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Static behaviour up to failure of a full-scale GFRP-concrete hybrid footbridge
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This paper presents an experimental investigation on the short-term behaviour up to failure of a full-scale GFRPconcrete hybrid footbridge. The connection between the slab and the GFRP profiles is a mixed bonding / bolting connection. The footbridge was first tested in the elastic domain under different configurations to mobilize the flexural and torsional stiffness. The numerous measurements show that the behaviour is in accordance with the regulatory requirements at SLS. The footbridge was finally loaded up to failure. The shear failure obtained in the GFRP section showed that the mixed connection used played its role perfectly and made it possible to fully exploit the bending capacity of the structure. In addition, the comparison with the results of the beam tests shows that the two-beam bridge can be analysed with sufficient precision as the juxtaposition of the two single-sided beams. This study confirms the important capacity of these hybrid GFRP-concrete structures in the construction of bridges or footbridges with classical engineer design tools.

fulfil standards' requirements for footbridges and are in good agreement with conventional analytical and numerical design methods. However, the ultimate static behaviour of this footbridge was not studied. In [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF], a similar and shorter footbridge was loaded up to failure. The failure is triggered by the shear failure at the webflange junction of one of GFRP profiles. The collapse was accompanied by high deflections which were a clear warning of the imminent failure.

In this context, the aim of the present study is to contribute to the current efforts to increase the knowledge and understanding of the instantaneous behaviour up to failure of hybrid structures with both bonding and bolting connection. To meet this objective, this study presents experimental investigations of the ultimate behaviour of two hybrid beams and a hybrid footbridge designed according the structural concept proposed by Gonilha et al. [START_REF] Gonilha | Creep response of GFRP-concrete hybrid structures: Application to a footbridge prototype[END_REF][START_REF] Gonilha | Dynamic response under pedestrian load of a GFRP-SFRSCC hybrid footbridge prototype: Experimental tests and numerical simulation[END_REF][START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF][START_REF] Gonilha | Static, dynamic and creep behaviour of a full-scale GFRP-SFRSCC hybrid footbridge[END_REF]. These structures consist of I-shaped GFRP pultruded profiles connected to a reinforced concrete slab. The two simply supported hybrid beams (named PB7 and PB8) with different mixed connections were first loaded up to failure. The results allowed designing a footbridge (BPB1) which was built, highly instrumented and tested under several loading configurations. This structure was first loaded in the elastic domain under 3 or 4 points bending, according to two different transversal bracing systems. The response of the structure, most notably between the two main girders, allows evaluating the influence of the bracing elements. Finally, the footbridge was loaded up to failure under 3 points bending. The experimental program is accompanied by an analytical study of deformations, stresses and deflections. The main results are presented and compared with test results in the elastic domain and close to failure.

Materials characteristics

Concrete

The concrete slabs were fabricated using Portland cement CEM I 52.5. The sand used was washed river sand and the coarse aggregate was 8 to 20 mm nominal size natural uncrushed gravel. The mix proportions were 1 (cement): 1.86 (sand): 2.33 (gravel) and a water-cement ratio of 0.47. For each concrete batch, five 100 mm edge cubes and three 160 mm x 320 mm cylinders were poured to evaluate compressive and tensile strengths (by splitting) respectively at different curing ages. The tests were performed according to NF EN 12390-3 [START_REF]Testing hardened concrete[END_REF] and NF P 18-408 [35], using a CONTROLAB machine with a maximum capacity of 1600 kN. For each hybrid beam, Table 1 presents the results of compression and tensile tests performed on concrete specimens the day the failure bending tests were done. The slabs of PB7 and PB8 were poured from the same batch. The difference of strength in the case of BPBP1 originated from the age of the concrete.

GFRP Profiles

The pultruded GFRP profile used in the experimental program was made of E-glass fibres embedded in a polyester matrix. The GFRP profiles contained both random continuous filament mat and E-glass roving and were produced by TOPGLASS. Burn-off tests previously performed on coupons taken from the profile showed heterogeneous distribution of the fibers [START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF]. The mass percentages of fibers in the flange and in the web were about 67% and 46% respectively. The Young's modulus and the tensile strength were measured by testing several rectangular prismatic coupon specimens extracted, in the pultrusion direction, from the flanges and web accordingly to the ISO 527-1 [START_REF]Determination of Tensile Properties -Part 1: General Principles[END_REF].

Five identical coupons were used for each test. In the flanges, the average longitudinal tensile strength and the average longitudinal elasticity modulus were 379.7 ± 36.5 MPa and 23.9 ± 2.6 GPa respectively. In the web, these properties were 395.3 ± 48.6 MPa and 25.0 ± 3.1 GPa respectively [START_REF] Alacheck | Experimental and finite element analysis of the long-term behaviour of GFRP-concrete hybrid beams fabricated using adhesive bonding[END_REF].

