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One of the goals of sustainable development applied to bridge infrastructure is to provide bridge owners with strengthening solutions that may lead to an increase of existing structures service life. In the case of steel bridges, the assessment of the remaining service life is most often linked to the determination of the structural deterioration caused by corrosion and fatigue. Damage caused by fatigue is very difficult to assess before crack initiation, and is more bound to occur in old structures, for which the phenomenon was not taken into account in design before 1970. In addition, old steel materials present a more brittle behavior. The FASSTbridge project, financed through European Infravation call, is aimed at developing a pre-cracking fatigue assessment and strengthening methodology for steel bridges, based on the technology of adhesively bonded composite. The methodology will include an assessment method of remaining fatigue life of existing structures, the design and on-site application of a strengthening system, and the environmental and economical appraisal of the solution. A new strengthening technique based on CFRP plates will be developed. This technique will include the formulation and production of a specific adhesive, specifications for using commercial CFRP plates, and the definition of instrumentation plans to monitor the performance of the strengthening system. Finally an on-site application in an actual steel bridge will be carried out, to verify the quality of the proposed solution.

INTRODUCTION

Steel bridges serve as vital components in the transportation infrastructure. Bridges are a frequent cause of the major negative impact in densely populated areas with regard to both users' convenience (such as service disturbances, disruptions, accessibility problems, delays, traffic jams) and welfare (such as obstacles to safety and security, nuisance from noise, vibration dust, and air pollution). Moreover, problems derived from their improper functionality are also cause of important impacts in the economic activities of the affected area (transportation, job accessibility, development strategies). In Europe 15% of the 300 000 bridges are made of steel or they have concrete-steel composite structures [START_REF] Ye | P: A State-of-the-Art Review on Fatigue Life Assessment of Steel Bridges[END_REF]. Of this number, it is considered that approximately 68% need structural interventions. In the USA, 34% of the 599 000 bridges are made of steel. Of this number, approximately 9% are classified as structurally deficient, 15% are functionally obsolete and 9.5% are both structurally deficient and functionally obsolete [START_REF] Lee | Current State of Bridge Deterioration in the U[END_REF]. Many of these bridges were constructed using old standards and for a design service life of 50 years, which is coming to its end or has already been exceeded.

Fatigue is the second main cause of damage after corrosion for steel bridges, limiting their load-carrying capacity and residual life, and is one of the main causes involved in fatal mechanical failure of this kind of asset. The increase of traffic flows and loads in the last decades has a direct influence on this issue, especially on structures designed and erected many years ago for which fatigue was not taken into account during design [START_REF] Palmer | The development of welded steel fatigue design guidelines[END_REF]. Fatigue is a progressive and local weakening process in which structural damage is accumulated due to the continuous and repetitive application of external loads (vehicles and trucks in the case of steel bridges). The process of fatigue consists of three steps: crack initiation, crack propagation and failure. This phenomenon is extraordinarily dangerous and difficult to identify with a conventional structural stress analysis, which might lead to a misleading result of safety. In addition, there is no mean to measure fatigue damage on site before crack initiation. Damage can only be assessed using either fatigue design loading from the standards, or long-term on-site strain measurement [START_REF] Kühn | Assessment of Existing Steel Structures: Recommendations for Estimation of Remaining Fatigue Life[END_REF]. The corresponding methods, that allow the determination of the remaining service life, can be based on the characteristics of the studied asset (deterministic methods) or in existing statistics (probabilistic). The latter require a considerable amount of data, which is still scarce. Therefore, deterministic methods are commonly used.

Currently, the mainstream strategy concerning fatigue has been a reactive strategy. Maintenance or repair indeed has mainly occurred after the appearance of cracks in the structure. With a bridge stock that is inevitably ageing, it is necessary to widely adopt a preventive strategy to enable road administrations to enlarge the service life of steel and composite steel bridges in a cost-effective and sustainable manner to avoid the high economic and environmental costs of following the current strategy in the years to come. The prevention of fatigue is thus a high priority. To provide such a strategy, it is essential to seek an easyto-apply solution which includes an engineering analysis methodology for assessing the fatigue damage status and the application of fast, cost-effective and sustainable retrofitting strengthening techniques that enable the wide adoption of the preventive approach, avoiding difficult, resource-consuming and costly retrofitting and repair interventions and demolitions of the steel and composite steel bridges stock.

