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Since the rise of modern reinforced concrete construction in the late 19 th century, there has been little change in production methods. This thesis investigates the possibilities offered by the recent democratisation of digital manufacturing technologies. These technologies should allow creating new reinforced concrete construction standards, able to better meet challenges such as the environmental crisis, the drudgery of work on construction sites, or the lack of productivity.

First, we propose a model for optimised reinforced concrete beams that in accordance with Eurocode 2. Based on the strut optimisation method (SOM), it allows designing truss-like beams. The strut optimisation method is then applied to the design of typical building beams to study the potential concrete savings, and the concrete distribution in the beams. We then lead an analysis of the failure and stiffness behaviour of seven three-metre-long prototypes designed with the SOM. The results of four-point bending tests, instrumented by a motion capture system, show the compliance between the failure behaviour of the optimised beams and the theoretical model. Finally, we develop a manufacturing process to manage the geometric complexity of these truss-like elements. To this end, the whole value chain -from design to manufacture -is integrated in a digital process on the one hand. And, an additive manufacturing process is used to build custom moulds on the other hand. We illustrate the constructability of the optimised beams through the presentation of several prototypes saving 30% of concrete. We demonstrate the need to automate the assembly of the reinforcement cages, and we introduce novel reinforcement shapes to ease their assembly.

The second part of the thesis focuses on the comparison, from an environmental perspective, of two beam production systems: an off-site prefabrication process based on the manufacturing process developed in the thesis, and a conventional in-situ production process. As concrete mixes are critical parameters in the environmental models of each production system, it is necessary to select formulations that are suitable in terms of fresh and hardened properties, and that minimise productionrelated impacts. A common method to reduce these impacts is to partially replace Portland cement with industrial co-products. This leads us to provide a critical review of impact allocation methods. Then, we propose a multi-criteria method for the selection of concrete formulations. Finally, we compare the two production systems. On the one hand, we show the importance of the share of impacts related to the production of steel. On the other hand, we demonstrate the differentiating role played by the production and transport stages in the context of off-site prefabrication.
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Résumé

Depuis l'essor de la construction en béton armé moderne, à la fin du XIX ème siècle, les méthodes de production n'ont que très peu évolué. Cette thèse explore les possibilités offertes par la récente démocratisation des technologies de fabrication numérique. Ces dernières doivent permettre de proposer de nouveaux standards de construction en béton armé à même de mieux répondre aux enjeux, environnementaux d'une part, mais également de réduction de la pénibilité du travail sur chantier et de productivité d'autre part.

Nous commençons par proposer un modèle de poutres en béton armé optimisées conforme à l'Eurocode 2. Basé sur la méthode d'optimisation des bielles de béton (strut optimisation method en anglais), il permet de concevoir des poutres de type treillis. La méthode d'optimisation des bielles est ensuite appliquée pour concevoir des poutres de bâtiment et étudier les économies de béton, et la distribution du béton au sein de ces poutres. Nous conduisons ensuite une analyse du comportement à la rupture et en raideur de sept prototypes de trois mètres de portée, conçus avec la méthode d'optimisation des bielles. Les résultats d'essais de flexion quatre points, instrumentés par un système de motion capture, montrent l'adéquation entre le comportement à la rupture des poutres optimisées et le modèle théorique. Enfin, nous développons un procédé de fabrication permettant de gérer la complexité géométrique de tels éléments, grâce à l'intégration complète de la chaîne de valeur -de la conception à la fabrication -dans un processus numérique d'une part, et à la fabrication additive de coffrages sur mesure d'autre part. Nous illustrons la constructibilité des poutres optimisées au travers de la présentation de plusieurs prototypes économisant 30% de béton. Nous démontrons la nécessité d'automatiser également la fabrication des cages d'armatures, et introduisons des formes d'armatures permettant de mieux appréhender leur assemblage.

La suite de la thèse se concentre sur la comparaison, du point de vue des impacts environnementaux, du procédé de fabrication développé -pensé dans un contexte de préfabrication en usineavec une technique conventionnelle de préfabrication forraine. La formulation du béton étant un paramètre critique des modèles environnementaux de chacun des systèmes de production, il convient de sélectionner des formulations adaptées en termes de propriétés aux états frais et durcis, et minimisant les impacts liés à la production. Une méthode couramment utilisée pour réduire ces impacts consiste à remplacer une partie du ciment Portland par certains coproduits industriels. Cela nous amène à livrer une revue critique des méthodes d'allocation d'impacts entre coproduits, suite à quoi nous proposons une méthode multicritère pour la sélection de formulations de béton. Enfin, nous menons la comparaison des deux procédés. Nous montrons d'une part l'importance de la part des impacts liés à la production de l'acier. D'autre part, nous démontrons le rôle différenciant joué par les étapes de production et de transport dans le cadre de la préfabrication. Concrete can be considered as the most recent structural material. If we omit the constructions of Roman antiquity, the first use of modern concrete in a building can be traced back to the end of the 1820s, and is the work of the architect François-Martin Lebrun. After few decades of slow but steady developments, it takes off in the second half of the 19 th century, almost a century later than steel construction, and while wooden, stone and earthen constructions had existed for thousands of years. Now, twice as much concrete and mortar as the total of all other industrial building materials is used worldwide [304]. More than concrete alone, it is reinforced concrete (RC), i.e. the alloying of concrete with steel in order to give it tensile capacity and ductility, that is used for the construction act. As the main construction material for our buildings and infrastructures, it plays a structuring role for our societies, for as Henri Van Damme points out :

Infrastructure is the foundation which makes social and economic life possible. It connects people, communities, and businesses.

The case of the French context

In France, like in a number of continental European countries, the importance of the role played by concrete is exacerbated. In their prospective report on the consumption of materials for the construction of new buildings by 2035 and 2050 [191], ADEME 1 and CSTB 2 estimate that, by 2050, the consumption of concrete constituents (cement, sand and aggregates) will account for between 83% and 87% of the total consumption of construction materials for housing buildings, and between 88% and 89% for tertiary buildings, depending on the development scenario: business as usual, development of wood and bioresources and development of concrete. This highlights the dependence of the construction sector on concrete, which can be explained by historical reasons.

First, France (as some of its neighbouring countries like Germany and Belgium) is the cradle of reinforced concrete, while its steel industry has always been less developed than in other countries such as Great Britain or Germany [190]. Many of the pioneering inventions or discoveries for the development of this material are attributed to French people: the discovery of the laws of hydraulic properties of cements and limes by Louis Vicat [309], the famous boat of Joseph-Louis Lambot in 1855, the first patents of François Coignet and Jospeh Monier in the 1860s, François Hennebique's well-known building system, etc. This impetus for invention has probably led to the preferential use of concrete by engineers and contractors, first in the early 1900s, then between the two World Wars, although no rational explanation can necessarily be given [277]. It is worth noting that nowadays, steel construction continues to be much more developed in countries such as the United States or Great Britain than in France.

But it was the Second World War that played the most decisive role. The construction of the Atlantic wall allowed French construction companies to stay afloat and to develop their know-how in such a way that they came out of the war operational for the reconstruction of the country [184].

All this has contributed in one way or another to the 'concreting' of the territory which is probably responsible for the negative connotation given to concrete in the popular imagination, or even among the construction sector. While it is clear that a more sparing use of concrete must be made, particularly in order to meet environmental challenges, it is illusory to think that we will be able to do without this material, at least in the short to medium term. However, we do not have to continue to apply the recipes and methods that have dictated the construction of structures with a massive appearance, in the image of high-rise buildings (manufactured on a traditional model of assemblies of solid walls and slabs), or of the numerous common bridges that one crosses on the French highways (see Figure 1.1). In order to realise this, it is particularly interesting to look at the history of the technical development of reinforced concrete.

HISTORICAL DEVELOPMENT OF REINFORCED CONCRETE CONSTRUCTION

The material, the building system, and the construction site Reinforced concrete is not just a material but also a construction system and a building site organisation in itself. It is a construction system, in the sense that its fluid nature in its fresh state allows shapes and arrangements that are not available to materials such as wood and steel. This completely changes the way structures are designed. But also the way they are built. At the beginning of the 20 th century, the rise of concrete fostered a paradigm change in the organisation of construction sites. Former highly skilled craftsmen like stonemasons are replaced by a greater but less skilled workforce, working in a more industrialised environment [285].

However, while it is clear that the material itself has been the subject of constant and sustained research and developments throughout its history (examples include the development of formulation methods, the invention of high performance concretes, self-placing concretes, fibre concretes, etc.), the same cannot be said for the constructive aspects. They have evolved little since the end of the Second World War, with the possible exception of prestressed concrete construction (which is however set aside in this thesis). One could even say that reinforced concrete has lost some of its richness and diversity, as described in the historical study below.

From a diversity of systems towards their unification

It should first be remembered that reinforced concrete was developed to overcome some limitations of wood and steel constructions. Joseph-Louis Lambot and Joseph Monier (who was a gardener) first looked for a material that could address the durability problems of wooden boats and flower boxes. Then, when reinforced concrete started to be used by engineers, its resistance to fire was its main argument against the flammability of wood structures and the fragility of steel ones [121]. But the studies to achieve the desired result went through a trial and error process. As Paul Christophe noted [65]:

While engineers doubted and scientists calculated, inventors applied and perfected [...].

The first two struggled for a long time to provide a rational explanation of the behaviour of this mixed material. Thus, it is first of all the inventors who participate in its development through a game of trial and error, and each inventor came up with his own system, and his own solution to reinforce concrete. At the beginning of the 20 th century, the ancestors of the current rebars take the form of straight bars, curved bars, wires, expanded metal, ... (see Figure 1.2). Some of these systems were unsound or irrelevant -for instance, some inventors simply embedded metal beams in concrete -, but others, forgotten today, allowed the construction of major works for the time. This is the case of the system developed by Paul Cottancin and favoured by Anatole de Baudot, who designed the Victor Hugo high school, as well as the church of Saint Jean de Montmartre in Paris (see Figure 1.3). Thanks to this system based on wire weaving, elements of unprecedented finesse could be implemented.