Adhesive

A two-component resin and hardener thixotropic epoxy adhesive (Sikadur® -31EF) was used to bond GFRP profiles to the concrete slabs as, according the product datasheet, this resin suits bonding concrete and GFRP in civil engineering applications. Experimental tests were performed 15 days after bonding to determine the main mechanical characteristic properties of the adhesive. The Young's modulus, the tensile strength and the ultimate strain were measured by testing 8 plates of bulk adhesive instrumented with strain gauges and prepared according to the ISO 527-2 [START_REF]Determination of Tensile Properties -Part 2: Test Conditions for Moulding and Extrusion Plastics[END_REF]. The specimens were tested on a Zwick machine at room temperature and at a crosshead speed of 1 mm.min -1 . All specimens were stored under ambient laboratory conditions until the testing date. The results showed behaviour almost linear elastic with an average ultimate stress of 13.4 ± 2.5 MPa, an elastic secant modulus of 6.7 ± 1.1 GPa and an ultimate strain of 0.18% ± 0.05% [START_REF] Alacheck | Bond strength's degradation of GFRP elements under aggressive exposure conditions[END_REF].

Bolts

In order to investigate the interface strength, three types of bolts were used: in PB7 class 6.8 bolts with a diameter of 12 mm, in PB8 class 8.8 bolts with a diameter of 10 mm, in BPB1 class 8.8 bolts with a diameter of 12 mm. Tensile and shear tests were conducted on each type of bolts, two specimens per type. The experimental results are presented in Table 2 and compared to the strength determined according to Eurocode 3 [START_REF]EN 1993-1-1. Eurocode 3: Design of steel structures -Part 1-1: General rules and rules for buildings[END_REF]. The EC3 strengthes were generally lower than the test result (between 6 and 33%) except for the shear strength of 10 8.8 bolts. This result may be explained by undesired parasite tension load applied on the bolts during the tests.

Steel reinforcement

The steel rebars in the concrete slabs are ribbed with guaranteed yield strength of 500 MPa. Tensile tests performed on 250 mm long pieces (5 specimens tested) according EN ISO 6892-1 showed that the real tensile strength reached about 561.0 ± 6.1 MPa.

Hybrid beams

Geometry and fabrication of the beams

Same concrete batches and same pultruded profiles were used to construct hybrid beams PB7 and PB8. These beams present the same geometry as shown in Figures 1 and2. The beams present a total length of 5000 mm and a simply supported span length of 4800 mm. The concrete slabs have a cross section of b × h = 600 mm × 70 mm. They were reinforced, in the tension zone (bottom of the slab), longitudinally with 4Ø7 mm steel bars and transversally with Ø7 mm/150 mm steel bar with a 20-mm cover. The cross-section was chosen based on design equations in order to benefit from the mechanical properties of each material (the high tensile strength of the GFRP and the high compressive strength of the concrete) and to delay the local/global buckling of the GFRP profile. The dimensions were then selected to obtain a neutral axis lying in the concrete slab. Five Precast slabs having the dimensions 840 mm x 600 mm x 70 mm, were used to cover the whole length. Spaces between precast slabs were cast in place with a similar concrete composition.

The pultruded I-profiles were 200 mm deep and 100 mm wide with a wall thickness of flanges and web of 10 mm. For all the used profiles, reinforced concrete jackets (concrete stiffeners) were executed between flanges at the support sections on both sides of the web, with a length of 200 mm, to avoid local web crushing failure.

The connection between the concrete slab and the GFRP profile was by bonding and bolting. The bonding is established by epoxy applied on contact zones between the profile and the slabs. The bolting however is done by bolts already tightened in predrilled holes in the profile top flange in cast in place zones. These zones are constituted from the spaces between the precast slabs and 90 mm x 90 mm reservations in precast slabs. PB7 and PB8 differ only in their bolts: PB7 was bolted with 6.8 12mm bolts, PB8 with 8.8 10 bolts. 36 bolts were used in each beam.

