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Adhesively bonded joints have expanded widely in recent years as more and more advanced glass fibre reinforced materials are being utilized in the civil engineering applications. Hybrid pultruded GFRP concrete bonded beams have been proposed as an economical structural solution for building and footbridge applications due to their favourable properties. Evaluation of shear strength for the adhesive joint is considered as the most important parameter for the design of these hybrid beams. However, the absence of standard method for testing GFRP/concrete bonded joints makes the application of this technology in construction work far from being achieved. There is then a need to make more effort to improve design procedure and to understand the behaviour of this assembly. In this context, the present paper aims to characterize the shear test "Push out" in order to provide more information about the influence of the different geometrical parameters on the shear strength of the adhesive joint. For this purpose, experimental and numerical investigations were carried out to investigate the effect of various parameters on the failure load and the failure mode of the specimens such as surfaces treatment, shape of GFRP profile, adherents' dimensions (width and thickness), adhesive thickness, bonded length and free height. The numerical investigations were performed by three-dimensional (3D) nonlinear Finite Element (FE) model. The constitutive relationship of the pultruded GFRP is modelled by means of a linear orthotropic law, while the concrete behaviour is defined by means of an elastic plastic damage model with a non-local formulation. In order to reduce computing time, interface elements with zero thickness were used to model the adhesive joint with a linear constitutive law. Using this model, stress distributions along the interface were investigated and the effects of different geometrical parameters were discussed.

Introduction

In recent years, pultruded glass fibre-reinforced polymer (GFRP) profiles are increasingly used in civil engineering applications as construction materials in both building systems and bridges, due to their favourable properties like light weight, corrosion resistance, ease of installation and low electromagnetic transparency. In particular, Gonilha et al. in [START_REF] Ja Gonilha | Modal identification of a GFRP-concrete hybrid footbridge prototype: Experimental tests and analytical and numerical simulations[END_REF] [2] or Correia et al. in [START_REF] Correia | GFRP-concrete hybrid cross-sections for floors of buildings[END_REF] proposed hybrid structural systems combining GFRP pultruded profiles and concrete slabs to overcome some mechanical disadvantages of GFRP pultruded profiles, namely the high deformability, the low elasticity and shear moduli, the brittle failure and the susceptibility to instability phenomena (local and global buckling, web crippling). All these studies showed the high potential of this mixture in terms of structural performance and installation costs.

In engineering structures, joining of two or more structural components is often achieved by mechanical fastening or bonding. Mechanical fastening (with bolts or rivets) is the common method of joining structural parts due to their relative ease of installation, resistance to environmental degradation and ease of disassembly for inspection.

However, high stress concentration regions in concrete may be developed around the hole locations in bolted joints where crack can initiate to cause structural failure. The drilling holes in composite materials may potentially damage the orientation of fibres which requires specific attention. On the other hand, adhesively bonded joints are proved to be an alternative assembly technique and an ideal choice to overcome these drawbacks: damaging machining process such as drilling is avoided, the additional weight due to bonding is very limited compared to the weights of the rivets, continuous load transference can be achievable along the overlap length, as mentioned by Nordin and Täljsten in [START_REF] Nordin | Testing of hybrid FRP composite beams in bending[END_REF] and Hugenschmidt in [START_REF] Hugenschmidt | New experiences with epoxies for structural applications[END_REF].

The wide range of benefits and advantages of this new technique has led to extensive research on the bond behaviour of composite structures such as GFRP-concrete bonded hybrid elements and steel-concrete composite beams. The shear capacity and the load-slip relations were supposed to be the most important characteristics for the design of the bonded structure. There is no standard method for testing GFRP/concrete bonded joints. However, like most of authors working on this issue, Koaik et al. [START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF], Si Larbi et al. [START_REF] Si Larbi | Static behaviour of steel concrete beam connected by bonding[END_REF] and Luo et al. [START_REF] Luo | Parametric study of bonded steel-concrete composite beams by using finite element analysis[END_REF] used the push-out test to investigate experimentally the bond behaviour at the interface and to evaluate the shear strength of adhesive joints.

Different configurations of push-out test for bonded joints were proposed in the literature. However, most of the test results available in the literature concern steel-concrete interface, such as those of Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] and Berthet et al. [START_REF] Berthet | Evaluation of the adhesion resistance between steel and concrete by push out test[END_REF]. To our knowledge, only two studies deal with composite concrete push-out tests. Correia et al. [START_REF] Correia | GFRP-concrete hybrid cross-sections for floors of buildings[END_REF] performed push-out tests on specimens consisted of a segment of I-shaped GFRP profile connected to two 200 mm concrete cubes using an epoxy adhesive. The bonded area was 100 × 200 mm 2 . According to the authors, due the low flexibility of the bonded shear connection and the effect of small geometrical imperfections, the push-out specimens failed for very low values of load. Koaik et al. [START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF] carried out several push-out tests using bonded joint. The pushout specimen was made of a 250-mm segment cut from I-section GFRP profile connected by an adhesive joint to two concrete blocks having the dimensions 100 × 200 × 200 mm 3 . The bonded area was 100 × 150 mm 2 (width × height) and the free height of specimen was equal to 50 mm. Cohesive failure within the concrete substrate was observed and an average slip of about 0.05 mm was obtained.

Berthet et al. [START_REF] Berthet | Evaluation of the adhesion resistance between steel and concrete by push out test[END_REF] reported that the strength of the adhesive bond greatly depends on the adherend material. Si Larbi et al. [START_REF] Si Larbi | Static behaviour of steel concrete beam connected by bonding[END_REF] added the influence of the methodology of fabrication, which is consistent with results presented by Correia et al. [START_REF] Correia | GFRP-concrete hybrid cross-sections for floors of buildings[END_REF]. Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] focused on the influence of geometry and bonding length. They carried out 18 push-out tests to study the effects of the specimen geometry in the behaviour of steel-concrete bonded joints and they proposed a 3D nonlinear finite element model to simulate the behaviour of the bonded assembly. A parametric study led the authors to the conclusion that the failure load and the shear stress in the concrete near to the interface tend to decrease as the free height (distance between the bottom of the slab and the lower end of the steel girder) decreases in the case where the friction on the bottom of the concrete blocks exists. In the end, they recommended that the free height should be less than 50 mm and that the average ultimate shear strength should be assessed from at least five push out specimens. Based on the reviewed papers, many components of the joint have impact on the strength of the bonding connection. Therefore, it is imperative that more investigations should be carried out to study the properties and factors affecting the results, in order to give an accurate prediction of the shear strength on a limited set of specimens and to provide sufficient information to understand the behaviour so that a design guideline could be developed for push-out test in the case of bonded joints.