However, due to several factors, these systems have gradually disappeared in favour of the Hennebique's system (see Figure 1.4). This is the ancestor of the current system, which is based on the principle of slabs with primary beams and joists. All the elements are reinforced with longitudinal straight circular rebars placed at the bottom and that may be raised at the supports. And the beams are also provided with flat stirrups. The main advantage of the Hennebique's system from a technical point of view is thus its simplicity. On the one hand, it is more 'readable' and easier to explain than the Cottancin's system, but it is also much easier to build. This allows Hennebique to quickly obtain many references, which contributed to the reputation of his invention [269]. Moreover, he is a much better salesman than his competitors. To accelerate the expansion of his system, 1896) and from its current state.

Illustrations from [185], photographs from the archives of the Saint Jean de Montmartre's parish, and from Sébastien Maitenaz.

Hennebique creates a franchise network. And, to build confidence and publicise his system, he organises public resistance tests and creates a magazine Le Béton Armé from 1898 which highlights the projects, the latest technical advances, etc.

In my opinion, the event that definitively puts an end to other systems is the fall of the Globe's footbridge, built with Matrai's system, at the 1900 Paris Universal Exposition which causes the death of eight people. This triggered the creation of an investigation committee whose work led to the drafting of the first construction 'standard ', the 1906 ministerial circular [161]. Although some authors consider, with hindsight, that this circular had the merit of not preventing the development of reinforced concrete [300], it may nevertheless have played a role in the disappearance of the systems in favour of the Hennebique system. Indeed, it is practically impossible to make a standard general enough for every system to be integrated.

What is clear is that there is a direct link between Hennebique's system and the one we use today. Hennebique's system, which uses flat stirrups, was only slightly modified by Edmond Coignet who introduced round stirrups (see Figure 1.4). This building system has remained virtually unchanged since and has been perpetuated to this day. Reinforced concrete systems of the 19 th and early 20 th centuries from which the current system is inherited.

(Top) Hennebique's system. (Bottom left) System from the 'Société des Crèches'. (Bottom right) Coignet's system. Illustrations from [67,108,122] From lightweight structures to an inefficient use of materials What Hennebique invented is primarily a method for providing ductility and tensile capacity to concrete. Of course, this method can be applied to other, more complex forms than simple building slabs. From the 1910s onwards, Hennebique's concessionaires built works of remarkable design such as the Mativa footbridge or the Mescla bridge. Other engineers, first and foremost Robert Maillard and Eugène Freyssinet, took full advantage of the qualities of reinforced concrete to design and build such iconic structures as the Boutiron Bridge and the bridge over the Salgina gorge (see Figure 1.5).

Nowadays, such fine bridges are no longer built. Although this may be related to a number of factors, the economic factor probably plays a major role here. Indeed, if we look at the evolution of the ratio between the price of a cubic metre of concrete and the hourly cost of the workers, we can see that it has evolved considerably (as schematically represented in Figure 1.6). This ratio was in the order of 100 -215 [103] in 1897, 30 -120 in 1914 [277, 294], 50 -70 in 1937 [277], and is in the range 1 -5 1 nowadays. In this economic context, it is in the interest of companies to simplify the design of structures (even if it implies oversizing) in order to facilitate and therefore accelerate their construction. Through a survey on the design habits of 129 engineering practitioners, Orr at al. [245] showed that ease of construction is more highly valued than material efficiency, in particular to minimise the risk of construction defects (see Figure 1.7). In addition to the economic aspect described above (which is also highlighted in the study), two phenomena, of an individual and cultural nature, could be at play according to the authors. On the one hand, some designers could hold misconceptions about engineering, while on the other hand engineers could automatically repeat the practices of their predecessors without assessing their true suitability. Q4: An easily constructed structure is more valued by the whole design team than a materially efficient structure.

Q6:

The potential for construction errors influences my structural member sizing decisions.

Figure 1.7

Extract from the survey conducted by Orr et al.

[245] on the design habits of 129 engineering practitioners.

Data from [244].

Stagnation of production tools

In the first half of the 20 th century, while building systems are no longer evolving, the main developments with respect to reinforced concrete are of two kinds.

On the one hand, scientific, with the founding works of Considère, de Tédesco, Rabut, Ritter and then Mörsch, to name but a few, who proposed the first rational calculation models for reinforced concrete structures. But the most significant developments are technical. As noted by Jacques Fougerolle in his speech for the centenary of reinforced concrete in 1949 [121]:

The ingenuity of the builders in the use of concrete, whether it be for the scaffoldings or the formworks, is perhaps the main reason for its progress and development.

Contrary to steel, and to a lesser extent, wood, concrete is not a workshop material: it is prepared and cast on the construction site. A new organisation, and dedicated tools need to be invented. In the 1940s, the need for productivity prompted by the post-war reconstruction led to the development of prefabrication systems. But Fougerolle already noted the limitations in terms of size and weight related to the transport of the elements, as well as in terms of safety aspects, in particular during the handling of the elements. According to him:

It is the construction sites themselves that must be pushed towards mechanisation.

If we look at the machines and tools developed at the time (see Figure 1.8), it is clear that little progress has been made in this area since then. Of course, they have become more sophisticated, more powerful and lighter. But in their design and use, little has really changed. This statement should be qualified. Indeed, to the extent of my knowledge, no one has carried out a systematic historical study of the evolution of production tools for reinforced concrete construction. It would therefore be vain to think that these few photographs of Figure 1.8 are sufficient to affirm that no improvements have been made over the last 80 years. However, anyone who has had the chance to visit construction sites -take for instance the photographs of Figure 1.9 -and precast factories (see Figure 1.10), as well as factories in other industries, will agree that the mechanisation of building construction sites announced by Fougerolle and others [120,121] is still limited. From top to bottom and from left to right: Steel wall formwork and scaffolding, rebar bender, small-capacity concrete mixer, pervibrator, concrete plant and tower crane. Illustrations from [130].

CHALLENGES FACED BY THE CONSTRUCTION SECTOR

Temporarily leaving aside the environmental challenges (which is not specific to the construction sector and which will be the subject of a dedicated section), the construction sector -dominated by reinforced concrete construction worldwide -currently faces three major interrelated challenges [38]:

A flatlining productivity.

Health and safety management issues.

A high rate of construction defects. Credit: Sébastien Maitenaz. Most tasks are automated but the assembly of the rebar cages, the installation of inserts, of the wooden formworks, of the rebars, etc. on the steel formwork are manual. Credit: Sébastien Maitenaz.

Stagnation in productivity

Labour-productivity (calculated as the value added by construction workers per hour of work) growth in the construction industry has averaged one percent a year over the past two decades in thirty-nine of the world's largest construction economies, i.e. about one-third of the overall productivity growth [START_REF] Barbosa | Reinventing Construction: A Route to Higher Productivity[END_REF]. Ten root causes are given by the McKinsey Global Institute to explain this observation: three are 'external' to the sector, three relate to the industry's dynamics and four to operational factors. In the context of this thesis, we are mainly interested in the latter, even if all of them should be taken into account. Firm-level operational factors are:

Inadequate design processes and investments. In construction, every project is a prototype. Therefore, it is hard to apply standardised design principles. Insufficient attention to design at an early stage as well as inability to execute projects effectively. The latter is related to communication issues which are responsible for work stoppages disrupting flows of materials and labour.

Insufficiently skilled labour at the frontline and supervisory levels. The ageing and low-skilled labour pool is in particular a hindrance to the adoption of more productive digital and other innovative construction techniques. Industry underinvestments in digitisation, innovation and capital. In 2015, the construction sector was one of the least digitised sectors. Today, it is likely that the development and adoption of BIM has started a transformation, but there is still a gap between the design stages and the operations.

This lack of productivity is a problem because it creates a vicious circle. The construction sector is one of the sectors with the lowest margins. It therefore has very few financial resources to reinvest, particularly in research and development (R&D), in order to improve its productivity but also to respond to the other challenges it faces.

Issue of health and safety

Labour-centred construction operations are physically demanding. They often require heavy loads to be carried in non-ergonomic positions, workers' bodies may be subjected to vibrations, for example when placing concrete or using a jackhammer, etc. The question of the health and safety of workers is therefore a key issue in the construction sector. For instance, in the United States, the rate of fatal work injury is close to one per ten thousand full-time equivalent workers [199]. In France in 2020, one hundred and fifteen people lost their lives on the construction sites [258], a figure that fluctuates each year but generally remains above one hundred. According to Linner [199], fatal accidents are often due to wrongly suspended loads, or occur during the manipulation of heavy equipments.

With respect to non-fatal injuries, one key aspect concerns musculoskeletal disorders, and reinforcement works are known to be very dangerous in this respect. Health insurance companies tend to consider conventional labour-based operations related to rebar production and positioning as work involving both a high short and long-term risks. At Vinci, safety issues are an important topic, as managers are judged as much on their financial performance as on their safety ones. However, the issue of rebar installation remains an open question, as it is often subcontracted and therefore more complex to manage.

Finally, it is worth noting that some authors started to discuss the relation between the physical strain of workers and their productivity [127]. This is an exploratory area that still lacks results but, according to Linner [199], physical strain influences the four parameters of construction management: quality, quantity, cost and time.

Production quality management

The negative impact of the insufficiently skilled labour on productivity is mainly characterised by the very high rate of construction defects. Financial data on the cost of construction defects are rarely published, but figures found in the literature often give a cost due to reworks close to 3% of the contract value (e.g. 3% in [38], 2, 40-3.15% in [202]).

Avenues for improvement Linner [199] outlines the correlation between the high labour intensity of the construction industry, its decreasing productivity, the high rate of construction defect and of injuries, the relatively high amount of material input (as compared to the output value), the low investment and R&D spending rate, and a low capital stock (among others). Bock suggests that automated/robotic construction (in the broadest sense) can, under certain conditions, help overcome these challenges [36,38]. An observation shared by the McKinsey Institute [START_REF] Barbosa | Reinventing Construction: A Route to Higher Productivity[END_REF] which identified seven ways to tackle the ten root causes underlying the productivity issue, among which are the need to rethink design and engineering processes, to improve procurement and supply-chain management, to improve on-site execution, and to infuse digital technology, new materials, and advanced automation.