The following procedure was adopted for the preparation of both hybrid beams. The to-be-bonded surface of the hardened concrete slab was firstly sandblasted to remove all surface contaminants and to improve the roughness and the bond strength. Moreover, the surface roughness of the top flange of GFRP profiles was enhanced by means of fine sandpaper (grit P100). During the roughening process, special care was taken not to damage the fibres. After roughening, compressed air jet was used to blow up the dust and any stuck particles on the concrete slab or the profile. Then the top flange of the profile was cleaned with acetone to remove all grease and oil after which the surfaces were left to dry for few minutes. The two components of the epoxy adhesive were mixed according to the manufacturer's instructions and supplier's specifications (Sikadur® -31EF) until a homogeneous light grey paste was obtained. Once mixed, the adhesive was evenly distributed onto the treated area of the concrete slab and the top flange of the GFRP profile at the same time, paying attention to avoid air bubbles, and they were held together in position using clamping screws to insure a uniform thickness of 1 mm in the overlap area. Excess adhesive was chamfered on the extremities. Finally, the clamping screws were removed at least 48 hours after bonding, once the adhesive hardened. The holes, the reservations and the gaps between the precast slabs were concreted with the same concrete composition used for the slabs. After the preparation, the beams were stored under ambient laboratory conditions until testing day. Different steps of the beams construction are shown in Figure 3.

Testing set-up and instrumentation

Both beams were simply supported. Both supports allowed rotation by means of steel rollers fixed to hinges.

Beams were tested under 3 points bending, the hydraulic jack with a capacity of 500 kN was set at the mid-span of the beam. Steel plate was put between the loading point and the top concrete in order to minimize the local concentration of stresses. A displacement rate of 4 mm / min for the jack was used for the tests. The applied loads were measured by load cells (capacity: 500 kN) within the machine. The strains at different depths in the beam section were recorded using electrical resistance strain gauges positioned at mid-span and at a section (SN) located at 90 cm from the mid-span. Two types of gauges were used in this study: for concrete, (KC-70-120-A1-11) gauges and (KFG-10-120-C1-11) gauges for the other materials. The positions of these gauges in each beam are shown in Figure 4. The deflection in both sections was measured using a Linearly Variable Differential Transformer (LVDT) with a stroke of 100 mm and a precision of 0.01 mm. The applied load and the deflections at mid-span as well as the axial strains were registered in a PC using a Vishay data acquisition system with a rate of 2 Hertz. The test setup is illustrated in Figure 3c.

Results of bending tests

The behaviours of hybrid beams PB7 and PB8 are illustrated in Figure 5. They are very similar. Both beams showed an approximately linear behaviour up to a load of 50 kN after which a slight non-linearity is observed. This phase continued up to about 80 kN where the shear failure at the interface between the GFRP profile and the slab suddenly occurred. In the mid-span cross-section, for both beams, the maximum strains at failure in the top concrete layer and the bottom GFRP level were -0.31 % and +1.05 % respectively. There were no marks of concrete crushing at mid-span though the measures show high strains. Just before the shear failure, the interface was visibly intact and no cracks/separation was observed. This observation is verified by the strain diagram (Figure 5) that shows no significant slippage at the interface level before failure. A slight discrepancy may be noticed for the strains of the steel rebars which remained relatively small during the test (as they were close to the neutral axis): tensile stresses were noted for PB7 rebars while compression ones for that of PB8. This could be caused by casual imperfections when applying the formwork. In the cross-section SN, the strains were logically lower (-0.08 % and +0.65 % in the top fiber of the slab and in the bottom fiber of the profile respectively).

The inflexion of the force -displacement curves at about 50 kN can't be explained with certainty. However, it could be mentioned that the maximum strains in the concrete and in the GFRP beam did not exceed 0.11 % and 0.43 % respectively. In addition, as a shear failure at the interface occurred, it could be assumed that this inflexion in the behaviour of the beam at 50 kN could originate in the interface (microcracks in the bonding line, beginning of the bolt yielding…). This assertion should be confirmed by further investigations.

As a conclusion, the diameter and the strength of the bolts, which were the main differences in both beams, did not induce a significant effect on the behaviour of the beams. The fact that PB7 exhibited a failure load of 80.7 kN which is about 3% greater than that of PB8, could have been obtained for identical beams.