Nevertheless, the study of the effects of the different factors is very time-consuming and may be labour or machinery intensive and costly, therefore the numerical methods are required. The development of an advanced computational tool leads to the reduction of the number of tests needed and their associated costs. Once the numerical tool is available, the effects of a large number of parameters can be studied easily. This is the major focus of the present study, which examines the effect of a number of parameters on the shear capacity of the bonded joints. Experimentally, the effects of the methodology of fabrication, the joint thickness and the surface treatment are studied via push-out test. To complete this parametric study, a finite element model (FEM) which considers the non-linearity behaviour of concrete and the orthotropic behaviour of GFRP pultruded profile is developed. Using this model, the effects of bonding length, free height and joint thickness on the distribution of shear stress at the interfaces and on the shear strength of bonded joints are studied.

Experimental program

The experimental program carried here attempts to understand the effects of some parameters on the behaviour of GFRP-concrete push-out specimen in order to find a methodology of fabrication of the push-out specimens that can reduce the dispersion of results and give an accurate estimation of the shear strength of the bonded joint.

The tests were made to investigate the short-term behaviour of GFRP-concrete specimens connected by an epoxy adhesive joint, using push-out test. The experimental program involved the testing of 40 push-out specimens grouped in eight series. Each series was constituted of five identical push-out specimens.

Materials properties

The current study was conducted for applications in the civil engineering industry; therefore, commonly used GFRP pultruded materials, adhesive and concrete were selected.

Concrete

All the specimens were fabricated using an artificial portland cement CEM I 52.5 produced by LAFARGE with a commercial name Durabat X-Trem. The sand used was washed river sand and the coarse aggregate was 4 to 8 mm nominal size natural uncrushed gravel. The mix proportions were 1 (cement): 1.86 (sand): 2.33 (gravel) and a watercement ratio of 0.47. This mix was proportioned to give a 28-day cylinder strength of approximately 45 MPa.

The compressive mechanical characteristics of the concrete were determined after pouring at the day of the push-out tests. For each push-out series, five 100 mm-edge cubes were tested to evaluate the average compressive strength of concrete. The tests were performed at a rate of 4 kN.s -1 according to NF EN 12390 -3 [START_REF]Testing hardened concrete[END_REF]. For series PO-T-1-WG-1C-WS and PO-T-1-G100-2C-WS-1, splitting tests on 32 cm x Ø16 cm cylinders concrete specimens (3 cylinders per concrete cast) were conducted according to NF P 18-408 [START_REF] Nf P | [END_REF] to evaluate the tensile strength of concrete.

Moreover, due to a fact that the mechanical properties of concrete (compressive strength, Young's modulus, strain at failure) are needed in any numerical analysis of a structural concrete system; therefore, for PO-T-1-G100-2C-WS-1, compressive tests were conducted, according to NF P18-406 [START_REF] Nf P | [END_REF], on three cylindrical concrete specimens (32 cm x Ø16 cm) instrumented with strain gauges to evaluate the compressive mechanical characteristics. An average Young's modulus of 44.3 ± 2.7 GPa and an ultimate strain of 0.14% ± 0.04% were obtained. The results of compressive and tensile tests performed on concrete specimens are summarized in Table 1.

Table 1

Concrete compressive and tensile strengths of the different push-out series on the testing day

Series Concrete compressive strength (MPa) Concrete tensile strength (MPa) PO-T-1-WG-1C-WS 65,3 ± 4 - PO-T-1-G50-1C-WS 60,2 ± 3 4,3 ± 0,3 PO-T-1-G100-2C-WS-1 48,1 ± 2,5* 3,2 ± 0,4 PO-T-1-G100-2C-WS-2 & PO-T-1-G100-2C-S-1 47,6 ± 4,7** - PO-I-1-G100-2C-WS 44,6 ± 3,3** - PO-T-1-G100-2C-S-2 & PO-T-2-G100-2C-S
44,0 ± 3,5** -* Average compressive strength of concrete obtained by tests performed on five Ø16 × 32 cm 2 cylindrical specimens ** Average compressive strength of concrete obtained by tests performed on ten 10 ×10 × 10 cm 3 cube specimens

GFRP

The pultruded GFRP profiles used in the experimental program were produced by TopGlass and made of E-glass fibres embedded in a polyester matrix. Two pultruded shapes were used in this experimental program; a pultruded tube and an I-shaped pultruded profile that are the most commonly used sections to design flexural elements.

Pultruded tube has a square box cross-section of 100 x 100 mm 2 and 10 mm wall thickness and I-shaped pultruded profile is 200 mm height and 100 mm width with a thickness of flanges and web of 10 mm. The instantaneous properties of GFRP materials were measured by testing several rectangular prismatic coupon specimens with 250 mm long, 10 mm wide and 8 mm thick extracted, in the pultrusion direction, from various locations on tube and profile accordingly to the ISO 527 -Part 1 [START_REF]Determination of Tensile Properties. Part 1: General Principles. Part 2: Test Conditions for Moulding and Extrusion Plastics[END_REF]. The GFRP exhibited an elastic behaviour up to a brittle failure. The average tensile properties of the pultruded materials are summarized in Table 2. The differences in strengths are mainly attributable to the differences in age between the specimens. 

Epoxy adhesive

To bond GFRP profile to concrete blocks, a two-part resin and hardener thixotropic epoxy adhesive (Sikadur ® -31 EF) was used. The mixing ratio of the epoxy was 1:3, i.e. three parts of component A (resin) to one part of component B (hardener) by volume. The Young's modulus, the tensile strength and the ultimate strain were measured by testing several plates of bulk adhesive instrumented with strain gauges and prepared according to the ISO 527-Part 2 [START_REF]Determination of Tensile Properties. Part 1: General Principles. 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 . The results showed a linear elastic behaviour 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%.