ENVIRONMENTAL CHALLENGES RELATED TO REINFORCED CONCRETE CONSTRUCTION

Buildings are responsible for more than 40% of global energy use and one third of global greenhouse gas (GHG) emissions [267]. As the primary building material, concrete, and especially reinforced concrete, plays a major role in the overall impact of the construction industry. However, although the impacts associated with the production and use of concrete are fairly well known at a global scale, we lack of data at the scale of the project. In the literature, there is surprisingly little information on the share of the embodied impact of the various building materials on the one hand, and on the respective shares of the different structural elements (foundations, columns, walls, beams, slabs, etc.) on the other hand. This latter would however be crucial to set up efficient research programs to mitigate the environmental impact of new buildings.

Key figures with respect to the impact of reinforced concrete

To begin with, construction works can be divided into two main categories: infrastructure and public works on the one hand, and buildings on the other. With respect to projects of the first category, concrete is undoubtedly the main contributor to their embodied impact. In particular, a few studies focused on the impact of bridges and highlighted the leading role of the production of structural materials. In the case of reinforced concrete bridges, the share of the production of concrete and rebars in the overall impact on climate change was estimated at 68% by a study driven on a common bridge in France [START_REF]Analyse du cycle de vie d'un pont en béton[END_REF], and between 86% and 89% by Du et al. [95]. Those figures do not account for the impact related with the operation of the bridge.

As for buildings, it is of common practice to separate their operation and their construction and dismantling. In France, for newly constructed buildings, GHG emissions related to the construction/deconstruction phases are assumed to represent about 60% of the total1 while, at a global scale, it shrinks to 20%. This figure is highly variable because it depends strongly on the policies that countries implemented to cut the energy consumption of buildings during their operational phase. Besides, studies regarding the distribution of the impacts within the 'embodied' scope are really scarce, be it from academics, or from industrials. Based on a series of life cycle assessments, the Vinci Construction's Sustainable Performance division estimated the production of concrete to be responsible for nearly 20% of the embodied GHG emissions of buildings, and that of reinforcing steel for about 6% 2 . This is significantly lower than the data proposed by Habert et al. [140] who report a contribution of 38% for concrete, and 13% for steel reinforcements.

Even if, for the reasons set out above, the emphasis is often placed on the energy renovation of existing buildings, the demographic outlook means that new construction should not be neglected. According to the United Nations [230], the world population (which is of almost 8 billion people now), could increase of 25% by 2050, and 39% by the end of the century. The International Energy Agency (IEA) [159] estimates that an additional 246 billion square metres of space will be built worldwide by 2060. This is approximately the surface of the United Kingdom and is equivalent to building a city the size of Paris every week for the next forty to forty-five years. China, India and Africa will each account for 18-20% of this, while Europe will account for around 10%.

These elements are sufficient to demonstrate the need for implementing solutions that will allow to reduce the embodied impact of newly constructed buildings. Nevertheless, it is essential to detail the environmental impacts generated by the use of concrete.

A brief inventory of the impacts of reinforced concrete

The environmental impact of reinforced concrete is often associated with the GHG emitted during the production of its constituents. This oversimplification tends to obscure the other consequences of its production. Let's start by recalling that concrete is a mixture of four main components: aggregates, a paste which binds the aggregates, water which 'activates' the paste, and chemical admixtures. To simplify, an important environmental issue is related to each constituent.

Aggregates include sand and gravels. They are the most extracted group of materials, before fossil fuels [28], such that their extraction rate is exceeding the natural sand replenishment rates. Most of the sand used for concrete production, which needs to be angular, is mined in bed rivers, beaches and lakes. Consequences of sand extraction are not properly quantified and understood yet. But reported impacts include (without being limited to) impacts on habitats for marine and freshwater fisheries and birdlife, pollution, instability of river banks leading to increased flood frequency, etc [123,175].

Traditionally, the paste (or binder) is made of Portland cement. Portland cement is the main contributor to the GHG emissions attributed to concrete. The global production of cement is responsible for about 5% of global anthropogenic carbon dioxide emissions (excluding land-use change) [39], and this is only for 'process' emissions -i.e. emissions that are related to the chemistry of clinker production. This figure could rise to 8% when the 'energy' emissions are added. Those are related to the combustion of fossil fuels which is required to heat the raw materials to around 1400 °C [12]. It is however worth noting that cement carbon intensity -defined as the quantity of GHG emissions per unit massis rather low as compared to other building materials [144]. The issue mainly comes from the amount of cement produced: with more than four gigatons produced each year [61], cement is the second most used substance in the world after water. Scrivener et al. [274] estimate that a quarter of this production is used for reinforced concrete.

There is relatively little literature on the impact of water consumption related to the preparation of concrete. A first study estimated that concrete production was responsible for less than 2% of total global water withdrawal but, by 2050, 75% of this water demand should occur in regions where water stress episodes are expected [222]. It is worth bearing in mind that the water used as an ingredient in concrete is at most 20% of the total water consumption [205].

Eventually, to the extent of my knowledge, no study addresses the impacts of chemical admixtures yet. However, one solution regularly proposed to reduce the environmental impact of concrete is to replace cement with a filler, i.e. an inert material with a very fine grain size, which requires the use of a dispersant to maintain certain rheological properties [140,273]. This topic is therefore likely to receive particular attention in the coming years.

PROBLEM STATEMENT

Learning from history to invent a sustainable future Reinforced concrete is a material that offers incredible freedom at all levels (formulation, reinforcement method, implementation, etc.). This freedom has been a great tool of exploration for the previous generations of master builders and designers. Guided by economic and resource availability constraints as well as by a search for aesthetics, the works they have built, of unparalleled lightness, should be a source of inspiration. The environmental burden related to the over-consumption of natural resources, but above all to their processing into construction products requires us to get back to a form of material efficiency [9]. Faced with the urgency of climate change, near-term solutions must be found. Building a sustainable future on proven solutions does not seem to be an option.

Leveraging the promises of computational design and digital fabrication Better design and construction generally requires a higher degree of complexity as straight and prismatic shapes are replaced by curved or hollowed-out shapes. For a long time, this complexity was managed at the expense of the time spent for drawing, calculating and building. In the current economical context, a new paradigm, based on numerical tools, must arise. Especially since digital design and fabrication tools offer the opportunity to respond simultaneously to environmental, productivity and quality issues, as well as to reduce the drudgery and risks inherent to work on site.

Intent of the dissertation

Through this dissertation, we aim at exploring the possibilities offered by the recent democratisation of digital manufacturing technologies to tackle the major challenges facing the construction sector, and more specifically the reinforced concrete construction sector. With the objective of proposing solutions that can find industrial outlets in the medium to short term, we revisit a classical problem in the field of structural optimisation -the design of truss beams -with the constraint of staying within the framework of the European building codes. Convinced of the need for an integrated approach, we seek to adopt both the points of view of the designer and of the builder. In short, the primary objective of this dissertation is to update a structural element which material efficiency is proven by proposing a suitable digital fabrication method.

Besides, the thread of the dissertation is the measurement of the improvements (or degradations if any) brought by our solution, compared to the conventional design and fabrication of prismatic beams, with regard to the challenges outlined above. We will therefore have the opportunity to analyse our proposition through experimental measurements, as well as through the measure of environmental impacts. This dissertation will thus have a resolutely multi-disciplinary dimension.

ORGANISATION OF THE DISSERTATION

The manuscript is built around two parts. The first part, which deals with structural and digital fabrication aspects, is self-sufficient. But understanding the second part, which focuses on environmental analysis, requires at least reading the last chapter of the first part.

Part I -Optimisation and digital fabrication of concrete structures

The first part deals with the digital design and fabrication of truss-like reinforced concrete beams. Design aspects are addresses first. Chapter 2 starts by detailing the calculation models on which the Eurocode 2 -the European building code for reinforced concrete -is built and on which the approach defended in this thesis is based. A standard-compliant optimisation method which allows for the design of truss-like beams, the strut optimisation method (SOM), is then introduced and its integration into a larger computational workflow is presented. Building on this automated calculation tool, a parametric study is conducted to assess to potential material savings. Then, in Chapter 3 the validity of the proposed design approach, and in particular of the strut optimisation method, is tackled through an experimental campaign. More specifically, seven three-meter-long beam prototypes are tested under four point bending and, thanks to the implementation of refined optical measurement systems, both the ultimate and stiffness behaviour of the prototypes are analysed. Finally, Chapter 4 introduces a digital fabrication workflow for the manufacturing of truss-like beams designed with the strut optimisation method. The fabrication of two prototypes is presented, and a critical review is conducted to identify areas for improvement. A first track, which intends to improve the design and manufacture of reinforcement cages in the light of automated fabrication principles, is explored.

Part II -Environmental assessment of a digital manufacturing process for reinforced concrete beams

The second part aims to analyse the digital design and fabrication process proposed in the first part from the perspective of environmental impacts. To this end, the life cycle assessment (LCA) method is leveraged, and serves to compare the solution of the first part with the conventional fabrication of equivalent solid prismatic beams. Chapter 5 presents the tools as well as the modelling assumptions for all aspects other than concrete production (i.e. steel production, manufacturing, transport, etc.). This latter is the object of Chapter 6. Indeed, the modelling of concrete requires to choose a so-called impact allocation method in order to measure the environmental burden of industrial by-products (such as blast furnace slag or fly ash) that are used to replace cement. The choice of this allocation methods is an open question in the field of LCA. Therefore, a comprehensive review of existing allocation methods is presented in Chapter 6 and leads to the proposal of a new multi-criteria selection method for concrete formulations, following which the assumptions of the concrete model are presented. Finally, a detailed comparative study of the fabrication processes is driven in Chapter 7, and areas for improvement are identified. Reinforced concrete (RC) construction, whether it is for buildings or civil works, is still arguably comparable to crafts. Burdensome and time-consuming site work directly impacts the design of RC elements. Structural engineers often tend to simplify their design to ease the fabrication process on the one hand, and to avoid possible dramatic fabrication mistakes on the other hand [244]. RC structures built at the beginning of the 19 th century when concrete was an expensive resource, such as bridges from Maillart [START_REF] Billington | Robert Maillart and the Art of Reinforced Concrete[END_REF], however prove the possibility to build lighter sustainable structures. Two pathways with different time frames can be explored if we are to save inefficiently consumed concrete. The long term research line concerns the exploration of mechanical optimisation applied to RC elements outside the bounds of the current standards both from a purely theoretical [START_REF] Amir | A Topology Optimization Procedure for Reinforced Concrete Structures[END_REF]128,254] and applied [START_REF] Asprone | 3D Printing of Reinforced Concrete Elements: Technology and Design Approach[END_REF] point of view. While some have been working on refined models which will form the basis of future standards [282], in the shorter term, some standard compliant solutions can be found.