Hybrid footbridge

Conception, geometry and fabrication

Similar to composite steel-concrete structures, a composite footbridge can be designed as a twin-profile associated with a concrete slab via an interface connection system. The mechanical behavior of such structure shall then be considered in two directions. Along the longitudinal axis, the main beams and the concrete slab work together as a solidary mixed structure due to the connection. Thus this structure can be considered as a duplication of beams PB7 or PB8 presented earlier. Along the transverse direction, the slab can be considered supported on both beams with 2 cantilever spans. Considering that loads may be applied anywhere on the slab, it is necessary that the structure has a sufficient transverse flexural and torsional rigidity. This is obtained by the installation of regularly spaced transverse stiffeners (secondary girders) connecting the two main beams. This structural concept was adopted by Gonilha et al. [START_REF] Gonilha | Creep response of GFRP-concrete hybrid structures: Application to a footbridge prototype[END_REF][START_REF] Gonilha | Dynamic response under pedestrian load of a GFRP-SFRSCC hybrid footbridge prototype: Experimental tests and numerical simulation[END_REF][START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF][START_REF] Gonilha | Static, dynamic and creep behaviour of a full-scale GFRP-SFRSCC hybrid footbridge[END_REF]. As shown in Figures 6 and7, the footbridge consists of 2 I-GFRP beams identical to those used for PB7 and PB8 (see section 3) associated with a reinforced concrete slab of section 1200 mm x 70 mm. The beams are of a total length of 5000 mm and a simply supported span length of 4800 mm. The footbridge is designed as a duplication of PB7 / PB8 beams. The slab has the same steel density as PB7 / PB8 (at the bottom of the cross section, 8Ø7 mm longitudinal steel bars and Ø7 mm steel bar transversally spaced at 150 mm with a 20-mm cover). The same concrete stiffeners are applied at supports. The connection is also designed identically to that of PB7 / PB8 (bonding and bolting) but as PB7 and PB8 failed by shear at the interface, it was decided to reinforce the connection: the adhesive is identical (same adhesive and same thickness of 1 mm) but the bolts used are M12 8.8 bolts. The latter have a greater bearing capacity and stiffness than those of PB7 and PB8 (see Table 2). The bolts are paired in each reservation making a total of 72 bolts for the entire footbridge.

Similar to PB7/PB8, the slab is composed of five precast slabs having the dimensions 840 mm x 1200 mm x 70 mm and cast-in-place concrete areas are located between these 5 precast slabs. Slabs have 90 mm x 90 mm reservations for the bolts and tiny holes for the insertion of the clamping crews and slings.

Secondary girders (transverse braces), connecting the main I-profiles, consist of square GFRP tubes with 90 mm side length and 10 mm wall thickness. These elements are fixed to the web of both profiles at mid heights by GFRP angles and steel bolts (see Figures 8c and8d for connection details). Along the loading axis, these stiffeners are distributed as follows: a stiffener is located near each support and 2 intermediate stiffeners are located approximately at one-third of the span (Figure 6). In this study, the influence of the transverse stiffening density on the elastic response of the structure is analyzed: either the 4 stiffeners are present (complete bracing -Brace System # 1 named BS1), or only the extremity stiffeners are present (partially bracing -Brace System # 2 named BS2).

The main girders and stiffeners were first assembled and the slabs were prefabricated. Then, the surfaces to be bonded were prepared identically to PB7 / PB8 and the prefabricated slabs were bonded. Once the adhesive hardened, the bolts were tightened and the reservations were concreted with the same concrete as the prefabricated slabs. The footbridge was then kept in the open air until the day of testing. Figure 8 illustrates some of the construction steps. It may be noticed that no problem of shrinkage cracks were observed in the cast-inplace zones as these zones were short and hardly reinforced by several rebars.

Testing set-up and loading program

The loading configuration (jack, steel plate, supports, loading speed) was identical to that of the PB7 / PB8 beams. During the tests, in addition to the applied force, the vertical displacement was measured using (LVDT) sensors (stroke: 100 mmprecision: 0.01 mm) located at the center and at 1.5 m from the supports on each GFRP main profile. Interface slip between the slab and each profile was also measured by means of (LVDT) sensors (stroke: 10 mmprecision: 0.005 mm) at both extremities of the footbridge. The strains were measured by means of gauges in different sections of the footbridge and at different levels of each cross-section. Two types of gauges were used in this study: for concrete, (KC-70-120-A1-11) gauges and (KFG-10-120-C1-11) gauges for the other materials. Moreover, the strain of steel bolts along their axis at extremities was also measured by means of (KFG-5-120-D17-11) gauges. All the measurements were registered in a PC using a Vishay data acquisition system with a rate of 2 Hertz. In total, the device had 50 measurement channels. Figures 9 to 13 detail the testing configuration.

Elastic behavior

Before the connection with the concrete slabs, the double girder equipped with the stiffeners was tested in bending in the elastic domain in different configurations (Figures 14 and15). The results showed a behavior very close to that of an I-section alone tested under the same conditions, both for displacements and for deformations.

After the slab connection, the footbridge was first tested in the elastic domain under different configurations. The loading was first applied symmetrically, along the axis of the girders, under 3 and 4-point bending, with the bracing system No. 1 and the bracing system No. 2. The main test results are summarized in Figure 16 and Table 3. It may be noticed that the deflections and the strains in the west axis of the footbridge were slightly higher (less than 5%) than those in its east axis: the behavior of the footbridge exhibited a slight westeast asymmetry that may be explained by the 2 mains girders which did not press uniformly on the four supports. In addition, the longitudinal strains in the top and bottom fibers of the slab are about 4% lower that the strain in the axis of the Iprofiles: this result confirm that, in the case of wide slab, the stress and the strain are note uniform along the transverse axis. These observations generally did not depend on the cross-section (SC or SN), the loading system (3-pt or 4-pt bending) or the bracing system. Thus, the differences between the 2 bracing configurations are small which is logical because the loading is applied symmetrically along the axis of the beams.