Push-out test: specimen geometry and fabrication

The push-out specimen consists of two unreinforced concrete blocks held in the vertical position and attached to a GFRP profile of 200 mm long, by means of epoxy adhesive joints. The assembly was subjected to a vertical load which produced shear load along the interface between the concrete block and the GFRP profile on both sides. Tests were performed using a WOLPERT testing machine with maximum load capacity of 1000 kN. For all series, loading was applied through a rectangular steel loading plate (100 × 100 × 30 mm 3 ), to minimize local stresses and to obtain a uniform distribution of load during the test. The vertical load and displacement at the jacks were measured by transducers within the machine. Due to the low value of the relative displacement between the GFRP girder and the concrete blocks (Koaik et al. [START_REF] Koaik | Experimental tests and analytical model of concrete-GFRP hybrid beams under flexure[END_REF] measured a value less than 0.05 mm), it was not possible to accurately measure this displacement using a linearly variable differential transformer LVDT, therefore, the slip at the interfaces for the push-out specimens was not measured.

Based on the recommendation of Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF], a recess (free height) of 50 mm between the bottom of the slab and the lower end of the GFRP profile were selected for all the specimens in this study. The geometry and details of the different specimens used in this study are shown in Fig. 1. The variable parameters of the test specimens are also summarised in Table 3.

Fig. 1 (a) Geometry of push-out specimens for the series with a GFRP tube (PO-T-...), (b) Geometry of push-out specimens for the series PO-I-1-G100-2C-WS (dimensions in mm)

Table 3 Summary of push-out test series The following procedure was adopted for the preparation of specimens. For all specimens, the supplied surface of concrete prisms was firstly roughened using a sander to remove all surface contaminant and to improve the roughness and the bond strength. Next, the concrete prisms were cut into two equal parts (200 x 100 x 100 mm 3 ) using a hacksaw with a fine blade. The series PO-T-1-WG-1C-WS was not subjected to any surface preparation. For the series PO-T-1-G50-1C-WS, the surface roughness of the GFRP adherend was varied by mechanical abrasion using a sandpaper grinding machine with a grit size P50 while for the series (PO-x-x-G100-x-x), a manual grinding (hand) was done to increase the roughness of GFRP profile by means of very fine sandpaper (grit P100) taking care not to damage the fibres, to enhance the bonding quality.

Series

Before bonding, dust from the concrete and pultruded profile surfaces was removed using a compressed air. The bonded area of the tube was then cleaned with acetone to remove all grease, oil, and rust and let the surfaces dry for a few minutes. The two components of the epoxy adhesive were mixed according to the manufacturer's instructions and supplier's specifications (Sika) until a homogeneous light grey paste was obtained. Once mixed, the adhesive was evenly distributed onto the concrete and profile surfaces at the same time, paying attention to avoid air bubbles, and they were held together in position using clamps until the adhesive cured to remove the entrapped air. For the specimens of PO-T-1-WG-1C-WS and PO-T-1-G50-1C-WS, one clamp was used whereas for the specimens of other series two clamps were used to insure a uniform and constant joint thickness in the overlap area. This double clamping has been found to be effective in preventing cohesive failure in the joint (undesirable failure mode) (Table 4). For all specimens except the specimens of the series PO-T-2-G100-2C-S, the bond layer thickness was not measured but was estimated to be less than 1 mm. For the specimens of PO-T-2-G100-2C-S, a joint thickness of 2 mm was obtained by means of 2 mm plastic wedges installed between the concrete block and the GFRP profile.

After one day of cure, the second prism was bonded to the profile following the same steps described above. The specimens were cured under ambient laboratory conditions. After the preparation, the specimens were stored under ambient laboratory conditions until the time of testing. Finally, in order to prevent compressive failure of GFRP profile, the first 4 -5 cm of the top of profile were casted one week before testing for all specimens. For the specimens of series PO-x-x-x-x-S, the bottom face of the concrete blocks and the top face of the GFRP profile were smoothed using a grinding machine after the fabrication of specimens.

Push-out test results and discussion

In this test, it is standard practice to assume a uniform shear stress along the interfaces (this assumption is debatable, since the numerical modelling shows that the shear stress is not uniform across the width and the length of the interface). Therefore, the average shear strength τu,av at the interfaces, for each series of 5 push-out specimens, was calculated, as was already used by Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] and Berthet et al. [START_REF] Berthet | Evaluation of the adhesion resistance between steel and concrete by push out test[END_REF].

Summary of all push out test results is presented in Fig. 2 and Table 4. The effects of each of the studied parameters are discussed in the following subsections. 

Fig. 2 Average Shear strength τu,av of push-out series. Error bars represent the standard deviation of the mean

Effect of GFRP profile surface treatment

The surface treatment of GFRP pultruded tube was the principal variable between the two series PO-T-1-WG-1C-WS and PO-T-1-G50-1C-WS. Fig. 3 shows the failure modes observed in the specimens of these two series. As regard the shear strength, the average ultimate shear strengths of the series PO-T-1-WG-1C-WS and PO-T-1-G50-1C-WS were 8.2 ± 2.6 MPa and 5.9 ± 2.5 MPa, respectively. This decrease in the ultimate shear strength can perhaps be explained by the fact that the GFRP bonded surface and the fibre were probably damaged by the rough grinding. The use of a sandpaper grinding machine with 50-grit sandpaper seems to be an inappropriate surface treatment for GFRP materials. It is also important to note that the dispersion of the test results was high for the two series. This dispersion may be explained by the geometrical imperfections of specimens such as the orthogonality of concrete blocks. To sum up, a manual grinding of the GFRP profile with a fine grit sandpaper is recommended. In this study, for all the other specimens tested, a manual grinding with very fine grit sandpaper (grit P100) is done.

3.2

Effect of smoothing the concrete surfaces after specimen fabrication Fig. 4 shows the load -displacement curves obtained from the push-out tests of the series PO-T-1-G100-2C-S-1 and

PO-T-1-G100-2C-WS-2.

Fig. 4 Load -displacement curves for the push-out specimens of the series (a) PO-T-1-G100-2C-S-1 and (b) PO-T-1-G100-2C-WS-2

It is important to note that the displacement measured by the machine is the displacement of the hydraulic jack and not the effective displacement applied on the top of the GFRP profile. As specimens exhibit explosive failures, the use of LVDT, without damaging them, is highly impractical. For all the tested specimens, after the press becomes in contact with the specimen, it can be seen that the load increases linearly up to the peak value and decreases rapidly afterwards which is typical of a brittle behaviour. Even though tests were performed under displacement control, sudden failures did not allow to follow more precisely the post-peak behaviour.