I.

OVERVIEW

Four main sections structure this first chapter. Section 2.2 constitutes a detailed review of models that attempt to describe as accurately as possible the bending and shear behaviour of RC elements.

With respect to the shear design of RC elements, for which there is still no scientific consensus, we follow a historical approach. An in-depth presentation of the model on which the Eurocode 2 can also be found in Appendix A. Then, Section 2.3 focuses on the normative aspects and presents the conventional procedure used to design RC members subjected to pure bending. Some potential optimisation levers are pointed out and Section 2.4 presents an automated design workflow for the design of EC2-compliant optimised RC members. More specifically §2.4.3 introduces the strut optimisation method (SOM), a method which enables to design standard-compliant truss-like beams; while the remaining sections detail some procedures of the workflow that helps minimising the quantities of reinforcements. Lastly, through a parametric study Section 2.5 addresses the potential concrete savings allowed by the SOM.

REINFORCED CONCRETE BEAMS BEHAVIOUR

FLEXURAL BEHAVIOUR OF SOLID PRISMATIC BEAMS AT ULTIMATE LIMIT STATE (ULS)

The estimation of the flexural strength of an RC section is usually based on four major assumptions:

[H1]

During deformation, plane sections remain plane.

[H2]

There is a perfect bond between concrete and rebars.

[H3]

The tensile strength of concrete is neglected (from a threshold value when it comes to serviceability limit state).

[H4]

Assumptions regarding the stress-strain laws of both steel and concrete. These laws can differ at ultimate and serviceability limit states.

Hypothesis [H1] is derived from the Bernoulli-Euler beam theory, which neglects the influence of shear. It is therefore valid as long as shear or torsional stresses remain low compared to the axial bending stresses, a situation that can for instance be deviated from with beams of low slenderness. This hypothesis suggests that the strain profile is linear.

[H2] implies that strain levels in the reinforcing steel and in the concrete at an equal depth are the same, whether in the area of compression or in the area of tension. From these two assumptions, the strain diagram of a section can be drawn (see Figure 2.1). To compute the stresses in compressed concrete, as well as in steel, stress-strain relationships for both materials must then be defined. 

Steel stress-strain models

Regarding steel, two stress-strain laws are provided in EC2, including inclined and horizontal ductility branches [101]. These two models are illustrated in Figure 2.4, which also introduces some useful notations regarding the characteristics of the steel stress-strain laws:

f yk Characteristic value of the yield strength. f yd Design value of the yield strength.

f yd = f yk /γ s 1 k
Ductility factor equals to the ratio between the tensile strength and the yield stress. E s Modulus of elasticity of steel.

ud Design value for the steel strain at maximum load. uk Characteristic strain of steel at maximum load. 

Concrete stress-strain models

Similarly, EC2 provides several models to compute the concrete compressive stresses from strain levels. It especially includes the parabola-rectangle and the bi-linear models [265]. From [H3] and the choice of appropriate stress-strain models ([H4]) -which depends on the desired level of simplicity and security -, the stress diagram of a section can then be derived. Figure 2.3 thus presents three stress-strain diagrams derived from the concrete models cited above. It also introduces notations regarding the characteristics of the various concrete stress-strain model:

f ck Characteristic value of concrete compressive strength. f cd Design value of concrete compressive strength. f cd = f ck /γ c 1 c
Value for the concrete strain at reaching the maximum load.

cu Concrete ultimate strain.

Aside on the validity of the stress-strain models adopted in EC2

Contrary to steel, the validity of the models proposed in the EC2 regarding concrete is discussed within the scientific community. A comprehensive review of these discussions was presented by 

Kotsovos and Pavlović

[179] and summarised by Orr [242]. In a nutshell, the EC2 (and most other existing design codes) rely on uniaxial stress-strain characteristics to explain the deformational response of a concrete element in the compressive zone of a beam-like member in flexure, as the ultimate load is neared. They attribute concrete ductility to a post-peak strain-softening behaviour.

But, extensive experimental tests have demonstrated the existence of a complex triaxial stress field which governs the compressive failure mechanism. Two fundamental characteristics of concrete are at stake here. Up to a certain level, in concrete under uniaxial compression, microscopic cracks extend along with a reduction of the material volume (A-B domain in Figure 2.4). When the load exceeds a level close to, but not beyond, the peak stress, the rate of lateral expansion increases abruptly (more rapidly than the longitudinal volume shrinkage) due to the formation of macroscopic cracks (domain B-C). Kotsovos and Pavlović describe these macroscopic cracks as visible cracks. More specifically, we understand that the transition between microscopic and macroscopic cracks correspond to a state where the cracks dimensions are of the same order of magnitude as the dimensions of the concrete aggregates, hence favouring their unstable propagation (domain C-D).

The second feature is related to the well-known role played by transverse stresses: transverse compressive stresses considerably increase the capacity of a concrete member while transverse tensile stresses reduce it.

Hence, in the compression zone of a beam subjected to bending, there will always be a localised region where the minimal-volume level is exceeded first, generating transverse tensile stresses in the adjacent regions. Concurrently, those surrounding regions restrain the expansion of the localised one, thus increasing its strength, as per the second feature outlined above. On the contrary, the tensile stresses in the adjacent areas reduce their strength, provoking failure. Finally, and contrary to what the models of most design code imply, the failure mechanism always correspond to concrete 'splitting' (that is, a tensile failure mechanism) rather than 'crushing'.

However, through the analysis of transverse and radial stresses in RC beams tested with two point loads, Kotsovos [176] demonstrated that resulting stress distribution of the triaxial stress state is comparable to the generally accepted stress distribution shape derived from a uniaxial stress-strain relationship.

SHEAR BEHAVIOUR OF SOLID PRISMATIC BEAMS

Despite the elements of discussion presented above, it is unlikely that the flexural strength of an RC structural member will vary much with the design code used. On the contrary, the shear strengths predicted by two different design codes for a particular beam section can vary by a factor more than two [START_REF] Bentz | Simplified Modified Compression Field Theory for Calculating Shear Strength of Reinforced Concrete Elements[END_REF]. Moreover comparisons between theoretical predictions and experimental results have demonstrated that the EC2 can be unconservative for highly shear-reinforced members, and they are too conservative for slightly reinforced beams, as no concrete contribution is considered [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF].

Although the various phenomena contributing to the transmission of shear force are well identified [243] -it is worth noting that Mörsch already described two of them at the begining of the 20 th century [100] -, there is still a lack of consensus on the relative importance of these parameters [44], which is probably related to the impossibility of conducting experiments on RC beams subjected to pure shear. It is therefore not surprising that design codes based on different theoretical models, and implementing different degrees of accuracy [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF]227], provide different results.

In the remaining of this chapter, we will focus on the EC2 design methodology as one of the objectives of this thesis is to propose solutions for mid-term applications in the French or European context. However, regarding the controversial nature of this methodology [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF], it seems important to present the state of the art regarding the shear design of RC beam sections. We thus briefly present thereafter the known contributing factors to shear strength as well as the way they are implemented in some important design methodologies. Note however that, for this second part, we only focus on the design of beams with shear reinforcements. The elements presented herein below have already been extensively described by several researchers. For greater details, the reader is especially referred to the thesis of Orr [242] and Cavagnis [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF], as well as to the papers of the ASCE-ACI Committe 445 on Shear and Torsion [279], of Stratford and Burgoyne [289], and of Olalusi [237].

Mechanisms contributing to shear transfer

In an RC beam, flexural cracks will form and propagate from the bottom (tension) side of the beam upwards. Several shear-transfer actions can then ensure the transfer of shear force from the application point of loads to the end supports. There are generally considered to be six contributing factors to the shear transfer capacity of reinforced concrete beams.

Cantilever or beam action Aggregate interlock Dowelling actions with flexural reinforcement Dowelling actions with shear reinforcement Residual tensile strength of concrete Arching action

The cantilever action is a shear-transfer action first described by Kani [170]. He noticed that the propagation of flexural cracks from the tension side of a beam results in a teeth-like (or comb-like) structure, where each 'tooth' can be seen as a cantilever anchored in the compressive zone. Such a structure is represented in Figure 2.5 for an end part of a beam subjected to a point load P , a support reaction R, and a compressive force C. Due to the non-constant bending moment along the beam, uneven tensile forces ∆T apply to each 'tooth' at the level of the longitudinal rebars. Each 'tooth' (or cantilever) is therefore subjected to a bending moment ∆M , as illustrated in Figure 2.6. This bending moment can be equilibrated by an inclined compression chord and an inclined tension tie [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF]. Once the tensile strength of concrete is reached in the tie, the flexural cracks continues to propagate by tilting horizontally. The shear load V is transferred through this bending action, along the compressive zone of the element (see Figure 2.6). It is worth noting that this internal mechanism questions the assumption that plane sections remain plane as it supposes that each 'tooth' is subjected to bending [177]. The capacity of concrete to transfer shear through cracks is known as aggregate interlocking but, a more appropriate denomination is interface shear-transfer mechanism. In normal density concrete, this interface mechanism is governed by a phenomenon of aggregate interlocking as slip is constrained by protruding aggregates. However, for lightweight and high strength concretes, cracks propagates through the aggregates while they still have the ability to transfer shear. Therefore, this mechanism depends on surface conditions rather than on material characteristics. The contribution of aggregate interlocking was questioned by Kotsovos and Pavlović [179] who argued that the shearing movement of the interface -required to justify this shear-transfer mechanism -is incompatible with the cracking mechanism of concrete which implies that crack extension and propagation must be orthogonal. But, through digital image correlation measurements, Cavagnis et al. evidenced situations where critical cracks slide under low openings, and measured an important contribution of aggregate interlocking to the shear capacity of beams for particular configurations [START_REF] Cavagnis | Shear Failures in Reinforced Concrete Members without Transverse Reinforcement: An Analysis of the Critical Shear Crack Development on the Basis of Test Results[END_REF][START_REF] Cavagnis | An Analysis of the Shear-Transfer Actions in Reinforced Concrete Members without Transverse Reinforcement Based on Refined Experimental Measurements[END_REF].

