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Externally bonded composite reinforcements have proven their efficiency in the strengthening of existing concrete structures. Regarding their use in the case of old steel structures, there is however much less literature, more particularly concerning their use for old steel materials such as puddled iron and mild steel. For these steel structures, the adhesive joint behavior becomes more critical than in the case of concrete, as it would be the weak point of the assembly. This study investigates the bond behavior between CFRP (Carbon Fiber Reinforced Polymer) laminates and different old steel materials (mild steel and puddled iron). Different reinforcement processes (different composite elastic modulus and thicknesses, also with different adhesives) have been experimentally studied investigating the materials' behavior (steel, and adhesive) and the assembly behavior through the realization of single lap shear tests. Some of the shear samples were monitored using strain gages during the test in order to determine an equivalent interfacial behavior that may be used during the design process of the reinforcement or Finite element modelling. Additionally, some load/unload cycles have been applied to check their effect on the assembly capacity. Experimental results show different shear capacity and bond behavior for the different modulus of composite material but not for the different metallic substrates. Likewise, load/unload cycles underline the evolution of different behavior for both normal modulus and ultrahigh modulus CFRP.

Introduction

The potential of externally bonded FRP composites in strengthening steel structures has been clearly shown in some studies ( [START_REF] Xia | Behaviour of FRP-to-steel bonded joints[END_REF][START_REF] Yu | Experimental study on CFRP-to-steel bonded interfaces[END_REF][START_REF] Fawzia | Bond-slip models for double strap joints strengthened by CFRP[END_REF][START_REF] Zhao | State-of-the-art review on FRP strengthened steel structures[END_REF]). The excellent properties of the CFRP composite, such as non-corrosion, high strength, low weight and easy handing, make it an ideal choice for the strengthening of existing metallic structures. Regarding their use in the case of old steel structures, there is however much less literature, more particularly in the case of old steel materials such as wrought iron (puddled iron) and mild steel. Since CFRP composites are externally bonded to steel elements, a good understanding of bonding performance and mechanisms of the CFRP-to-old steel interface is thus essential. In this paper, the bond behavior between CFRP (Carbon Fiber Reinforced Polymer) laminates and different old steel materials (mild steel and puddled iron) is investigated. Single lap shear tests with three different reinforcement processes (CFRP laminate + adhesive) have been carried out. Normal Modulus CFRP laminates products and Ultra High Modulus CFRP laminates products as well as linear and nonlinear adhesives products were used. The first results deal with the assessment of the bond capacity and the failure mode of the different reinforcement processes. Comparison between S235 carbon steel plate and wrought iron (puddled iron) plate are done. Furthermore, some of the single lap shear samples were instrumented by strain gauges and some load/unload cycles have been applied to check their effect on the assembly capacity. The local bond-slip relationships for the different reinforcement process were also determined [START_REF] Chataigner | Characterization of composite to concrete bonded interface: Description of the single lap shear test[END_REF].

Experimental study

Specimen details and test procedure

The experimental program consisted of eighteen single lap shear coupon tests with identical geometrical form shown in figure 1. The principle of the single lap shear test is to load the adhesive joint in shear by applying tension at the free end of the bonded CFRP plate. The maximum value of the load that can be applied by the hydraulic jack is 100 kN. The testing machine was previously detailed in [START_REF] Chataigner | Characterization of composite to concrete bonded interface: Description of the single lap shear test[END_REF]. Table 1 gives the specimens tag and their characteristics. "S" refers to S235 carbon steel plate and "I" to wrought iron plate. 

Specimen configuration

*manufacturer data e and w represents the thickness and the width of the CFRP laminate, respectively

Table 1: Specimen's designation and characteristics

Three coupon tests were realized for each specimen configuration. Among these three coupons test, only one was instrumented with strain gauges bonded on the CFRP laminates. The strain gauges arrangement is given in figure 1.b).

The non-instrumented coupon samples were tested until failure in order to assess the bond capacity and the failure mode of each reinforcement process, whereas the instrumented specimens were submitted to load/unload cycles before testing until failure.