The failure of the all specimens of PO-T-1-G100-2C-S-1 and PO-T-1-G100-2C-WS-2 occurred in the concrete along a vertical plan parallel to the adhesive/concrete interface. A thin concrete layer (approximately 3 mm) attached to the GFRP tube was generally found to be uniform, as shown in Fig. 5.

Fig. 5 Failure mode of (a) PO-T-1-G100-2C-S-1 specimens tested after smoothing of the concrete surfaces and (b) PO-T-1-G100-2C-WS-2 specimens tested without smoothing of the concrete surfaces

For all the specimens of PO-T-1-G100-2C-S-1, separation of the two bonded concrete blocks was observed (Fig.

5(a)

). For the series PO-T-1-G100-2C-WS-2, for 3 specimens one block was separated from the GFRP tube and the bottom corner of the second one was damaged while, for 2 specimens the two bonded concrete blocks were separated. It is also important to note that the failure load of specimens was higher when the two concrete blocks separated from the GFRP profile. However, these observations prove that the adhesive joint has allowed a full transmission of efforts between the two substrates and that the smoothing of the bottom surfaces of concrete blocks and the top surface of GFRP profile ensured the symmetric distribution of efforts between the two blocks.

On the other hand, as indicated in Table 4, the average ultimate shear strength of smoothed specimens (PO-T-1-G100-2C-S-1) is higher than that of non-smoothed specimens (PO-T-1-G100-2C-WS-2). The shear strengths were 13 ± 1.9 MPa and 7.9 ± 1.7 MPa for PO-T-1-G100-2C-S-1 and PO-T-1-G100-2C-WS-2, respectively, whereas the concrete strengths for both these series are close to each other. There is an increase of 64 % after smoothing.

Definitely, the results of this comparison proved that the fabrication methodology of push out specimens can significantly influence the shear strength of bonded joints. The remove of geometrical imperfections and the improvement of the contact between the specimen and the machine's compressive platens is a key factor to the improvement of the push out test results.

Effect of GFRP profile shape

PO-I-1-G100-2C-WS and PO-T-1-G100-2C-WS series are here compared. For the two shapes of profiles, a sudden failure was observed for all the specimens. A cracking noise was initially heard. After the development of a vertical crack near the interface adhesive/concrete, the load dropped sharply, and a bang went off at the end of the test for all specimens. Fig. 6 shows the failure mode of specimens fabricated with I-shaped GFRP profile (PO-I-1-G100-2C-WS).

Fig. 6

Failure mode of PO-I-1-G100-2C-WS (GFRP I-profile)

For these specimens, due to their large width, it was impossible to rectify and smooth the bottom surfaces of concrete blocks using the grinding machine. For this reason, the specimens were tested without any surface treatment of concrete blocks (after fabrication) and to ensure a perfect contact between them and the machine's compressive platens, thin steel shims (less than 1 mm) were used. The failure mode was similar to that observed for the non-smoothed specimens (PO-T-1-G100-2C-WS-2). There are one concrete block separated from the GFRP profile and damaged corner for the second concrete block.

As indicated in Table 4, the average shear strength of specimens constituted of two concrete blocks bonded to Ishaped GFRP profile (PO-I-1-G100-2C-WS) is slightly lower (around 9%) than the average shear strength for PO-T-1-G100-2C-WS-2. The average shear strengths were 7,9 ± 1,7 MPa and 7,2 ± 0,7 for PO-T-1-G100-2C-WS-2 and PO-I-1-G100-2C-WS, respectively. For these two series, the specimen preparation was similar: the bottom surfaces of concrete and the top-surface of GFRP profile were not smoothed. As a conclusion, we can deduce that there is no significant influence of the GFRP profile shape on the shear strength of bonded joints.

Effect of the joint thickness

Failure modes for all the specimens (PO-T-1-G100-2C-S-2 and PO-T-2-G100-2C-S) were similar, characterized by sudden and brittle failure. The failure was located in the concrete substrate and a thin layer of concrete attached to GFRP pultruded tube could be seen. It is necessary to emphasize that the two concrete blocks were separated from the GFRP profile when the failure occurred for all the specimens.

The average ultimate shear strengths of PO-T-1-G100-2C-S-2 and PO-T-2-G100-2C-S were 11 ± 0.6 MPa and 12.1 ± 0.7 MPa, respectively. The shear strength increases of about 10 % when the joint thickness increases from approximately 1 mm to 2 mm. The joint thickness had then a slight influence on the shear strength of the bonded assembly. In order, to identify the optimal joint thickness, the effects of this parameter will be explored more fully in the numerical part of this study.

Finite element model of push out test

The FE analysis aims at simulating experimental push-out test in order to investigate in detail the stress transfer mechanism between the GFRP profile and the concrete blocks. To reach this goal, the FE model has necessarily to account for the specimen actual geometry, the geometrical and material nonlinearity and the interaction stresses between the two materials. With the aim of achieving accurate results to the possible extent within a reasonable computational time, a three-dimensional FE model, was used for simulation. The FE model has been defined by exploiting the symmetry conditions and, therefore, only one quarter specimen has been considered. The geometry of push out specimen presented in Fig. 1(a) has been considered for finite element simulations. 3D-FE mesh for the quarter push out specimen with the geometry and boundary conditions shown in Fig. 7 is generated using the CAST3M software.

Fig. 7 Finite element mesh of the numerical model

The mesh is based on 4-node linear tetrahedral elements (TET4) with side lengths of 5 mm, evenly distributed throughout the model. To simulate the joint adhesive, 6-node zero thickness interface elements (JOT3) were used to connect the concrete block to the GFRP tube. According to Gonçalves et al. [START_REF] Gonçalves | A three-dimensional finite element model for stress analysis of adhesive joints[END_REF] who used such interface elements to perform a 3D model of a single-lap joint, this type of elements can predict the relative movements between adherents, has the advantage of simple implementation and reduces the computational time. The element dimensions adopted in the analysis have been chosen after a mesh convergence procedure focused on the displacements and the peak stresses arising on the symmetric axis of specimen. The converged mesh, showing no significant changes in results upon further mesh refinement, contains 71263 elements and 14731 nodes. The selected mesh gives reasonably accurate results, and also save computational time.