The dowelling action relates to the transfer of forces perpendicular to the axis of rebars. Both stirrups and longitudinal reinforcements contribute to the shear strength of beams through this mechanism, as presented in Figure 2.7. It has been shown that, thanks to the confinement provided by stirrups or by external loads, the capacity of longitudinal rebars to transfer shear through the dowelling action remains constant (or even enhanced) whatever the strain in these rebars. Besides, confinement with stirrups has two other advantages: in the compression zone, it also increases the shear capacity and, it can help reduce the delamination of the concrete cover (also called dowel-splitting of the concrete [289]). Stirrups also contributes through dowelling action by 'sewing' the cracks, i.e. by transmitting the stress over the cracks.

Generally, the tensile capacity of concrete is neglected. However, even at the beginning of the cracking process, concrete is able to sustain small tensile stresses. Indeed, the process starts with the opening and extension of microcracks where small portions of concrete can bridge the crack [279]. This mechanism is limited to crack's width of less than about 0.2 mm. The arching action, originally observed by Mörsch [100], is a shear-transfer mechanism of a different kind as it allows carrying shear while keeping a constant force in the flexural reinforcement along the beam. It tends to develop in RC beams when there is a loss of bond between rebars and concrete. It corresponds to a plasticity-stress field where the load is carried to the support by a unique direct strut (see Influence of the shear span to effective depth ratio

The influence the shear span -the distance between the applied load and the support -to effective depth ratio (also called shear arm ratio) a/d has long been known [117]. Kani [170] proposed simplified analytical models which relate the capacity of the concrete teeth (respectively of the arching action) to this a/d ratio with a proportionality relation (resp. an inversely proportional relation). By plotting these relations on the same graph, and normalising them with the flexural capacity, he evidenced the existence the now commonly called Kani's valley. This valley displays two points of interest: the minimum point -which marks the transition between the concrete teeth model capacity line and the remaining arch line -as well as the transition point with the line of full flexural capacity. By putting into perspective the results of tests driven by Leonhardt and Walter [193] on RC beams without stirrups in the shear span with Kani's valley, Muttoni and Ruiz [226] and Cavagnis [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF] were able to define four regimes which govern the shear failure (see Figure 2.9):

For very low shear arm ratios, the arching action dominates. Flexural cracks do not extend through the inclined compression strut. According to Cavagnis, the shear strength is controlled by yielding of the longitudinal reinforcement while Orr [242] reports a domain of crushing failure for a/d < 1.

For low shear arm ratios, the arching action is still dominant but, the flexural cracks propagate through the compression strut in a stable manner, thus reducing its strength. Hence, the plastic solution can overestimate the shear capacity of such members. Cavagnis precises that the compression strut may develop with an elbow-shaped form which enables to increase the load beyond the development of the critical shear crack. Failure can then still occur due to concrete crushing.

For larger ratios, the beam shear-transfer actions described above become dominant. The critical shear crack propagates through the compression strut carrying shear. For such values of a/d, failure occurs in a brittle manner. Cavagnis et al. [60] explored the relative importance of the beam shear-transfer actions depending on the loading and support conditions. For very large ratios, that is for very slender beams, the flexural strength is reached before the critical crack can develop.

Mechanical models

Identifying and describing the mechanisms by which shear force is transferred between loads and supports is one thing; but it is only of practical use if it is incorporated into models, simplified or not, that enable engineers to quickly and efficiently design members with a satisfactory level of safety. The diversity of models on which shear provisions in most current design standards [4,[START_REF]Building Code Requirements for Structural Concrete (ACI 318-08) and Commentary[END_REF]101,238,281] are based demonstrates the lack of scientific consensus on this subject, and an eloquent proof of the complexity of a subject that researchers have been addressing for more than a century.

Original development of the truss analogy models

The first theories regarding shear failure of reinforced concrete members date from the end of the 19 th century and opposed two schools of thoughts considering different mechanisms as the basic cause of shear failure: horizontal shear on the one hand and diagonal tension on the other [2]. Advocates of the first proposal argued that concrete is not able to resist high shear stresses and that (Left) Representation of Kani's valley comparing actual strength with failure load according to the theory of plasticity (adapted from [226,243]. (Right) Representation of beam shear-transfer and arching action mechanisms with strut and tie models (adapted from [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF]). Struts are represented by the blue lines, ties by the red ones, and the black ones symbolises cracks.

vertical stirrups act as shear-keys. According to Hognestad [152], founders of this approach were influenced by pre-existing construction techniques. They probably drew a parallel between the action of stirrups and that of web-rivets in steel girders and of shear-keys in wooden beams. Ritter [263] proposed a first equation for the tensile design of stirrups, postulating that once cracked, an RC beam can be modelled as a parallel chord truss with compression diagonals inclined at 45°with respect to the longitudinal axis of the beam [279]. About a decade later, Mörsch [100] gave a clear explanation of the diagonal tension mechanism and provided several arguments against the concept of horizontal shear based on test observations.

The truss analogy as presented by Ritter and Mörsch involved four basic assumptions:

The compression zone carries only horizontal compressive stresses. The tension reinforcement carries only horizontal flexural tensile stresses. All inclined and vertical tensile stresses are carried by the stirrups or bent-up bars.

A diagonal tension crack extends from the tensile reinforcement up to a vertical height equal to the effective moment arm.

From these assumptions, in 1927, an analysis of the stresses in stirrups (more general than that of Ritter) lead to the formulation presented in Equation 2.1 1 [47]. It accounts for the potential inclination of the stirrups and of the diagonal cracks (at an angle other than 45°):

A v f v = V a jd (sin α cot θ + cos α) sin α 2.1
In this equation, A v f v is the area times stress of one stirrup, V the shear force, a the distance between stirrups, jd the internal moment arm, α the angle of inclination of stirrups with respect to the axis of the beam, and θ the inclination of diagonal cracks.

A connection can be made between the truss analogy and a static approach, within the framework of a limit analysis, although this type of methods was developed much later. If Coulomb laid the foundations of these methods in the 18 th century, it was not until the 1950s that Hill [151] and Drucker and Prager [94] properly established the static (or 'lower bound') and kinematic (or 'upper bound') theories of limit analysis for perfectly plastic materials. And these methods were only applied to RC structures from the 1970s [235], as we will see in greater detail in the next part. The static approach consists in finding a stress field, or a distribution of internal actions, that satisfies the equations of equilibrium and the plasticity criterion of the material. The truss analogy can therefore be seen as an implementation of a static approach using simple stress fields, uniaxial in both the concrete diagonals and the stirrups. We will come back to these aspects in the next part.

In the 1950s, extensive researches on the shear behaviour of RC beams led to a better understanding of the mechanism of web reinforcements. Through strain measurements along stirrups, it was shown that it is only from the formation and propagation of a diagonal crack that crossing stirrups become effective by accommodating redistribution of internal forces in two ways. First through an increase in tensile stress but also by containing the diagonal crack, thus preventing its propagation in the compression zone. Besides, it is worth noting that the model presented under the form of Equation 2.1 neglects the ability of the compression zone and web concrete to resist diagonal tension. But Withey [317] and Talbot [292] pointed out that this approach was conservative [279]. For this reason, early versions of the American design standards assumed that the stirrups only carried a fixed fraction of the total shear, or a portion exceeding a fixed amount. It is also worth noting that the fourth assumption expressed above does not account for the various shear-transfer mechanisms occurring in uncracked concrete. These mechanisms govern the propagation of the diagonal crack, and especially its height and inclination, and influence the number of stirrups crossing the crack. Regarding the concrete diagonals, the compressive stresses (parallel or almost to the inclined cracks) were traditionally limited to a fraction of the concrete strength, which depends on factors such as the presence or absence of cracks as well as the tensile and longitudinal strains in the web.

The truss analogy model was then further developed, in particular between the 1960s and 1980s. First, viable models allowing the variable inclination of the concrete diagonals were developped (e.g. [135,180]). Indeed, until then, they were almost always assumed to be inclined at 45°, for the sake of simplicity and following the Mörsch model. Other aspects were also developed, especially thanks to the pioneering works of Marti [214] -who extended the principles of the truss analogy to non-yielding domain by locating the compressive and tension members coincident with elastic stress directions -and Schlaich et al. [270] -who applied the principles of strut-and-tie models to regions of discontinuity (also called D regions). In D regions, the distribution of strains is nonlinear along the height of the members.

The compression field theory and its successive developments

From the 1980s, a new family of methods, based on stress fields approach, arised. In particular, Collins and Mitchell proposed the compression field theory (CFT) [START_REF] Collins | Shear and Torsion Design of Prestressed and Non-Prestressed Concrete Beams[END_REF][START_REF] Collins | Rational Approach to Shear Design-The 1984 Canadian Code Provisions[END_REF], later enhanced by Vecchio and Collins [308] to allow the calculation of tensile stresses in the diagonally cracked concrete. This method was called the modified compression field theory (MCFT) and is now used in the design code -the Model Code 2010 -of the fib (Fédération Internationale du Béton) among others. The CFT was developed from the following observation: even if it is theoretically possible to choose an angle of inclination of the concrete strut other than 45°(to avoid unnecessary conservative designs), the choice of this angle is complex and limited by arbitrary values in order to avoid brittle failures [START_REF] Bentz | Simplified Modified Compression Field Theory for Calculating Shear Strength of Reinforced Concrete Elements[END_REF]. With the CFT and MCFT models, equilibrium and compatibility conditions, as well as stress-strain relationships for cracked concrete and steel are used to estimate the deformational response of a section subjected to shear. The stress-strain relationship for cracked concrete was defined from extensive tests on a specially built device. The inclination θ of the diagonal compressive stress is then directly estimated from strain conditions, assuming that the direction of the average principle strains corresponds to the direction of the average principle stresses. A simplified version of the MCFT was proposed later in order to allow for faster calculations of θ and β (a factor for tensile stresses in the cracked concrete).