The footbridge was then tested under 4-point diagonal bending: the loading was applied at 2 symmetrical points with respect to the mid-span, one located on the east beam on the northern side and the other on the west beam on the southern side (Figure 17). This test was carried out for the 2 bracing systems and then repeated by reversing the loading points (South-East and North-West). The main results are shown in Table 4, Figure 18 and Figure 19. Almost the same observations noticed in the previous paragraph can be made. It can be seen that the deflections are not influenced by the loading mode or the bracing system. On the other hand, the strains are higher on the side of the loading points in section SN. This is quite logical and indicates that the bridge undergoes a slight twist. These results also confirm that the two bracing systems used in this study (BS1 and BS2) have no significant influence on the overall elastic behavior.

In the last stage of the elastic tests, the bridge was subjected to centered flexure loading, that is by applying the loading along the axis of the slab and not along the axis of the main profiles under 3-point bending, only with the bracing system # 1 (see Figure 20). The most interesting results are summarized in Table 5 and are compared with the measurements obtained, for the same total load applied, in the case where the loading is applied in the axis of the main beams. It is first noted that the strains along the axis of the main girders are slightly affected by the loading at the center of the slab (differences of about 10% and less than 1% on the upper fiber of the slab and on the lower fiber of the profile respectively). On the other hand, the strains recorded in the central zone of the footbridge clearly show the bi-directional flexure of the slab in this zone. Indeed, tensile strains in the transverse steel (measurements 9 and 10) are significant whereas they did not show any deformation in earlier bending test.

Similarly, the transverse deformation of the upper fiber of the slab (measurement 7) indicates a shortening and therefore a compressive stress which reflects the fact that the slab is also bent along the transverse direction. It may be noticed that the bi-directional behavior of the slab is influenced by the bracing system as the latter prevents (more or less according the degree of bracing) the rotation of the GFRP profiles around their weak-axis and therefore the transversal strains of the RC slab.

These different measurements recorded in the elastic domain confirm that the footbridge operates in a predictable manner, analogous to what can be observed for mixed steel-concrete structures. These measurements provide an interesting database for in-depth modeling of the structure. In the case studied, the bracing system did not influence significantly the response of the footbridge as the twist / torsion action imposed to the structure was not high.

Testing up to failure

Once the elastic tests were completed, the footbridge was then completely unloaded, the bracing system # 1 (complete bracing) was put in place and the bridge was loaded under 3-point flexion (loading applied along the axis of the girders) monotonously increasing until failure. The same experimental setup was used. The main results are shown in Figures 21 to 30. They are very similar to those of [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF]. The deflection and strain diagrams of the slab and girders as a function of the force applied are almost linear until failure. This occurs at 218 kN and corresponds to the abrupt shear failure at the web-flange junction of the east profile (Figure 21). The maximum values of strain in the upper fiber of the slab, in the longitudinal rebars and in the lower fiber of the profile are respectively -0.22%, +0.13% and +0.94%, which indicates that the crushing of the concrete, the yielding of the steel or the tensile failure were not imminent (see Figures 22 to 24).

The load-strain diagrams at the center of the slab in sections SC and SN (Figures 24 to 26) show a similar and consistent evolution of strains in these areas of the footbridge. The measurements confirm that the transverse reinforcement is slightly solicited since the loading is applied along the axis of the main beams and thus induces no transverse flexure. The transversal deformations of the concrete in the upper and lower fibers are of opposite sign to the corresponding longitudinal deformations, which reflects Poisson's effect.

The deformation diagrams along the vertical axis (Navier diagrams) plotted along the axis of the main beams at sections SC and SN indicate that the assumption of conservation of the plane sections is quite acceptable approximation up to failure (Figures 27 and28).

In Figure 29, it is observed that the slip at the interface increases with the force applied in a non-linear manner and reaches maximum values between 25 and 55 m. These very low values confirm that slip can be neglected in calculations even in the case of a mixed connection bolting / bonding: the adhesive prevents any relative movement between the slab and the main girders. The small values obtained correspond to the eventual shear deformation of the adhesive, the flexibility of the bolts and their small movement in the holes. The strain measurements of the bolts located at the extremities along their vertical axis (see the position of the gauge in Figure 12) is given in Figure 30. The results show that two of the four bolts observed (bolts 2 and 3) were almost not solicited whereas the strain in bolts 1 and 4 remained low and evolved non-linearly with the applied load, in a similar manner to the slip curves. However, a clear relation linking bending of bolts and slip could not be proposed in this paper, other measures shall complement this analysis.