For the application of the support conditions, all the nodes of the bottom surface of concrete blocks are restricted from moving in the z-, x-and y-directions to resist the compression load and to consider the friction between the concrete and the compressive platen of testing machine. The specimen is loaded by imposed displacement at the top surface of the GFRP tube (0-1.5 mm), as shown in Fig. 7. The total amount of load was divided into a number of sub-steps in the FE analysis to simulate the incremental loads. The CAST3M software uses the Newton-Raphson iterative method to provide convergence at the end of each load increment within tolerance limit. In this study, convergence criterion was based on displacement, and the convergence tolerance limit was initially selected and fixed at 10 -4 .

The GFRP composite tube was modelled assuming an orthotropic material with a linear and elastic constitutive behaviour. The average mechanical properties of the pultruded box declared by the producer in the technical datasheet were used in this study. The GFRP material property inputs are summarised in Table 5. The subscripts 1,2 and 3 for E, G and υ are indicators of the direction of the fibres. The subscript 1 represents the longitudinal direction of fibres or roving direction (strong direction) which coincides the x-axis in this study. The directions 2 and 3 are orthogonal to direction 1 (weak directions).

The bonded joint was assumed to be elastic, isotropic and linear. As observed in the experimental program, the push-out specimen failed by shearing the concrete substrate and the damage occurs at cracks in the concrete rather than at the interface. Debonding or shear failure of adhesive joint did not occur. The bonding strength of the interface between the epoxy and concrete is then much higher than the tensile strength of concrete. Therefore, the interface modelling approach was used where zero thickness interface elements were added between the concrete element and the GFRP element to the numerical model in the bonding area. These elements use the same type of nodal quantities as the continuum element and therefore they can be easily combined. This approach is the most commonly adopted for modelling the interface for structural elements strengthened with FRP (as described for example by Chen et al. [START_REF] Chen | On the finite element modelling of RC beams shear-strengthened with FRP[END_REF]) or for composites bonded elements (as for instance in Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF]). This type of elements establishes a kinematical relationship among the nodes of two surfaces both in the normal and tangential directions. The elastic behaviour of the interface element is then written in terms of elastic constitutive matrix that relates the stresses at interfaces to the relative displacements between the two adherends , as given by Eq. (

(see, for details, Gonçalves et al. [START_REF] Gonçalves | A three-dimensional finite element model for stress analysis of adhesive joints[END_REF])

= = 0 0 0 0 0 0 = ! 0 0 0 ! 0 0 0 " # # # $ (1) 
The parameters ks and kt are the shear interface stiffnesses and kn is the normal interface stiffness. Table 6 summarizes the properties of adhesive joint used in this study. The stiffnesses of the interfacial elements were then determined from the results of tensile test performed on bulk adhesive specimens. Ec is the elastic tensile modulus of bulk adhesive, υc the Poisson's ratio of adhesive and e is the thickness of adhesive joint (was taken as 1 mm in this study). The main component affecting the behaviour of the shear connection in hybrid bonded elements is the concrete slab.

This component must be carefully modelled to obtain an accurate result from the finite element analysis. It was shown in the experimental program that the failure occurred in the concrete, close to the interface therefore, the constitutive law of concrete substrate must consider the nonlinear behaviour and the degradation of stiffness of the compressed concrete due to the initiation and growth of microcracks. For this reason, the elastic plastic damage model was used to describe the non-linear behaviour of concrete in compression and tension. The model was proposed and developed by Jason et al. [START_REF] Jason | An elastic plastic damage formulation for concrete: Application to elementary tests and comparison with an isotropic damage model[END_REF], coupling plasticity (for the development of irreversible strains and volumetric compressive behaviour) and damage (for the softening response and the decrease in the elastic stiffness)

effects in a single constitutive relation. The non-local approach of this model was used to avoid a spurious description of strain localisation and dependence of results on the mesh characteristics. The formulation of this model can be found in the study of Jason et al. [START_REF] Jason | An elastic plastic damage formulation for concrete: Application to elementary tests and comparison with an isotropic damage model[END_REF].

The parameters of the constitutive law were calibrated based on the results of tests performed on the concrete (compressive and tensile tests) and the recommendations of Jason et al. [START_REF] Jason | An elastic plastic damage formulation for concrete: Application to elementary tests and comparison with an isotropic damage model[END_REF] and Crouch and Tahar [START_REF] Crouch | Application of a stress return algorithm for elasto-plastic hardening-softening models with high yield surface curvature[END_REF]. The parameters chosen for the numerical simulation are summarized in Table 7 and the numerical stress-strain curves of the concrete in compression and traction are shown in Fig. 8. 

Table 7 Parameters of the concrete elastic plastic damage model for the series PO-T-1-G100-2C-S

Fig. 8 Stress-strain curves adopted for concrete in (a) compression and (b) tension

The complete elastic plastic damage model contains 17 parameters, including the elastic ones. For the elastic phase of behaviour, the Young's modulus of concrete Eb was measured experimentally and the Poisson's ratio of concrete υb was estimated to be equal to 0.2. For the damage part of model, there are five parameters: εD0 is the threshold of damage and acts on the peak position in direct tensile test, the two parameters Bt and At (or Bc and Ac) act, respectively, on the post peak behaviour and on the final asymptote for the axial stress-strain curve of concrete in traction (or compression), they define the shape of curves (softening regime). Finally, for the plasticity, there are ten parameters: the two parameters rc and rt control the amount of plastic strains and the residual stress for large strains in compression and traction, respectively. The 4 parameters (α, Ah, ' and k0) have constants and fixed values (α=0.5, Ah=7 10 -5 , ' =0.99 and k0 = 0.1) according to Jason et al. [START_REF] Jason | An elastic plastic damage formulation for concrete: Application to elementary tests and comparison with an isotropic damage model[END_REF] and Crouch and Tahar [START_REF] Crouch | Application of a stress return algorithm for elasto-plastic hardening-softening models with high yield surface curvature[END_REF] (α is the deviatoric shape factor, the meridional shape factor, k0 is the initial hardening variable and Ah is a hardening factor). The hydrostatic intersection factor a, the hardening meridional shape factor p and the hardening factors Bh and Ch may be identified from cyclic compression and confined cyclic compression tests. In this study, the concrete substrate is subject to a static load, therefore these parameters have no significant influence in the response of concrete.