Developments and improvements of the truss approach

In the first version of the EC2 (published in 1991), the design of members with shear reinforcements used two different values for shear resistance (as for the current method) [109]. The first value accounted for the upper limit of the shear strength of concrete intended to prevent web crushing failures. The second value accounted for the resistance provided by the shear reinforcement. Two methods could then be used: the standard method, based on a strut inclination of 45°and including a concrete contribution (taken equal to the shear resistance of members without shear reinforcements) and, the variable-angle truss method which allowed the inclination of the struts at an angle θ different from 45°(and within a range comprised between 22°and 68°) but did not account for the concrete contribution. According to the theory of plasticity, failure occurs by reaching simultaneously the yielding of the shear reinforcements and the limiting stress in the struts. It is therefore possible to derive a relation between the shear capacity of the member and the ratio of transverse reinforcements. This relationship is discussed in more detail in Appendix A to which we come back later.

In a more general way, it is precisely on the inclusion of a concrete contribution to the shear resistance -so that the total shear resisted V n is given by the sum of the shear force carried by the stirrups and by the cracked concrete -that most research works dealing with the truss analogy focused. In the first version of the EC2, the concrete contribution in members subjected to pure bending was based on an empirical formula depending on the ratio and disposition of the longitudinal reinforcements, the geometry of the concrete section, as well as a conventional value for the shear strength of concrete [START_REF] Calgaro | L'Eurocode 2 (Partie 1.1)[END_REF]. The modified sectional-truss model included a concrete contribution decreasing with the increase of the shear force from a threshold value [257]. Other models were also developed to included a contribution due to friction at the crack's level.

Compressive-force path concept

The compressive force path (CFP) concept was developed by Kotsovos and Pavlović [179] to describe qualitatively the behaviour of a structural concrete member at its ultimate limit state, on the basis of the triaxial stress state to which the concrete is subjected in the compressive zone of beam-like members. It is therefore not intended to describe the sole shear behaviour of RC beams, but it is a general concept which intends to predict and explain both flexural and shear failures. The model was originally presented for simply supported beams without shear reinforcements, but the authors also presented a design methodology for members with stirrups.

The CFP model suggests that, at ULS, the external loads are transferred through the member to the supports with two distinct mechanisms depending on the portion of the member. Generally, the presence of deep inclined cracks near the supports marks the limits between both mechanisms. In between the inclined cracks, the loads are transferred through the cantilever mechanism presented in Figure 2.6 whereas, in the end portions of the member, the equilibrium conditions show that the loads C and V are transferred from the right-hand side of the end portions (seen as free bodies) to the supports thanks to the inclination of the compression forces C i (see Figure 2.10). All beam shear transfer mechanisms others than the cantilever action are precluded in the CFP model which assumes that only the uncracked concrete is able to sustain the axial compressive force as well as the shear force. Kotsovos and Pavlović plotted the results of an experimental campaign on the same model as the Kani's valley and, similarly, highlight four different types of beam failure depending on the shear span to effective depth ratio. However, the qualitative explanation of the observed failure modes differ from that of Muttoni and Ruiz [226], and Cavagnis [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF], in particular for regimes 2 and 3:

Beams corresponding to regime 2 (a/d values between approximately 1 and 2) fail in a brittle manner outside of the shear span. This is caused by the extension of an inclined crack which deviates from the region of the applied load where the strength of concrete is increased by the Adapted from [178] and [242].

triaxial compressive stress state. The failure is then initiated by tensiles stresses of type 3 (as described in Figure 2.11).

Beams corresponding to regime 3 (a/d values between approximately 2 and 5) are also characterised by a brittle failure which is however characterised by the propagation of a deep inclined crack within the shear span. After its formation the crack develops almost horizontally within the compression chord in an unstable manner. The failure is due to tensiles stresses of type 1 and 2 (as described in Figure 2.11).

For beams in regimes 1 and 4, Kotsovos and Pavlović suggest that only nominal transverse reinforcements are needed to sustain small tensile stresses. For beams in regime 2, which failure occurs in the transition area between the end regions and the tooth-like regions, additional reinforcements could be provided along this transition zone in order to prevent the horizontal splitting of the compressive zone caused by the vertical component of the inclined compressive stress resultant. The load-carrying capacity of beams in regime 3 could be increased by providing additional transverse reinforcements along the whole length of the inclined crack closest to the support.

It is worth noting that the models listed in the previous paragraphs, which are the most cited and represented in the various shear design codes (established or not as standards), only correspond to a fraction of the existing models for the shear design of members with shear reinforcements. The reader can in particular refer to the works of Olalusi [236] for a more comprehensive review of existing models.

In-depth presentation of the EC2 main principles

The shear strength design methodology prescribed by the current version of the EC2 (EN 1992-1-1) [101] for RC members with transverse reinforcements is based on the variable strut inclination method (VSIM) applied to a strut-and-tie model of the given member (see Figure 2.12). In the VSIM method, derived from the first truss analogy models proposed by Ritter and Mörsch, the direct contribution of concrete to the shear resistance is ignored, which leads to a very simple formulation allowing engineers to quickly calculate the shear strength. In this way, the current version of EC2 differs from the original one which has been briefly presented above. The VSIM explicitly exploits the lower bound theorem of limit analysis [235] which we detail in Appendix A. In a nutshell, a lower bound of the true failure load is estimated through equilibrium considerations. Nothing a priori restricts the inclination of the struts. It is up to the designer to select the inclination angle θ which satisfies static and plastic criteria, and that gives the highest lower bound. However, limit analysis (or plastic theory) requires the material to be able to deform in a plastic manner whereas concrete plastic deformation is limited. Therefore, an upper bound should be fixed for θ (ensuring a minimum strut inclination) in order to limit the compressive stresses in the struts. A lower bound for θ should also be fixed in order to prevent large cracks from occurring in serviceability state [237]. In EC2, and according to recommendations from Thürlimann, θ can be chosen within the range [21.8°, 45°]. Some national appendices provide other values [134].

In practice, the EC2 defines several terms for the verification of the resistance to shear of members of constant height h:

V Ed
Design shear force in the region considered resulting from external loading.

V Rd,c
Design shear resistance of the member without shear reinforcement.

V Rd,s

Design value of the shear force which can be sustained by the yielding shear reinforcements.

V Rd

Shear resistance of a member with shear reinforcements (equal to V Rd,s for members of constant height). V Rd,max Design value of the maximum shear force which can be sustained by the member, limited by crushing of the compression struts.

V Rd,c is given by Equation 2.2:

V Rd,c = max    C Rd,c k (100 ρ 1 f ck ) 1/3 b w d ν min b w d 2.2
with:

C Rd,c = 0.18/γ c k = 1 + 200 d ≤ 2.0 where d is in mm. ρ 1 = A sl bw d ≤ 0.02 A sl
is the area of the longitudinal reinforcement which extends at a distance superior or equal to l bd + d beyond the section considered (l bd is the anchor length of the longitudinal rebars). d is the defined as the effective height of the section. It corresponds to the distance between the top surface of the element, and the barycenter of the longitudinal reinforcements. b w is the smallest width of the cross-section in the tensile area.

ν min = 0.035 k 2/3 f 1/2 ck
In regions where V Ed ≤ V Rd,c , only nominal transverse reinforcements should be provided (as per Equation 2.3), otherwise reinforcements should be placed so that

V Ed ≤ V Rd ρ w,min = A sw s b w sin α = 0.08 √ f ck f yk 2.3
where s is the longitudinal distance between two sections reinforced in shear. The objective of this condition is to provide a minimum ductility to non-reinforced elements.

Note

It is of common knowledge that Equation 2.2 were defined empirically. The various parameters were calibrated using a statistical approach [START_REF] Cavagnis | Shear in Reinforced Concrete without Transverse Reinforcement[END_REF]265]. However, to the best of our knowledge, there exists no available publication referencing the experimental campaign and the associated modelisation studies.

In its most general formulation the maximum shear force which can be sustained by the transverse reinforcements V Rd,s is given by Equation 2.4:

V Rd,s = A sw s z f yd (cot θ + cot α) sin α 2.4
where:

A sw is the section of the shear reinforcements.

θ ∈ [21.8°, 45°] is the angle between the direction of the struts and the beam axis perpendicular to the shear force (see Figure 2.12). α ∈ [45°, 90°] is the angle between the direction of the stirrups and the beam axis perpendicular to the shear force (see also Figure 2.12).

Similarly, in its most general formulation the maximum shear force which can be sustained by the member V Rd,max is given by Equation 2.5:

V Rd,max = α cw b w z ν 1 f cd cot θ + cot α 1 + cot 2 θ 2.5
where:

α cw is a coefficient which takes into account the state of the stress in the compression chord. It is equal to 1 for non-prestressed elements. ν 1 a strength reduction factor for concrete cracked in shear. It takes into account various factors such as the increase of fragility with the increase of the compressive concrete strength [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF] and the effect of transverse tensile stresses on the strength of the struts [265].

ν 1 =      0.6 if f ck ≤ 60M P a min 0.9 - f ck 200 , 0.5 if f ck ≥ 60M P a
z is the lever arm of the internal forces.

If V Rd,max < V Ed then the concrete cross-section is not able to resist the shear strength. It must be modified by increasing b w , h or both. The choice of the value of the angle θ is left to the engineer.

Besides, the maximum effective shear reinforcement (for θ taken equal to 45°) is limited in order to ensure that the shear reinforcements are efficiently used. In other words, the transverse reinforcement ratio should be kept under an upper limit so that the ultimate limit state is reached because of excessive tensile stresses in the shear reinforcements. This condition writes according to Equation 2.6:

A sw,max f ywd b w s ≤ 1 2 α cw ν 1 f cd sin α 2.6
The same condition on the minimum effective shear reinforcement as per the members without shear reinforcements applies (see Equation 2.3).

Another important aspect which derives from the truss analogy is the additional tensile force which the longitudinal reinforcements should be able to sustain (anywhere except at the point of maximum moment) if the beam is to achieve its maximum shear resistance. This additional tensile force is given by Equation 2.7 (see Appendix A for a full explanation). It is important to keep this element in mind for the verification of the anchorage of the longitudinal reinforcements or when these rebars are curtailed. Figure 2.13 explains how to manage the curtailment of longitudinal rebars by taking into account this additional tensile forces and the resistance of the reinforcements along the anchorage length l bd . 

