterogeneities and failure load of timber structural timber elements : a statistical approach[END_REF],[START_REF] Grazide | Mechanical performance curves for the strength grading of maritime pine[END_REF]).
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 4 Figure 4: RC beams reinforced using wood
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 5 Figure 5: Location of the rod inside the wood at a diameter of 14 mm.

  tions to RC beams (four-point bending tests in the elastic domain. The aim 185 was to define the specific gravity and the modulus of elasticity. A mean value for the specific gravity, ρ, of 440 kg/m 3 , and a mean longitudinal modulus of elasticity, M OE L , of 12,450 MPa were obtained. For the choice of the wood plank per RC beam, the criterion was MOE L . Indeed, in each configuration, wood planks have the same MOE to minimize the discrepancy of the results.190
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 9 Figure9: Debonding failure mechanisms[START_REF] Gunes | A fracture-based approach to understanding debonding in FRP bonded structural members[END_REF] 
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 10 Figure 10: Failure mode of RC beam reinforced by wood with a thickness of 25 mm
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Table 1 :

 1 Composition of the concrete mixture

	Material	Cement CEM I Sand 0/5 Gravel 10/25 Water
	Quantity (kg/m 3 ) 350	850	1020	172*
	* The amount of water (initially equal to 192 kg/m 3 ) was reduced because of
	the moisture content of the sand.		

Table 2 :

 2 Configurations tested

	Name	Type of reinforcement
	REF	(RC beam without additional reinforcement)
	CFRP 1L	1 layer of CFRP band)
	CFRP 2L	2 layers of CFRP band
	CFRP 4L	4 layers of CFRP band
	FFRP 2L	2 layers of FFRP band
	W45 CFRP9	wood (thickness of 45 mm) and CFRP bar (φ = 9
		mm)

Table 3 :

 3 Complementary configurations tested

	Name	Type of reinforcement and (Number)	
	REF	(RC beam without additional reinforcement)	(1)
	W25 1 // W25 2	wood plank : thickness = 25 mm	(2)
	W45 1 // W45 2	wood plank : thickness = 45 mm	(2)
	W45 CFRP9 1	wood plank (45 mm) and CFRP rod : 9 mm	(2)
	W45 CFRP9 2		
	W45 GFRP9 1	wood plank (45 mm) and GFRP rod : 9 mm	(1)
	W45 GFRP14 1	wood plank (45mm) and GFRP rod : 14 mm	(2)
	W45 GFRP14 2		

Table 4 :

 4 Longitudinal modulus of elasticity of wood for each configuration

	Name	E 0 GPa Name	E 0 GPa Name	E 0 GPa
	W25 1 10.9	W45 GFRP9 1	13.1	W45 CFRP9 1 11.1
	W25 2 11.1	W45 GFRP14 1 12.7	W45 CFRP9 2 11.6
	W45 1 14.5	W45 GFRP14 2 12.2
	W45 2 14.9		

Table 5 :

 5 Strain obtained on FRP bar

	Name	F max [kN ] ε max	ε lim	Work rate %
	W45 GFRP9 1	114.5	2.64 × 10 -3 1.80 × 10 -2 15%
	W45 GFRP14 1 111.2	3.34 × 10 -3 1.80 × 10 -2 19%
	W45 GFRP14 1 122.5	3.10 × 10 -3 1.80 × 10 -2 17%
	W45 CFRP9 1	117.7	2.97 × 10 -3 1.17 × 10 -2 25%
	W45 CFRP9 2	118.0	2.43 × 10 -3 1.17 × 10 -2 21%
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Figure 1: Reinforcement scheme with a clear cover of 25 mm (quotations in mm)

Acknowledgements

The authors are grateful to the University Claude Bernard Lyon 1 for the founding of this project, as well as to BQR 2017 for its support. Moreover, the authors would like to thank the technicians at the laboratory LMC 2 , Norbert Cottet and Emmanuel Janin, for their help during the manufacturing and tests of the beams.