Once fatigue damage has been identified, normally by visual inspection for crack detection, various methods are frequently used to strengthen steel bridges. The most popular among engineers is the attachment of steel plates to the tension flange of the girders (FHWA, 2013) (Fig. 1). However, this method has several disadvantages: plates are usually bulky, heavy, difficult to fix and prone to corrosion and fatigue. In general, conventional strengthening techniques are labor-intensive and disruptive to traffic flows, thus limiting their application in the wide network of European and American steel bridges. Carbon Fibre Reinforced Polymers (CFRP) composites, although more expensive than steel plates in terms of price per unit/m 2 , have several and relevant advantages that make them suitable and cost effective for steel bridges retrofitting: their application is less time consuming than traditional solutions (i.e. from one month to a few days, therefore less traffic disruptive), have a high strength-to-weight ratio, excellent fatigue properties, low space disruption, high durability and versatility, and are easy to transport, handle and apply (without heavy equipment) [START_REF] Tavakkolizadeh | Fatigue strength of steel girders strengthened with carbon fiber reinforced polymer patch[END_REF][START_REF] Bocciarelli | Fatigue performance of tensile steel members strengthened with CFRP plates[END_REF] (Fig. 1). Despite their wide application on indoor concrete structures, where CFRP is progressively replacing the traditional techniques, CFRP has not been broadly used for steel structures yet, especially in bridges. The main technical barrier for the adoption of CFPR is the durability of existing commercial adhesives in outdoor environments, which is still limited for this kind of interventions, where high functional periods with minimum maintenance are expected. When exposed to outdoor environments and fatigue conditions, in order to ensure cost-effective and durable strengthening interventions, high quality adhesives are necessary [START_REF] Zhao | FRP-strengthened metallic structures[END_REF]. 

OBJECTIVES OF FASSTbridge project

FASSTbridge aims at drastically reduce the economic and environmental costs of ownership of the steel bridges stock in Europe and the USA by providing a reliable preventive, cost-effective and sustainable solution for steel bridges life-time extension. The preventive nature of the solution is the key to costeffectiveness and sustainability, since it will allow the timely design and implementation of innovative, competitive CFRP-based strengthening actions that will reduce the overall costs and environmental impact of life-time extension.

This solution will stand on two pillars. The first will be dedicated to the proposal of a FASSTbridge methodology to prevent the evolution of irreversible fatigue derived problems at a pre-cracking scenario. The second will concern the development of a FASSTbridge strengthening system to preventively extend life-time of steel bridges.

FASSTbridge methodology

The methodology will address the development and validation of a preventive and easy-to-apply procedure to assess the remaining life of steel bridges. Such a procedure should be in agreement with existing methods presented in (AASHTO, 2012;[START_REF] Kühn | Assessment of Existing Steel Structures: Recommendations for Estimation of Remaining Fatigue Life[END_REF], and should propose a clear strategy between the classical nominal stress method and the local stress approach. It should also be supported by indicators from non-destructive or monitoring methods.

If insufficient remaining service life is determined, a proposal will then be made regarding the design and the application of adhesively bonded composite reinforcement for fatigue strengthening operations. This will be based on existing guidelines and previous investigations (CNR, 2007;DNV, 2012;[START_REF] Schnerch | Design guidelines for the use of HM strips: strengthening of steel concrete composite bridges with high modulus carbon fiber reinforced polymer (CFRP) strips[END_REF][START_REF] Cadei | Strengthening metallic structures using externally bonded fibre-reinforced polymers[END_REF].

The methodology will also include a strategy regarding the maintenance of the strengthening, and the monitoring to verify the efficiency of the structural reinforcement and to contribute to databases for the assessment of steel bridges in fatigue.