The behavior of the footbridge is compared to that of PB7 / PB8 single beams. It is necessary then to assume that the loading applied on the footbridge is distributed equally on the both symmetrical parts containing the girders. By doing this, it is considered that the total force applied on the footbridge is as twice as high that applied on the mono-sided footbridge equivalent to PB7 and PB8. It is first realized that the failure mode and load are different: PB7 / PB8 failed at a load of about 80 kN by shear failure at the interface whereas equivalent mono footbridge failed due to a shear of the GFRP profile at a load of 109kN (50% x 218kN: the failure load of the footbridge). Thus, strengthening the connection, in particular bolts, seems to have made it possible to better exploit the bearing capacity of the hybrid beams. Table 6 compares the main measurements of these two structures. It can be seen that up to 50 kN, the deflections and strains are very close. Starting from which, the differences get higher to reach a maximum at the failure of PB7/PB8, this change of behavior seems to be attributed to 2 different causes. On one hand, the strength and stiffness of the concrete at the time of the bending tests are slightly different since the concrete did not have the same age at both testing days (see Table 1). On the other hand, the stiffness of the footbridge bolts is greater than that of the PB7 / PB8 bolts, which means that the forces resisted by these bolts are probably higher in the footbridge than in the beams. Therefore, shear present in the adhesive joint is higher in the PB7 and PB8 which explains their failure mode. However, these results do not allow knowing with certainty if these two causes (strength -rigidity of the concrete and resistance / rigidity of the connection) have the same impact or whether one is more important than the other. It may also be noticed that the age of the adhesive in the beams PB7/PB8 at failure was about 40 days whereas the bonding in the footbridge had been made 400 days before the failure test.

Assuming a characteristic load defined in Eurocode 1 [START_REF]Eurocode 1: Actions on structures -Part 2: Traffic loads on bridges. European Committee for Standardization (CEN)[END_REF] for footbridge structures (5 kN/m 2 ), the maximum values of the bending moment and the shear force that should be sustained is equal to 17.3 kNm and 14.4 kN respectively for the span of the footbridge studied. Failure occurred for an applied load of 218 kN (in addition of the self-weight) which was at least 7.6 times greater than the resistance required by Eurocodes. This safety margin was higher but consistent with that noticed by Gonilha et al. [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF] who found a value of 4.2. Regarding the flexibility of the footbridge, the vertical deflection at failure was about 93.1 mm which corresponds to approximately L/51.6 (L being the span)about 10 times higher than the deflection limits defined for building floors in Eurocode [START_REF]Eurocode 1: Actions on structures -Part 2: Traffic loads on bridges. European Committee for Standardization (CEN)[END_REF] and more than 2.66 times higher than the deflection limit for pedestrian footbridges structures. It may be noticed that a safety factor of 2.35 was measured by Gonilha et al. [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF].

Analytical simulations

Elastic analysis

The elastic flexural response of a GFRP-concrete hybrid structure can be compared to that of steel-concrete composite beams in service limits states. Therefore, the elastic response may be predicted analytically using simple Timoshenko beam theory but several formulations are available according the reference axes used [START_REF] Correia | GFRP-concrete hybrid cross-sections for floors of buildings[END_REF][START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF][START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF]. In the case the axes are located at the neutral axis (Figure 31), the location of the neutral axis is calculated solving the following equation:
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In this equation, z 1 is the position of the neutral axis with respect of the top slab fiber, E p and E c are the longitudinal elastic modulus of the GFRP profile and the concrete slab respectively, h c and b c are the dimensions of the slab, A p and h p are the area and the height of the GFRP profile respectively. As the longitudinal elastic modulus of the flanges and the web were close to one to each other (see section 2.2), one can assume that E p was the average of both and was equal to 24.5 GPa.

The equation ( 1) is based on the following assumptions supported by the behavior of the hybrid beam and the footbridge shown in previous sections: the concrete in tension (cracks were observed) and the slip (not greater than 50 m) are neglected. The steel reinforcement may be also neglected as they were located close to the neutral axis (as shown in the following paragraphs).