For NM specimens the load/unload cycles realizes before testing until failure are the following: 10kN, 20kN, 30kN, 45kN. For UHM specimens the load/unload cycles are the following: 10kN, 30kN, 50kN, 70kN, 80kN, 90kN. Note that a five-minute time period is observed between each load/unload cycles.

Materials

S235 carbon steel grade was chosen due to its mechanical properties near those of mild steel currently present in old structures [START_REF] Bassetti | Application de lamelles précontraintes en fibres de carbone pour le renforcement d'éléments de ponts rivetés endommagés par fatigue[END_REF], while wrought iron material originates from the dismantling of an old riveted bridge.

Tensile tests were carried out to assess the mechanical properties of the S235 carbon steel and wrought iron materials used in the study. Wrought iron shows lower mechanical properties than S235 carbon steel. The results are listed in Table 2. 

Material

(5.3) The values correspond to an average values from three test results, the standard deviation is indicated in brackets

Table 2: mechanical properties of metallic materials

Tensile tests were also carried out for adhesive A and adhesive C. For adhesive B, manufacturer data were used. The results are listed in Table 3 and the tensile stress-strain curves are shown in figure 2.

Adhesive

Tensile strength (MPa) Tensile Modulus (GPa) The three types of adhesives used in this study cover a wide range of elastic modulus and tensile strength (see Table 3). They also include both linear adhesives (adhesive A and B) and non-linear adhesive (adhesive C).

Experimental results and discussion

3.1

Failure modes and bond capacity

The failure modes and ultimate loads obtained for the non-instrumented specimens are presented in Table 4. The specimens after failure are shown in Figure 3.

For specimens with NM CFRP laminates the failure mode was mainly cohesive in the adhesive layer, whereas for specimens with UHM CFRP laminates the failure mode was mainly due to CFRP delamination, whatever the metallic material of the plate. These results indicate that the adhesive-to-steel interface is stronger than interface between carbon fibers and resin matrix for the UHM CFRP laminate. The ultimate capacity of the NM specimens (E=165 GPa and E=210 GPa) are similar, whatever the metallic materials. UHM specimens show very high ultimate capacity (one specimen exceeded the maximum load that can be applied by the testing machine).

Specimens

Effect of load/unload cycles

The failure modes and ultimate loads obtained for the instrumented specimens submitted to load/unload cycles are presented in Table 5. The load-displacement curves obtained for the different CFRP reinforcement process are shown in figure 4. A very short plateau is observed at the end of the test for NM specimens (more visible for reinforcement process B). The small size of the plateau is due to the use of a short bond length (120 mm) compared to the effective bond length. Based on this observation, reinforcement process B seems to have an effective bond length shorter than reinforcement process A.

Specimens

For UHM specimens, the delamination failure (inter-laminar failure of CFRP) was rather brittle which explains why the load-displacement curves of these specimens show no plateau. Moreover, for the load/unload cycled UHM specimens, the specimens failed by rupture of the CFRP plate in a brittle way (see figure 5). This must be due to fatigue failure closed to the grips used to apply the force. For NM specimens, a cohesive failure in the adhesive layer is still observed. NM specimens using reinforcement processes A and B, show similar load-displacement curves for both loaded and unloaded specimens. The behavior of the NM joints seems linear, which is not the case for the UHM specimens which display a nonlinear behavior for both loaded and un-loaded specimens. Moreover, UHM reinforcement process shows an ultimate load and displacement larger than for NM reinforcement process. This phenomenon is due to the materials properties (high elastic modulus for CFRP laminate and high ultimate strain for the adhesive). We can also note that the behavior of the joint do not seem to be much affected by the metallic material of the plate whatever the reinforcement process. For all specimens submitted to load/unload cycles, the initial stiffness is larger. Moreover, for UHM specimens, the increase of the initial stiffness of the loaded specimens is much higher than for NM specimens. However, UHM specimen submitted to load/unload cycles shows lower ultimate strength than the unloaded UHM specimens (a loss of 20% strength was observed, but it is important to note that the failure mode is modified and occurs within the CFRP plate). This is not the case for NM specimens for which a small increase of the ultimate strength is obtained for loaded specimens (around 10%).