According to Bažant and Pijaudier-Cabot [START_REF] Bazant | Measurement of characteristic length of nonlocal continuum[END_REF], the characteristic length ℓc for the non-local approach can be assumed to be about 2.7 times the maximum aggregate size (2.7da). Crouch and Tahar [START_REF] Crouch | Application of a stress return algorithm for elasto-plastic hardening-softening models with high yield surface curvature[END_REF] define this characteristic length ℓc as the minimum length between two near-parallel cracks. In this study, the maximum aggregate size was about 8 mm, therefore, the characteristic length was supposed to be equal to 24 mm.

Validation of the finite element model

The accuracy of the model is checked by comparing the numerical strain-load curves with the corresponding experimental curves of push-out test. For this aim, a push out test was done on a specimen of the series PO-T-1-G100-2C-S equipped by 5 strain gauges (denoted G1, G2, G3, G4 and G5) at different locations on the pultruded tube. The strain gauges were glued on the outer face of the GFRP tube and their locations and directions are shown in Fig. 9.

Fig .9 Strain gauges locations

Numerically, due to large deformation and damage of concrete substrate, with the set of chosen parameters, severe convergence difficulties were experienced with Cast3M to obtain the downward part of curves, whatever the step increments or solution settings. So, in the absence of experimental results that could help us to calibrate more precisely the numerical parameters governing the post-peak concrete behaviour, the numerical curves are only computed until the maximum load, named Fu.

The strain-load of the push out specimen predicted by the FE model are shown with the experimental results in Fig. 10.

Fig .10 Experimental and numerical strain-load curves of push-out specimen

An overall good agreement between the numerical predictions and the experimental values can be observed in these curves. The load carrying capacity and strain evolution are nearly same with acceptable percentage of error. The relative error between the experimentally average failure load of the series PO-T-1-G100-2C-S-1 (382.2 kN) and the numerical failure load (397.5 kN) is about +4 %. It seems that the numerical model fits satisfactorily and represents reasonably the trend of the strain evolutions along the outer face of pultruded tube. It can, therefore, be concluded that the proposed model is reliable in predicting the behaviour of push specimen and can be used to study and predict the stress and strain states in the specimen.

The stresses and damage parameter distributions along the symmetry axis for different load levels are presented in Fig. 11. The stress analysis is concentrated at the interface adhesive/concrete because the failure occurred in the concrete near this interface. For this reason, the different stress distributions presented herein were calculated and evaluated at the interface in the concrete at the Gauss points of finite elements. show a tendency similar to the σxx stresses where the τxz stresses are relatively low at the inner region of the overlap and peaking at the upper overlap edge. As failure approach, the upper peak increases and achieves a high value greater than the tensile strength of the concrete and of the adhesive. Meaud et al. noted a similar behaviour in [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] and reported that this increase was possible because of the perpendicular compression stress σxx, applied at the same location. It can be seen that there is no stress peaks at the lower end of overlap and the stress shows a smaller magnitude compared to that observed at the upper end. This distribution is due to the diverging longitudinal deformation between the adherends along the overlap, according to Pinto et al. [START_REF] Pinto | Single-lap joints of similar and dissimilar adherends bonded with an acrylic adhesive[END_REF]. The longitudinal deformation of the adherends gradually increases with z (position at the overlap length). It can also be seen that the stress distribution is almost uniform along the interface for the low load levels (<19% Fu). The damage variable D begins to increase at a load of approximately 19% Fu, and the damage progressively spreads on the entire bonding surface as the load increases (Fig. 11(d)). The damage starts at the upper edge of the interface and grows toward the lower end of the overlap. Parametric study

Having established the accuracy of the finite element method to predict the load-carrying capacity, the FE model has been used to provide a parametric analysis aimed at individuating the main geometrical parameters influencing the overall behaviour and load carrying capacity of the push out test specimens. Several sets of simulations were conducted with various geometries and configuration of specimens to determine the most effective parameters that can improve the bond behaviour between GFRP and concrete. In each set, only one parameter is varied at a time and the remaining parameters are maintained constant.

Influence of shape of GFRP profile

The analysis of the possible influence of the profile shape on the specimen behaviour is further analysed through the variation of the shape of GFRP profile. To evaluate the effect, two numerical simulations were performed with two sections of GFRP profile: I-section profile and box section. All the geometrical and characteristics of the GFRP material are kept constant for the two shapes. The thickness of flanges and web of the GFRP I-profile is equal to the wall thickness of the GFRP tube (10 mm). The height and width of GFRP I-profile are also equal to those of GFRP tube (100 mm × 100 mm).

Fig .13

Load -imposed displacement diagram for the two sections of GFRP profile

The overall behaviour of the specimen is the same in both cases, as shown in Fig. 13. The load-displacement curve has a linear part up to about 0.25 mm of displacement imposed, then, with the appearance of significant cracking, a non-linear part appears until the failure. It can also be seen that the stiffness of the specimen is greater in the case of the GFRP tube. This difference on the stiffness of assembly may attribute to the difference of the stiffness of the GFRP profiles. However, the ultimate load of the specimen made with an I-section (427.8 kN) is greater than that found in the case of the tube (397.5 kN). This result slightly disagrees with the experimental observations (series PO-T-1-G100-2C-WS-2 and PO-I-1-G100-2C-WS) for which a higher shear strength was found in the case of the tube section. Nonetheless, it should be noted that, for the series with the I-section (PO-I-1-G100-2C-WS), the GFRP I-profile had different dimensions and the bottom surfaces of concrete blocks could not be rectified which caused premature failure during testing due to the geometry imperfections. The effects of this surface preparation are obviously not considered in the numerical simulations. 

Influence of free height

Examining the effect of the distance between the bottom surface of concrete block and the lower end of GFRP profile (which is named "free-height") on the behaviour of push out specimens are discussed in this section and the variation in load capacity of specimen and distribution of stresses is studied. Six trials consisting of free-height of 10, 20, 50, 75, 100 and 150 mm were done. Fig. 15 shows the effect of the free height on the ultimate load capacity of the specimen.