The longitudinal stress (i.e axial stress) in each fiber of the composite cross-section can be calculated as follows:
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In these equations, z is the vertical position of the fiber with respect to the neutral axis, M is the applied bending moment and I h is the second moment of inertia of the whole composite cross-section around the neutral axis calculated as follows:
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In this equation, I p is the second moment of inertia of the GFRP profile around its own centroid. The strain at each fiber can be deduced from stress using Hooke's law. Typical strain and stress diagrams are shown in Figure 31. In the present case, the structure was tested on a 3-point bending configuration over a simply supported span, thus the vertical deflection w(x) can be calculated as follows:
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where x denotes the longitudinal development of the structure, F is the total applied load, E p I h is the flexural stiffness of the composite cross-section, hv Ω is the shear area of the composite cross-section and G p is the inplane shear modulus of the GFRP profile. The latter, evaluated by means of three-point bending tests performed on a similar GFRP profile [START_REF] Alacheck | Experimental and finite element analysis of the long-term behaviour of GFRP-concrete hybrid beams fabricated using adhesive bonding[END_REF], is assumed to be equal to 2.5 GPa. For this type of hybrid structure, it may be admitted that only the web of the profile works efficiently, therefore in Eq. ( 5)

hv Ω may be substituted by the area of the webs A w .

Table 7 compares calculated values of vertical deflection and strains in two sections of the footbridge with those measured. The theoretical values were obtained considering the half footbridge. The relative errors were between 6.6% and 19.0% that confirms, as shown by Gonilha et al. [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF], this simple approach is able to predict, with an acceptable accuracy, the flexural response of hybrid GFRP-concrete structures for service conditions.

Failure analysis

In order to determine the resistance of the hybrid structure in bending, it is necessary to determine the ultimate bending moment and shear force that the structure is able to sustain. Actually, the instability phenomena were prevented in the footbridge by the bracing girders and therefore, the resistance is only limited by the crosssection strength, allowing a full exploitation of the materials' capacity.

The ultimate bending moment that the cross-section may sustain can be easily calculated assuming that the beam perceived a failure by crushing of concrete and the GFRP profile remains elastic as detailed by Koaik et al. [START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF].

The following assumptions were made: the concrete in tension, the slip and the steel reinforcement were neglected (for the same reasons as the elastic analysis) -E p = 24.5 GPathe concrete compression strength f c = 47.6 MPathe concrete ultimate compression strain  uc = 0.0035. Using this approach, the neutral axis is located 42.6 mm from the concrete top fiber, the ultimate bending moment and the theoretical failure load were equal to 390 kNm and 324 kN respectively. The latter value is logically greater than the measured failure load (218 kN) as no crushing of concrete was observed during the test and the maximum strain measured in the fiber of the concrete slab was about 0.0021.

Regarding the shear resistance, Gonilha et al. [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF] suggested to use a quadratic failure criterion initially proposed in [START_REF] Bank | Composites for construction: structural design with FRP materials[END_REF] and written as follows:

1 ) ( f (z) σ ) ( τ (z) τ 2 L tu, 2 LT u,                   z z (6)
where  and  are respectively the shear and axial stresses due to the applied load, z represents the vertical development of the cross-section,  u,LT is the in-plane shear strength of the GFRP, f tu,L is tensile strength of the GFRP for the longitudinal direction. As seen in section 2.2, f tu,L may be assumed to be equal to 379.7 MPa and 395.3 MPa in the flanges and in the web respectively.  u,LT was not measured but may assumed to be equal to 27.5 MPa as measured by Gonilha et al. for similar GFRP profiles [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF]. This value is closed to that mentioned in the technical data sheet of the supplier. In order to use this criterion, the shear and axial stresses were calculated assuming the materials remain in their elastic domain as indicated by the maximal strains measured during the test. The axial stress was determined using equations ( 2) and (3). The shear stress was calculated in each fiber located at z by the following equation:

(z) b I (z) S V τ(z) h h h  (7)
where V is the shear force acting in the cross-section, b(z) is the width the concrete slab, the width of the GFRP profile or its web thickness if the fiber is located in the concrete slab, in the profile top flange or in the web respectively. h S is the first moment of area of the upper part of the composite section with respect to the neutral axis.

The figure 32 shows the vertical distribution of the shear and axial stresses in the mid-span cross-section just before the failure. This graph confirms that the failure may be predicted at the junction between the flange and the web as it corresponds with the maximum computed value of equation ( 6) equal to 0.834. This value strongly depends on the in-plane shear strength of the GFRP  u,LT . For instance, equation ( 6) provides a value equal to 1 if  u,LT is 9% lower than the assumed value of 27.5 MPa.

Conclusions

In this study, results of bending tests under short-term quasi-static loading of beams and a hybrid compositeconcrete footbridge are presented. In these elements, the connection between the slab and the GFRP profiles is mixed bonding / bolting connection. The test results of the beams served to design the footbridge. The bridge is constructed, inspired by composite steel-concrete structures, as a double beam geometrically corresponding to the perfect juxtaposing of the 2 beams tested.