FASSTbridge strengthening system

The proposed strengthening system will rely on the development of a specific adhesive for the considered application. The adhesive should be durable and allow a correct force transfer between CFRP plate and steel adherend. It should also have good rheological performance before curing to allow an easy on site application. The obtained mechanical properties of the cured adhesive should be durable and in agreement with existing standards. Associated to this adhesive, a commercial CFRP plate will be chosen according to the requested technical and economical properties needed for the project.

The compatibility of both parts (adhesive and CFRP plate) will be verified through different tests on the assembly and under different environmental conditions relevant with the design codes recommendations (AASHTO, 1989;EN1990, 2002EN 1991EN , 2003)). The experiments will also check the compatibility of different monitoring devices with the assembly. The led experimental investigations will be followed by the definition of a pre-certification plan for the studied system.

FASSTbridge solution

In addition to the assessment tools and strengthening system, the FASSTbridge solution will be completed with a method to evaluate the effectiveness and efficiency of the interventions based on costbenefit analysis and life cycle analysis.

An on-site application will be carried out at the end of the project to demonstrate the applicability of the complete solution. This will be done on a composite steel/concrete bridge from the community of Madrid. It will include the application of complete methodology (determination of the remaining life-time, design of the reinforcement, cost-benefit and life-cycle analyses, application of the reinforcement and monitoring on site) (Fig. 2). 

Demonstration

To ensure the achievement of the stated objectives a work plan, including 6 work packages, has been defined for the project (Fig. 3). The first package is dedicated to the overall management and coordination of the project. The last package aims at ensuring good dissemination of the results. The other four packages are the technical ones and will be thus more deeply described in the following paragraphs. The work package 2 will be dedicated to design the FASSTbridge methodology regarding the assessment of the remaining fatigue life of the structures, the design of the reinforcement and its maintenance. A review of existing methods regarding fatigue will be carried out for both US and European cases (Fig. 4). This should lead to a proposal of an assessment method placed between the classical nominal stress method and the local stress approach [START_REF] Kim | Novel hot spot stress calculations for welded joints using 3D solid finite elements[END_REF]. If the assessment proves one or more detail to be prone to fatigue damage, inspection should be carried out to check the existence of cracks.

In the case of existing cracks, calculation methods based on fracture mechanics will be recommended.

Adhesively bonded CFRP may be used to slow crack propagation in such a case [START_REF] Bassetti | Crack repair and fatigue life extension of riveted bridge members using composite materials[END_REF][START_REF] Liu | Experimental study of fatigue crack growth behaviour in adhesively reinforced steel structures[END_REF][START_REF] Lepretre | Reinforcement of a cracked steel plate using CFRP bonding[END_REF], which will not be included in the project since the aim of FASSTbridge is to define a preventive solution.

In the case where no cracking occurred, the second part of WP2 will be dedicated to the definition of the design of strengthening, using adhesively bonded CFRP plates and based on existing recommendations (CNR, 2007;DNV, 2012;[START_REF] Schnerch | Design guidelines for the use of HM strips: strengthening of steel concrete composite bridges with high modulus carbon fiber reinforced polymer (CFRP) strips[END_REF][START_REF] Cadei | Strengthening metallic structures using externally bonded fibre-reinforced polymers[END_REF]. This will also include a specific review on the topic of monitoring and the definition of a specific strategy for the studied case. Work package 3 aims at defining the FASSTbridge reinforcement system, i.e. developing the adhesive, choosing the CFRP plate and assessing their compatibility. The adhesive will be developed by Collanti according to the specifications of the adhesive defined at the beginning of the and dedicated to obtain durable and reliable performance. The rheological behavior of the adhesive will be assessed as in [START_REF] Benzarti | Accelerated ageing behaviour of the adhesive bond between concrete specimens and CFRP overlays[END_REF][START_REF] Houhou | Analysis of the non-linear creep behavior of FRP-concrete bonded assemblies[END_REF] to check that the developed adhesive meets the requirements in terms of ease of application, mechanical properties, thermal properties (glass transition temperature) and durability.