Strain distribution

Axial strain distributions along the CFRP plate are shown in Figure 6 for the different specimens' configuration and at different load levels. The axial strain values are given by the strain gauges bonded to the top surface of the CFRP laminate. For each reinforcement process, values obtained from S235 carbon steel and wrought iron plates are similar. For this reason, the results for only one plate material are presented here for each reinforcement process. For NM specimens (reinforcement processes A and B), the strain distributions are very similar. Compared with UHM specimen, significant CFRP strains are developed in the NM specimens. In the case of UHM specimen, a much larger length of the CFRP laminate seems to be mobilized, which implies a larger effective bond length. This phenomenon can be due to the softer nonlinear behavior of the adhesive used in the UHM reinforcement process but also to the higher modulus of the CFRP (see Yu et al., 2012 [2]).

In Wu et al., 2012 [8], relationship of bond strength and bond length was studied for Araldite 420 and Sikadur 30 adhesives. The authors showed that the effective bond length of specimen with UHM CFRP laminate (E = 460 GPa) bonded to steel with Araldite 420 adhesive and Sikadur 30 adhesive was approximately 100-120 mm and 70-100 mm respectively, which is convenient with our results.

Bond-slip relationship

Bond-slip curve depicts the relationship between the local interfacial shear stress and the relative slip between the two adherents. The average experimental shear stress was calculated from the data given by the strain gauges bonded on the top surface of the CFRP laminates. The determination of the shear stress, τ, and the local slip, , between two strain gauges is made according to equations 1 and 2, [START_REF] Ghiassi | Numerical analysis of bond behaviour between masonry bricks and composite materials[END_REF].

. . . ( Equation 1) 
. ∑ . ! (Equation 2)

Figure 7 shows the bond-slip curves obtained using equations 1 for all the specimens. NM specimens failed by cohesive failure in the adhesive that is not the case for UHM specimens for which the CFRP laminate rupture is observed near the grips. Thus, for UHM specimens, the bond-slip relationship is not entirely governed by the adhesive properties and the bond-slip curve obtained for both S235 carbon steel and wrought iron plate shall be valid only as long as the CFRP laminate is undamaged. The results obtained for both S235 carbon steel plate and wrought iron steel plate are similar, which implies that the bond-slip curve is not affected by the materials of the metallic plate. The bond-slip curves obtained for NM specimens have similar shapes and characteristic values to those obtained by Xia et al., 2005 [1] and [START_REF] Chataigner | Characterization of composite to concrete bonded interface: Description of the single lap shear test[END_REF], for CFRP laminate strengthened steel plate. The values of initial and maximal slips as well as the maximum shear stress value depend on the material properties of both CFRP laminate and adhesive. Thus for NM specimens, reinforcement process B shows smaller values for initial and maximal slips compared to reinforcement process A. This phenomenon can be due to the higher modulus of elasticity and the smallest ultimate strain value of the adhesive for reinforcement process B (see Fawzia et al., 2010, [3]). A bilinear bond-slip model can approximate the obtained experimental curves for NM specimens.

For UHM specimen, the bond-slip curve shape is different than for NM specimens and can be explained by the nonlinear behavior of the adhesive used and the failure mode of the specimens. In fact, as shown in the previous part, the failure of the UHM specimens is not entirely governed by the adhesive layer (delamination failure occurred for monotonically tested specimens and rupture of CFRP laminate occurred for load/unload cycled specimens). Local damages in the UHM laminate can thus explain this bond-slip curve shape (wide dispersion of the results). Nonetheless, the value of initial slip obtained for UHM specimens is convenient with those obtained by Wu et al., 2010 [8] for UHM CFRP laminate with a modulus of 460 GPa and Araldite 420 adhesive (nonlinear adhesive, see [START_REF] Yu | Experimental study on CFRP-to-steel bonded interfaces[END_REF]). Furthermore, the smallest initial slip for UHM specimens can be explained by the high stiffness of the CFRP laminate.

Conclusions

In this paper, the test results from single lap shear joint specimens were presented. Three types of CFRP reinforcement process (CFRP laminates + specific adhesives) were tested. Some of the tested specimens were instrumented by bonded strain gauges and submitted to load/unload cycles before testing until failure.