∆F td = 1 2 V Ed (cot θ -cot α)

Limits of the EC2 approach

In the remainder of this chapter, we will derive a strut optimisation method from the variable strut inclination method. This choice is made in order to propose solutions that are in line with the current European standards, so that they can be applied in the short to medium term. However, it should be kept in mind that despite its simple and transparent nature [81], the EC2 approach has been criticised for its lack of accuracy [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF]81,236]. In particular, and as already noticed in the previous paragraphs, important factors such as concrete contribution to the shear strength are neglected. Because this contribution becomes dominant for beams with low amount of shear reinforcements, the EC2 approach produces conservative -and therefore poorly economical -results. On the contrary, EC2 predictions for highly shear-reinforced members have been shown to be slightly unconservatives [START_REF] Cladera | Shear Strength in the New Eurocode 2. A Step Forward?[END_REF]. The risk of unconservative shear design of heavily shear reinforced members was expressed as early as 1962 [2] by ACI Committe 326, for members designed with methods based on the truss analogy. Indeed, for such members, ultimate shear strength could be reached before the activation of stirrups.

CONVENTIONAL DESIGN PROCESS OF RC MEMBERS

OVERVIEW OF THE TRADITIONAL PROCESS FOR THE DEFINITION OF THE REBAR LAYOUT OF RC BEAMS

In this part, we present the traditional procedure for the ULS calculation of RC members subjected to pure bending. This procedure serves as a basis for the design of all the prototypes which will be presented later in this thesis, and for both the optimisation method and the general design workflow which will be presented later in this chapter. We present the procedure in the context of a member of constant height and assume that the dimensions of the concrete section (height and width) are fixed beforehand and known. Therefore, the main objective is to define the appropriate reinforcement layout to sustain both the bending moment and the shear force along the beam.

The traditional design process for the definition of the rebar layout involves three main steps. Firstly, longitudinal reinforcements are calculated based on mid-span section equilibrium considerations at ultimate (as presented in the previous section) and serviceability limit states (SLS) requirements (such as maximum displacement, crack opening, rebar and concrete constraints), as well as constraints on the position of the rebars and their total volume. Subsequently, shear reinforcements are calculated to provide minimum shear resistance at ULS. The calculation is performed with discrete values of shear force taking the minimum shear design value V Ed over a beam portion with a length of z cot θ. Lastly, it is possible to perform longitudinal rebar curtailment. In practice, this step is often neglected to simplify the rebar cage preparation. It is worth noting that although minimal steel sections are the consequences of structural requirements, effective reinforcement is highly impacted by the geometric constraints (notably the width of the beam) as well as the fabrication method.

It should be noted that the details of SLS calculations are not presented here as they are not the subject of particular investigation in this thesis. They will however be briefly discussed in the section presenting the general design workflow. However, we invite the reader to refer to the EC2 [101] or to reference books (e.g. [247,265]) for more information on this subject.

CALCULATION PROCEDURE FOR THE FLEXURAL BEHAVIOUR AT ULS

Procedure

We recall that the starting point for the bending calculation is the strain diagram of the cross-section that we presented in §2.2.1 (see Figure 2.1). We can relate this diagram directly to the stress-strain relationships of concrete (see Figure 2.14). Here, we opt for the simplest model proposed by the Eurocode, i.e. the rectangular diagram. Value for the concrete strain at reaching the maximum load for the bilinear stress-strain relationship.

c3

Value for the concrete strain at reaching the maximum load for the parabola-rectangle stress-strain relationship.

cu Concrete ultimate strain. λ Factor defining the effective height of the compression zone.

λ = 0.8 if f ck ≤ 50 MPa λ = 0.8 -(f ck -50)/400 if 50 < f ck ≤ 90 MPa η
Factor defining the effective concrete strength. Then, the required longitudinal steel section can be estimated from section equilibrium conditions (see Figure 2.15). Generally, the procedure which is described below is only conducted in the section of maximum bending force. The layout of longitudinal reinforcements along the beam is then derived, either by applying the same layout along the whole span, or by curtailing the rebars. This curtailment step is sometimes avoided in order to ease the fabrication (and in particular the assembly) of the rebar cage. In the case where the curtailment is carried out, it is based on the analysis of the tensile forces in the lower part of the beam, generated by the bending moment but also by the truss-like shear behaviour of the beam (as presented in Figure 2.13 of §2.2.2).

η = 1.0 if f ck ≤ 50 MPa η = 1.0 -(f ck -50)/200 if 50 < f ck ≤ 90 MPa
The section equilibrium under the design bending moment M Ed writes as follow:

   M Ed = F cd z F cd = -F st 2.8
We can directly reason on the absolute values. Therefore, Equation 2.8 gives: From this we deduce the minimum effective steel section required:

M Ed = F cd z F cd = F st 2.9 ⇐⇒ M Ed = F cd βd F cd = A st σ st 2.10 ⇐⇒      M Ed = bλx ηf cd βd M Ed βd = A st σ st 2.11 ⇐⇒        M Ed = bλαdηf cd (1 - λ 2 α)d M Ed βd = A st σ st 2.12 ⇐⇒        M Ed = bd 2 ηf cd λα(1 - λ 2 α) A st = M Ed βdσ st ( st )
A st,eff ≥ A st,min = M Ed βdσ st ( st ) 2.14
It is then up to the engineer to propose a proper reinforcement scheme which respect some layout rules. These practical rules are related to the concrete cover or to distance between rebars for instance, and are meant to ensure a correct transfer of forces between the concrete and the reinforcements, a fine concrete pouring, etc. The effective lever arm is then computed. It must obviously be at least equal to the initial hypothesis and, if it is greater, the reinforcement layout might be optimised.

Estimation of the steel stress

It is of common practice to introduce a new parameter µ known as the flexural reinforcement related moment (or reduced moment), and which is defined as:

µ = M Ed bd 2 ηf cd 2.15
We can thus modify the first part of Equation 2.13 as:

µ = λα(1 - λ 2 α) 2.16 ⇐⇒ α = 1 λ (1 -1 -2µ)
2.17

A relation between α and the strain values of concrete and steel can be written:

α 1 -α = c st ⇐⇒ α = c st + c 2.18
Specific values (α AB and µ AB ) can be highlighted for α and µ. They correspond to a situation where steel and concrete reach their ultimate strain ud and cu simultaneously. This is known as pivot AB. This particular situation separates two regimes called pivot A and B. By comparing the value of µ with µ AB , it is possible to predict whether a section will fail because of the longitudinal reinforcements (µ ≤ µ AB , pivot A) or because of the concrete (µ ≥ µ AB , pivot B). Depending on the situation, one can thus predict the strain value, either in the concrete part, or in the longitudinal reinforcements.

Then, from the value of α and hence that of st , one can also compute the steel stress:

σ st ( st ) =                E s st if st < f yk E s γ s (elastic domain) f yk γ s + (k -1)f yd     st - f yk E s γ s uk - f yk E s γ s     if st ≥ f yk E s γ s (plastic domain) 2.19

Note

It is well known that a properly dimensioned RC beam (in terms of material utilisation) should have a flexural reinforcement related moment between 0.19 and 0.3 at ultimate limit states [271]. This criteria serves to check the correct sizing of the concrete section.

Summary

To sum it up, the calculation procedure is carried out as follows:

1. Assume a first value for d. A good guess generally consists in taking d = min(0.9h, h -0.1)

where h is in m. 2. Compute the reduced moment µ from M Ed , b, d and f cd . 3. Compare µ with µ AB in order to find the failure mode. 4. Calculate α and β.

5.

From α, measure st and c . 6. Compute A st,min . 7. Find the best effective steel section that satisfies A st,eff ≥ A st,min and determine the real value of d. 8. Compare the value obtained for d with the initial guess and start again at step 2 until reaching a satisfactory convergence criteria. Eventually the real value of d must be greater or equal to the value taken for the calculation.

CALCULATION PROCEDURE FOR THE SHEAR BEHAVIOUR

Procedure

The EC2 shear design of solid prismatic RC beams comprises three main steps. The first thing to check is whether transverse reinforcements are required. Indeed, in certain rare cases, the inherent capacity of the concrete to resist the shear force may be sufficient. It is the case when:

V Ed ≤ V Rd,c 2.20
where the value of V Rd,c is given by Equation 2.2. As already mentioned, even if this condition is verified, nominal shear reinforcements should be placed to provide some ductility. For beam elements, this situation is quite rare.

Thus, the second step consists in measuring the maximum shear force which can be sustained by the struts. This value, which is limited by the crushing of the concrete, depends on the inclinations of the struts and of the ties which are thus the only design parameters at this step. It must be able to resist the design shear force V Ed . The expression of V Rd,max is given by Equation 2.5 which we recall below:

V Rd,max = α cw b w zν 1 f cd cot θ + cot α 1 + cot 2 θ
which simplifies as:

V Rd,max = α cw b w zν 1 f cd 1 cot θ + tan θ 2.21
in the classical case when the shear reinforcements are placed vertically, that is when α = 90 • . If V Rd,max < V Ed then the concrete cross-section is not able to resist the shear strength. It must be modified by increasing b w , h or both.

Then, the last step consists in defining the appropriate shear reinforcement scheme. The maximum shear force which can be sustained by the transverse reinforcements V Rd,s is given by Equation 2.4:

V Rd,s = A sw s z f yd (cot θ + cot α) sin α
Thus, the effective shear reinforcement scheme must satisfy the following condition:

A sw s eff ≥ A sw s min = V Ed z f yd 1 (cot θ + cot α) sin α 2.22
Four parameters can therefore be fixed to find the best possible rebar arrangement: the inclination of the rebars, the number of rebars in the section considered and their cross-sections as well as the distance between the reinforced sections. If the transverse reinforcements are placed in the same direction as the shear force, Equation 2.22 simplifies as:

A sw s eff ≥ A sw s min = V Ed z f yd cot θ 2.23

Shear force value to consider

In this paragraph, we seek to detail which value of V Ed should be taken into account in the verification procedure presented above. We focus here on a beam which is mostly subjected to any point load. In this case, for the calculation of the required shear reinforcements (and not for the verification of the struts), the design shear force is estimated at a distance d from the end of the support. Besides, when the shear force varies continuously along the beam, the calculation of A sw /s can be done using the smallest value of V Ed over a length of z cot θ. In summary, and as illustrated in Figure 2.16, the calculation of the shear reinforcement is done with the smallest shear design value V Ed observed: between the end of the support and a distance l 0 = max(d, z cot θ) from this end; and over a distance z cot θ from a distance l i = i-1 k=0 l k + z cot θ from the end of the support, for each portion i.