Fig .15 Influence of free height on the load carrying capacity of push out specimen

Increasing the free height had a considerable effect on the ultimate load of specimen. The ultimate load decreases as the free-height increases. The model with 150 mm manages only an ultimate load of 346.8 kN compared with 400 kN for a free-height of 10 mm. The lower the free-height, the greater the ultimate load becomes. On the other hand, it is noticed that for the values of free-height less than 50 mm, the ultimate load is not affected significantly. The ultimate load decreases from 400 kN to about 397.5 kN when the free-height increases from 10 to 50 mm. Similar results were found by Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] in a numerical study of the effects of the free height in the behaviour of steelconcrete bonded joints. The authors found that, in the case of a total restraint of z, y and x displacements at the base of the concrete slab, the failure load of the push-out specimen, tends to decrease as the free height decreases whereas the value increases if no friction is taken into account (the concrete slab at the bottom was able to slide freely in the lateral directions). The results of this study and previous work of Meaud et al. [START_REF] Meaud | Steel-concrete bonding connection: An experimental study and non-linear finite element analysis[END_REF] show an important negative influence of the friction between the base of the concrete slab and the compressive platen of testing machine when the free height becomes important. Therefore, in this case, the decrease of the failure load may be attributed to the parasite moments induced by the friction forces and which increase with increasing the free height.

Fig. 16 shows the peel and shear stress distributions along the symmetry axis, at ultimate load, for the different values of free height.

Fig .16 (a) Peel stress and (b) shear stress variations along the symmetric axis for the different free heights at the ultimate load

Despite the decrease in the failure load, the distribution of stresses is almost the same and do not change significantly with the change of the specimen free-height. This means that the crack or the failure of specimen starts to propagate in similar way although the peak load changes with the specimen free-height. The higher the free-height, the more flexible the specimen becomes due to the relative important length of concrete blocks. The crack propagation for the specimens with high values of free-height occurs then at a faster rate.

Influence of joint thickness

The effect of epoxy thickness is studied in this section to determine how the thickness of the epoxy joint would influence the behaviour of the specimen. Four different joint thickness were considered: 1, 2, 3, 5 mm. The interface finite elements were used to model the joint, as mentioned earlier. All the characteristics of the adhesive epoxy are kept constant at their initial values (Young's modulus and Poisson ratio). Therefore, to consider the variation of joint thickness the interface stiffnesses (penalty parameters of the interface elements) were varied using their expressions in Eq. ( 2). 

Influence of bonded length

The length of the bonded area in the experimental program was 150 mm. To evaluate the effect of the epoxy-bonded length, this length was reduced to 100 mm and 50 mm and then increased to 200 mm. In all the numerical simulations of this part, the bonded width maintained at 100 mm and the others geometrical dimensions were held constant except the length of GFRP pultruded tube and concrete blocks which has changed with respect to the bonded length. Fig. 19 presents the effect of the bonded length on the numerical load-imposed displacement diagram of the push out specimen.

Fig. 19 Load -imposed displacement diagram for different bonded lengths

Decreasing the bonded length led to a decrease in the ultimate load. The load carrying capacity of specimen decreased of about 35.7% and 16.1% when the bonded length became 50 and 100 mm, respectively. Also, the slope of the load-displacement diagram, which represents the stiffness of the specimen, decreased significantly.

Increasing the bonded length by 50 mm led to a slight gain in the ultimate load (only 0.98 %) and the stiffness of the specimen increased slightly. These observations prove the concept of effective bond length. There is an optimum length for the bonded area for a given bonded width (100 mm in this study), increasing the bonded length beyond this optimum length doesn't affect the behaviour of specimen significantly.

Fig. 20 shows the variation of the peel and shear stresses at the adhesive/concrete interface plotted along the symmetry axis for the different bonded lengths.

Fig. 20 (a) Peel stress and (b) shear stress variations along the symmetric axis for different bonded lengths at the ultimate load

From these curves, it can be seen that the curves follow the same trend. The stresses increased significantly at the upper end of the overlap by increasing the bonded length. However, for the small values of the bonded length, the stresses along the bonded interface and the edges peak in the bottom end are almost higher compared with that obtained with the higher bonded lengths (more than 150 mm). With short overlap joints, all the interface is under high shear stress while for the longer overlap joints, the great majority of the load is carried by the upper zone of the interface. The lower bonded lengths provide more homogeneous distribution of stresses along the interface.

Conclusion

Experimental tests were carried to investigate the influence of some parameters on the behaviour of GFRP-concrete push-out specimen. The results showed that the remove of geometrical imperfections and the improvement of the contact between the specimen and the machine's compressive platens improves the shear strength of specimens and ensures the reproducibility of results. It was also demonstrated that the clamping pressure during the bonding phase of specimen has significant effects on the failure mode of push-out specimen.

In order to complete the parametric study, a 3-D finite element model considering the nonlinear damage behaviour of concrete substrate was proposed. The interface elements were used to simulate the contact between the two adherents and the thickness of adhesive joint was neglected. The proposed model allows saving efforts and times in the cumbersome experiments and can be used to better understand the mechanical behaviour of this type of bonded assemblies. The FE modelling presented here was limited for the case of cohesive failure within the concrete. Good agreement between the results of the FE models and the experimental results was achieved. The real distribution of stresses, shear stresses in particular, was predicted with the proposed model.

The proposed model was found to be a very useful tool for performing parametric studies on the push out test.

Therefore, a numerical investigation was conducted to study the effects of various parameters such as bonding length, distance between the bottom faces of concrete blocks and the lower face of pultruded tube (free-height) and shape of GFRP profile. The primary conclusions of the investigation in this study are summarized below:

• Shape of GFRP profile, provided that this profile be chosen from among standard shapes for flexural elements, has no significant effects on the load carrying capacity and on the distribution of stresses of push-out specimen,

• By increasing the thicknesses of adhesive, the peak stresses at the overlap end tend to decrease. However, this conclusion should be considered cautiously because the effects of this parameter must be studied with a model taking into account the possible failure of joint adhesive by shearing or debonding,

• Increasing the free height of push out specimen resulted in lower load carrying capacity. A value of free height less than 50 mm is recommended to reduce the effects of this distance on the ultimate load. This restriction on the free height is interesting when push-out tests are at issue, to increase their reliability. It is not intended for use in practical cases involving bonded structures,

• Increasing the joint length resulted in higher load carrying capacity, reduction of shear stress in the inner region of the joint and displacement of the peaks of stresses towards the free edges. It was also found that there was an optimal joint length for which the ultimate load was maximal, and no further increase were found beyond this value.