The findings from this experimental study are summarized as follows:

-For both monotonic and load/unload cycles testing, the results do not depend on the material properties of the metallic plate. -Load/unload cycles affect the behavior of the joint. For NM specimens, an increase of the initial stiffness and of the ultimate strength was observed, whereas for UHM specimens, a much higher increase of the initial stiffness is observed but the ultimate strength of the joint is reduced by around 20% (with a modification of the failure mode certainly due to our test setting). Additional investigations are needed concerning that last issue. -For NM specimens, cohesive failures in the adhesive layer are observed for both monotonic and load/unload cycles testing. For UHM specimens, delamination failure occurred for monotonically tested specimens while CFRP plate rupture occurred for load/unload cycled specimens. -Assessment of the effective bond length is difficult due to the short bonded length of the tested specimens. Nonetheless, based on the strain distributions for all reinforcement process, UHM specimens seem to have a higher effective bond length than NM specimens which show similar results

for the two NM reinforcement processes (in all case, the effective bond length seems to be less than 120 mm which is in agreement with [START_REF] Chataigner | Characterization of composite to concrete bonded interface: Description of the single lap shear test[END_REF] and [START_REF] Wu | Experimental study on bond behaviour between UHM CFRP laminate and steel[END_REF]). -Experimental bond-slip curves for NM specimens show a bilinear shape similar to that obtained by Xia et al., 2005 [3] and Chataigner et al., 2009 [5]. The key parameters values (maximum shear stress, initial slip and maximum slip) depend on the materials properties of the reinforcement process (CFRP plate and adhesive).

The results of these investigations are the starting point of a broader study aiming at assessing the ability of CFRP reinforcement to decrease the rate of crack propagation on both mild steel and wrought iron. It allowed designing the reinforcements and assessing the initial mechanical performances of the assembly.
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 1 Figure 1: Single lap shear test specimens' geometry: a) side view; b) top view
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 2 Figure 2: Tensile stress-strain curves of adhesives used in the study (N.B: data for adhesive B are from [2])
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 3 Figure 3: Typical failure modes: a) I_NM_A_3 specimen; b) S_NM_B_1 specimen; c) I_UHM_C_3 specimen
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 4 Figure 4: Load-displacement curves (unloaded and loaded specimens): a) NM_A specimens; b) NM_B specimens; c) UHM_C specimens
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 5 Figure 5: UHM laminate failure for cycled specimen
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 6 Figure 6: Strain distributions (variation with applied load level, F (kN), until the ultimate load Fu (kN)): a) I_NM_A_2; b) S_NM_B_2; c) S_UHM_C_2

Figure 7 :

 7 Figure 7: Experimental bond-slip curves for NM specimens: a) reinforcement process A; b) reinforcement process B; c) reinforcement process C

Table 4 : Test results

 4 

		Metallic plate	CFRP reinforcement process	Ultimate capacity (kN)	Ultimate strength (MPa)	Failure mode
	S_NM_A_1 S_NM_A_3	S235	A	41,89 44,41	698,17 740,17	Cohesive failure
	S_NM_B_1 S_NM_B_3	S235	B	39,76 37,82	662,67 630,33	Cohesive failure
	S_UHM_C_1 S_UHM_C_3	S235	C	94,31 99,95	788,55 835,7	CFRP delamination
	I_NM_ A_1 I_NM_A_3	Wrought iron	A	35,77 39,89	596,17 664,83	Cohesive failure
	I_NM_B_1 I_NM_B_3	Wrought iron	B	35,71 44,48	595,17 741,33	Cohesive failure
	I_UHM_C_1 I_UHM_C_3	Wrought iron	C	>100 91,77	836,12 767,31	CFRP delamination

Table 5 : Test results

 5 

		Metallic plate	CFRP reinforcement process	Ultimate capacity (kN)	Ultimate strength (MPa)	Failure mode
	S_NM_A_2	S235	A	47,1	785	Cohesive failure
	S_NM_B_2	S235	B	41,38	689,67	Cohesive failure
	S_UHM_C_2 S235	C	86,57	723,83	CFRP delamination
	I_NM_A_2	Wrought iron	A	46,01	766,83	Cohesive failure
	I_NM_B_2	Wrought iron	B	42,1	701,67	Cohesive failure
	I_UHM_C_2	Wrought iron	C	77,74	650	CFRP delamination
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