The technical and economical properties of the requested CFRP plate will then be determined and a commercial product chosen. Its compatibility with the developed adhesive will be assessed using first prototype testing on the assembly.

Fig. 5: Experimental results (glass transition temperature and mechanical tensile behavior) regarding the influence of hydrothermal ageing on two commercial epoxy resins [START_REF] Benzarti | Accelerated ageing behaviour of the adhesive bond between concrete specimens and CFRP overlays[END_REF] 3.3 WP4: Strengthening system process qualification This work package is entitled to validate the adopted strengthening system through an extensive experimental campaign, designed according to the requirements of the system from the literature (Lignhoff et al., 2009;[START_REF] Zhao | State-of-the-art review on FRP strengthened steel structures[END_REF][START_REF] Ghafoori | Design criterion for fatigue strengthening of riveted beams in a 120-year-old railway metallic bridge using pre-stressed CFRP plates[END_REF]Hesmati et al., 2015;[START_REF] Dawood | Environmental durability of a CFRP system for strengthening steel structures[END_REF].

The influence of the execution process and the temperature will be investigated by static tests as the one defined in [START_REF] Chataigner | Use of a single lap shear test to characterize composite-to-concrete or composite-to-steel bonded interfaces[END_REF]. Additionally, specific campaigns dedicated to the study of the durability of the reinforcement process, will also be carried out similarly to campaigns done in [START_REF] Chataigner | Adhesively bonded composite reinforcements for steel structures: durability of the stress transfer[END_REF] (Fig. 6). The experimental campaign will also be designed to assess the possibility to integrate sensing capabilities to the reinforcement in agreement with the defined methodology.

Work package 4 will also lead to the definition of the cost-benefit and the life-cycle analyses. It will describe the proposed adopted methodology for both cases and the requested information, so that both may be carried out. The last technical package aims to demonstrate the applicability of the whole proposed solution on a real bridge. For this purpose, the community of Madrid has proposed to analyze one of the bridges within their area of responsability (Fig. 7). The chosen bridge is a composite bridge erected in the 1960s. It has suffered a considerable increase of traffic flow that was not considered during design, but does not present damages. The FASSTbridge methodology will be applied on this bridge to assess its remaining fatigue life. A design of an adhesively bonded CFRP reinforcement will then be done for the most critical details. This will allow to carry out both cost-benefit and life cycle analyses of the solution in that particular case and to apply the designed reinforcement system and the chosen monitoring strategy on site.

The FASSTbridge project aims at developing a fast and effective solution for steel bridges fatigue lifetime extension. The project intends to propose: -a methodology of structural assessment of remaining service life regarding fatigue, and design of a reinforcement based on adhesively bonded CFRP with additional monitoring, -in addition to a reinforcement process that will be developed. This one should combine a specifically designed adhesive with a chosen commercial CFRP product.

The overall proposed solution will be completed with cost-benefit and life-cycle assessment tools so that the advantage of the proposed procedure may be evaluated. The project includes a specific work package dedicated to the application of the whole solution on site on a composite steel-concrete bridge in Madrid.

To achieve the comprehensive and extensive work proposed in this project, the consortium of the project is composed by public and private research and expertise organisms, consulting engineering firms, a construction company, a public structure owner, an adhesive production company.

Fig. 1 :

 1 Fig. 1: Photo of a repair using additional bolted steel plate on the left (FHWA, 2013), and adhesively bonded CFRP on the right (On site application in France)
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 2 Fig.2: Scheme of the objectives of FASSTbridge project
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 3 Fig.3: Implementation of FASSTbridge project
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 4 Fig.4: Fatigue classes according to AASHTO on the left and Eurocode on the right
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 6 Fig.6: Failure modes in shear of a CFRP to steel bonded assembly before and after hydrothermal ageing[START_REF] Chataigner | Adhesively bonded composite reinforcements for steel structures: durability of the stress transfer[END_REF] 
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 7 Fig.7: Photos of the bridge in Madrid for the on-site application
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