The footbridge was first tested in the elastic domain under different configurations (3 or 4-point bending, centered or eccentric loading) to mobilize the flexural and torsional stiffness. The numerous measurements recorded allowed to have a precise idea of the behavior in elastic phase. They show behavior consistent with expectations and in accordance with the regulatory requirements at SLS. These conclusions are in perfect agreement with those of Gonilha et al [START_REF] Gonilha | Structural behaviour of a GFRP-concrete hybrid footbridge prototype: Experimental tests and numerical and analytical simulations[END_REF].

The footbridge was then tested up to failure. The shear failure obtained in the GFRP section showed that the mixed connection used played its role perfectly and made it possible to fully exploit the bending capacity of the structure. In addition, the comparison with the results of the beam tests shows that the two-beam footbridge can be analyzed with sufficient precision considering only the half cross-section. On the other hand, the measurements recorded during these tests did not make it possible to determine with a sufficient certainty the part of the shear forces at the interface resisted by the bolts. This point will need to be studied in depth in future work

This study also confirms the important capacity of these hybrid GFRP-concrete structures in the construction of bridges or footbridges. The numerous experimental measurements carried out under different configurations are very useful to complement the experimental data already available in the literature and to develop and validate the computational models.

The analytical model developed in this study was able to predict the elastic response of the footbridge prototype with good accuracy. The shear failure observed at the web-flange junction could also be predicted using a failure 

(5)

(5) 

89 2 (Figure 1 :Figure 2 : 1 )Figure 3 :Figure 4 :

 212134 Figure 1: Geometry and loading of beams PB7 and PB8 -side and top views (dimensions are in mm -Passive reinforcements are not presented)

Figure 5 :

 5 Figure 5: Behaviour of PB7 and PB8

Figure 6 :

 6 Figure 6: Side (a) and top views (b) of the footbridge (dimensions are in mm) (Passive reinforcements and concrete stiffeners are not represented on these views)

Figure 7 : 32 Figure 8 :

 7328 Figure 7: Cross-sections of the footbridge (dimensions are in mm) (Secondary girders are not represented)

Figure 9 :Figure 10 :Figure 11 : 36 Figure 12 :Figure 13 :Figure 14 :Figure 15 :Figure 17 :East

 91011361213141517 Figure 9: Location of the displacement sensors and the measurement locations (dimensions are in mm)

Figure 18 :Figure 19 :Figure 22 :Figure 23 :

 18192223 Figure 18: global response in case of diagonal loading

Figure 24 :Figure 25 :Figure 26 :Figure 27 :

 24252627 Figure 24: Behaviour of the footbridge at failure -Strains in SC in the central zone

Figure 28 :Figure 29 :

 2829 Figure 28: Behaviour of the footbridge at failure -Vertical diagram of strains in SN side east

  

  

  

  

  

  

Table 1 : Concrete compressive and tensile strengths of the different structures on the testing day Table 2: Strength of bolts

 1 

			PB7	PB8	BPBP1	
	Age (days)		96	440	
	Compression (1) (MPa)	35.2 ± 3.1	47.6 ± 2.7	
	Tensile (MPa)	3.4 ± 0.3	4.2 ± 0.4	
	(1) The values represent the equivalent strengths on cylindrical specimens (0.8 x	
	fc cube).					
		Tensile strength f ub (MPa)	Shear strength (MPa)	
						F u exp (kN) (1)
		Tests	EC3	Tests	EC3 (2)	
		(max. / min.)		(max. / min.)		
	 10 8.8 (PB8)	882.7 / 869.5	800	399.5 / 395.6	480	25.4
	 12 6.8 (PB7)	704.7 / 704.7	600	400.2 / 376.2	300	29.7
	 12 8.8 (BPBP1)	846.1 / 845.1	800	546.2 / 544.7	480	35.6
	(1) 0.5 x A s x f ub exp av					
	(2) 0.6 x f ub in the case of 8.8 bolts and 0.5 x f ub in the case of 6.8 bolts (NF EN 20898-1)		

Table 5 : Influence of the centered loading in the elastic domain (BS1 -3point bending)

 5 

			Central	GFRP
			loading *	loading **
		West (1)	-218	-238
		Centre (5)	-289	-201
		East (3)	-186	-215
		West (2)	1235	1229
		East (4)	1167	1173
	Slab bottom fiber	Centre (6)	103	69
	Slab top fiber (transversal) Centre (7)	-67	32
	Slab bottom fiber (transversal) Centre (8)	59	-20
		West (12)	65	69
		Centre (11)	86	43
		North (9)	98	9
		South (10)		

Table 4: Diagonal loading in the elastic domain

criterion based on stresses. Hence, the approach proposed in the paper is a reliable tool for the design of GFRPconcrete hybrid structures. However, the development of these structures can only be optimal if it is framed by regulatory texts that are still missing today. 

Table 3: Influence of the bracing system in the elastic domain