In light of the results obtained from this study, it is concluded that the proposed methodology to fabricate the push out specimen provides a better estimation of the shear strength and limit the dispersion of results. To reduce the scatter in future tests, it is recommended to smooth the bottom face of concrete blocks and the top face of GFRP profile. It is also recommended to use a fine grit sandpaper to increase the surface roughness of the GFRP adherend.

Furthermore, to ensure the independence of the results from the sizes of the concrete blocks or bonding areas and reduce the effects of these parameters in the failure load of the push-out specimen, the use of a free height less than 50 mm and a bonded length equal to 150 mm are strongly recommended.

Fig. 3 Failure

 3 Fig.3 Failure modes of (a) PO-T-1-WG-1C-WS specimens (without surface treatment of GFRP tube) and (b) PO-T-1-G50-1C-WS specimens

Fig . 11 (

 11 Fig .11 (a) peel stress σxx, (b) axial stress σzz, (c) shear stress τxz and damage factor D distributions along the symmetry plane at the interface adhesive/concrete (y=0) at different load levels. Stresses are plotted in the concrete along the bonded length, from Z=50mm to Z=200mm.

Fig. 14 presents

 14 Fig.14presents the distribution of shear and peel stresses, at the adhesive/concrete interface, along the symmetry axis. It can be seen that the curves follow similar trends on most of the bonded length. The peak stresses in the upper end of overlap (z > 190 mm) have approximately the same values in both cases. On the other hand, at the lower end of the joint, the peak stresses in the case of the I-section are much higher.

Fig . 14 (

 14 Fig .14 (a) Peel stress and (b) shear stress variations along the symmetric axis for the two sections of GFRP profile at the ultimate load. Stresses are plotted along the bonded length, from Z=50mm to Z=200mm.

Fig. 17

 17 Fig.17compares the effect of using the different joint thicknesses on the load-displacement diagram. Using a thick joint lead to a slightly decreased specimen stiffness. On the other hand, the numerical results show that a joint thickness of 2 mm can provide slightly higher ultimate load. This result seems to coincide with what was found in the experimental program where the ultimate load increases of about 10% by increasing the joint thickness from approximately 1 mm to 2 mm.

Fig. 17

 17 Fig. 17

Load -imposed displacement diagram for different joint thicknessesFig. 18

 18 Fig.18show the peel and shear stress variations over the symmetry axis, at the adhesive/concrete interface, at the ultimate load. It can be seen that the thicker joint is yielding lower peak stresses both in peel and shear at the upper end of the overlap (z = 200 mm), whereas the thinner show a rapid increase in the stresses near the upper end. As the thickness of adhesive increases, the values of stresses decrease at the upper free edge.

Fig. 18 (

 18 Fig. 18 (a) Peel stress and (b) shear stress variations along the symmetric axis for different joint thicknesses at the ultimate load. Stresses are plotted along the bonded length, from Z=50mm to Z=200mm.

  

  

  

  

  

Table 2 Tensile properties of the pultruded GFRP materials obtained from small scale specimens

 2 

		Property	Test method	Value	Unit
		Longitudinal tensile strength		397 ± 46	MPa
	Flange	Longitudinal tensile modulus		30.8 ± 3	GPa
	GFRP I-profile	Strain at failure Longitudinal tensile strength	ISO 527	13000 ± 1530 308.4 ± 43	µm.m -1 MPa
	Web	Longitudinal tensile modulus		27.6 ± 3	GPa
		Strain at failure		11200 ± 1400	µm.m -1
		Longitudinal tensile strength		437 ± 27	MPa
	GFRP tube	Longitudinal tensile modulus	ISO 527	28 ± 2	GPa
		Strain at failure		15012 ± 4800	µm.m -1

Table 4 Push-out test results

 4 

	Series	Bonded area (mm 2 )	Averaged failure load		Failure mode
					50% cohesive failure within
	PO-T-1-WG-1C-WS	2 × 100 × 150	242.3 ± 77.9	8.2 ± 2.6	concrete & 50% adhesive failure at
					the adhesive-GFRP interface
					90% cohesive failure within
	PO-T-1-G50-1C-WS	2 × 100 × 150	175.1 ± 75.3	5.9 ± 2.5	concrete & 10% adhesive failure at
					the adhesive-concrete interface
	PO-T-1-G100-2C-WS-1 2 × 100 × 150	105.8 ± 34.3	3.5 ± 1.1	100% cohesive failure within concrete
	PO-T-1-G100-2C-WS-2 2 × 100 × 150	229.7 ± 50.7	7.9 ± 1.7	100% cohesive failure within concrete
					80% cohesive failure within
	PO-I-1-G100-2C-WS	2 × 100 × 150	210.8 ± 20.8	7.2 ± 0.7	concrete & 20% adhesive failure at
					the adhesive-concrete interface
	PO-T-1-G100-2C-S-1	2 × 100 × 150	382.2 ± 56.3	13.0 ± 1.9	100% cohesive failure within concrete
	PO-T-1-G100-2C-S-2	2 × 100 × 130	286.7 ± 14.4	11.0 ± 0.6	100% cohesive failure within concrete
	PO-T-2-G100-2C-S	2 × 100 × 130	313.9 ± 18.9	12.1 ± 0.7	100% cohesive failure within concrete

, (kN) , (MPa)

Table 5 Elastic properties of GFRP pultruded tube.
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	Property		value
	Longitudinal tensile modulus	E11	26 GPa
	Transverse tensile modulus	E22 = E33	8 GPa
	Transverse shear modulus	G23	4.5 GPa
	In-plane shear modulus	G12= G31	4.5 GPa
	Major Poisson's ratio	υ12 = υ31	0.28
	Minor Poisson's ratio	υ 23	0.12
	Specific weight	Ρ	1.9 g/cm 3

Table 6 Parameters of the constitutive law of joint adhesive
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	Ec	υc	E	ks	kt	kn
	6.8 GPa	0.3	1 mm	2.6 kN/mm 3	2.6 kN/mm 3	6.8 kN/mm 3