Summary

To sum it up, the calculation procedure is carried out as follows:

1. Compare V Ed to V Rd,s to check whether shear reinforcements are required. If non are required, the minimum steel section is given by Equation 2.3. Otherwise, follow the next steps. 2. Check that V Rd,max ≥ V Ed . Otherwise, modify b w or h. 3. Calculate Asw s min . 4. Find the best effective shear rebar scheme that satisfies Asw s eff ≥ Asw s min .

OPTIMISATION POTENTIAL

In the spirit of the EC2, an engineer is only given design freedom through the choice of the inclination of both the struts and the ties within some limits. Indeed, in the case of members of constant height, there is not much room for optimisation with respect to the flexural design, as long as the curtailment of longitudinal rebars is provided. However, engineers never take advantage of the possibility let by the EC2 to optimise the dimensions of the concrete struts, as pointed out in a publication from the author [206]. In the next section, we will therefore present the strut optimisation method (SOM). This method allows for the optimisation of the dimensions of the struts, so that the shear capacity of the stirrups and of the concrete struts can systematically be reached simultaneously. The SOM is integrated in a general automated design process in order to ease the definition of optimal rebar layouts. 2.4 EC2-COMPLIANT DESIGN OF OPTIMISED RC BEAMS

METHODS

In this section, we present a general workflow for the automated design of reinforced concrete beams.

In its current state, the workflow focuses on the design steps for which hand calculations represent a hindrance for the optimisation of the designed members. To this end, the workflow only deals with the calculation of the longitudinal and shear reinforcements, the optimisation of the struts and the curtailement of the longitudinal rebars. The presentation of the strut optimisation method is the subject of the second part of this section. On the contrary, some aspects relating to the detailing of the rebar layout are omitted here. This includes, but is not limited to, the verification of the anchorage of the reinforcements in the end zones of the beam, all aspects related to the overlapping of bars in the case of long beams (straight rebars are generally produced in length of 12 m, in accordance with the maximum length of ordinary transport trucks), etc. Besides, only uniform loading scenarios are managed by the workflow at the moment.

The design procedure both accounts for ultimate and serviceability limit states criteria. However, the deflection criteria are not taken into account for reasons that will become clearer later on, but which can already be outlined. As we will see in Chapter 3, the displacement mode of beams designed with the SOM is very different from that of solid prismatic RC beams and, the simplified calculation methods proposed by EC2 are not relevant for estimating their maximum displacement. A suitable displacement model is yet to be developed. Similarly, the EC2 provides a method for estimating an average crack width [101] which should be limited to a maximum value -this latter depends in particular on the exposure class of the member. The method involves a number of empirically estimated coefficients. But, the crack profiles of solid prismatic (on which most tests have probably been made) and truss-like beams are likely to be different and therefore the EC2 method, which is used for here, should probably be adapted.

DEFINITION OF AN OPTIMISATION PROBLEM

Several optimisation problems are dealt with in this section. We thus recall in a general way what an optimisation problem is. Optimisation consists in finding the best element of a design space for a given performance criterion. This performance criterion is measured with a cost function (e.g. the concrete mass) which depends on user-defined parameters (e.g. cross-section dimensions h and b, struts inclination θ , etc.). Optimisation is about determining the values of these user-defined parameters which minimise the cost function. In the vast majority of cases, the design space is limited as the optimisation problem is subjected to constraints.

THE STRUT OPTIMISATION METHOD (SOM)

Influence of struts dimensions on the shear strength of RC members As presented in §2.2.2, the EC2 approach for the shear design of RC members is based on a model which belongs to the family of the so-called 'truss-analogy' methods. Its particularity is to neglect the contribution of the concrete to the shear resistance. Therefore, the shear strength of the member considered is given by the minimum between the tensile strength of the stirrups (namely the ties), and the compressive strength of the concrete parts (namely the struts). The EC2 refers to the design value of the shear force which can be sustained by the yielding shear reinforcement V Rd,s , and to the design value of the maximum shear force which can be sustained by the member (limited by crushing of the compression struts) V Rd,max , respectively. We recall the expressions of these two quantities, presented in Equations 2.4 and 2.5 thereafter.

V Rd,s = A sw s zf yd (cot θ + cot α) sin α 2.4 V Rd,max = α cw b w zν 1 f cd cot θ + cot α 1 + cot 2 θ 2.5
In practice, an engineer would first optimise A sw by properly defining the number and diameter of rebars in a section as well as the spacing s between two reinforced sections. He would then only check that V Ed ≤ V Rd,max . Otherwise, he would increase the strut angle θ or, change the dimensions of the beam if necessary. However, although this is not evidenced in the EC2 as it is written, the expression of V Rd,max involves the compressive strength of the concrete as well as the dimensions of the struts (width and depth). The measurement of the width of the struts b strut is straightforward as it corresponds to the width of the member b w . Pointing out the depth of the struts h strut in the expression of V Rd,max is a little more complex: it requires to clearly define it and to manipulate trigonometric formulas. The depth of the struts can easily be visualised through the simplified representation of Figure 2.17, where the concrete compression field is shown as a series of discrete struts (in white).

The depth (or height) of the struts is measured as the distance between two consecutive struts, that is between two struts connected at the two ends of the same tie. This distance is equal to the projection of the tie on a plane which is orthogonal to the strut direction. Therefore, the depth of the struts is given by Equation 2.24. 

z V Rd,max V Rd,s h strut α α -/2 z sin α b strut
h strut = z sin α cos θ -α - π 2 = z sin(α + θ) sin α 2.24
The design value of the maximum shear force which can be sustained by the member can then be expressed from b strut and h strut . Indeed:

V Rd,max = α cw b w zν 1 f cd cot θ + cot α 1 + cot 2 θ = α cw b w zν 1 f cd cos θ sin α + cos α sin θ sin θ sin α 1 + cot 2 θ = α cw b w zν 1 f cd sin(α + θ) sin α 1 sin 2 θ+cos 2 θ sin θ = a cw ν 1 f cd max. stress b w z sin(α + θ) sin α
width and heigth of the strut

sin θ 2.25 = f strut b strut h strut sin θ 2.26
where f strut is the maximum compressive stress which the strut can sustain and sin θ allows to compute the vertical component of the shear strength. The only constraint on V Rd,max is that it should be at least equal to the design shear force V Ed , which makes its optimisation possible.

General formulation of the optimisation problem

Formally, the optimisation problem of V Rd,max writes as per Equation 2.27:

min bstrut hstrut f (b strut , h strut ) s.t. V Ed ≤ V Rd,max (b strut , h strut ) b strut ∈ [0, b w ] h strut ∈ [0, h max strut ] 2.27
where the cost function f to minimise is a measure of the cross-sections of the struts:

f (b strut , h strut ) = b strut h strut 2.28
and where

h max strut = z sin(α + θ) sin α 2.29
There are therefore two optimisation parameters: the width and the height of the struts.

Optimisation of the width of the struts

As seen above, both the width and the height of the struts can be optimised. Optimising the width means designing elements with I-shaped sections. Nonetheless, in order to go as far as possible with the optimisation process, the width of the web would have to fit with the evolution of the shear force along the beam. A schematic example of such a design, for the particular case of a beam subjected to a uniform loading case, is presented in Figure 2.18.

Figure 2.18

Examples of beams with a traditional I-shaped section (left) and an optimised one, in the case of a uniform loading (right).

Beams with I-shaped cross-sections are rarely used in reinforced concrete building construction. It is sometimes used for industrial concrete frames, where the longer spans can make the manufacturing process more economical. In this case, the beams are often cast off-site with special formworks, which limits the span and load ranges where this process can be applied. Such beams are also found in pre-stressed girder bridges (for spans of about 30 m). In this case two off-site manufacturing process exist: the prestressing cables are first pre-stressed and then the concrete can be poured or extruded.

Optimisation of the height of the struts

Another possibility is to optimise the height of the struts (while the height and the width of the beam remains constant). In this case, and as suggested in Figure 2.17, truss-like reinforced concrete beams are obtained. A schematic representation of such a beam is given in Figure 2.19. The rebar layout of these optimised beams are strictly the same as those of their equivalent solid prismatic elements. The only difference, in terms of material distribution, relies on the 'formalisation' of the concrete struts. It is worth noting that the design presented in Figure 2.19 is somewhat different from that of a typical truss beam, as illustrated in Figure 2.20. Indeed, the struts and the ties do not only connect at their ends. This is due to a constructional provision of the EC2 (see Equation 2.30) which limits the maximum longitudinal spacing between two consecutive sections reinforced in shear.

Strut

s ≤ s l,max = 0.75d(1 + cot α) 2.30
To the best of our knowledge, the reference works [247,265] on structural design according to the EC2 do not give any particular explanation for this rule, but it is almost certain that it is meant to ensure the proper strut-and-tie behaviour of the beam by imposing each strut to be crossed by at least two to four stirrups (depending on the strut inclination). We shall see in Chapter 3 the implications of this difference on the experimental behaviour of both models.

The solution of the optimisation problem (see Equation 2.27) is given by Equation 2.31: which, in the case of shear reinforcements placed vertically (α = 90°), simplifies to:

h opt. strut = z sin(α + θ) sin α V Ed V Rd,max 2.31
h opt. strut = z cos θ V Ed V Rd,max

2.32

Choice of the optimisation parameter

Of course, the two design methodologies presented above, although responding to the same optimisation approach, lead to elements with different structural behaviours, in particular in terms of displacement (the inertia of their cross-sections are different). But from this point of view, each system has its own pros and cons. Hence, both are equally used in the construction industry, especially in steel construction, although lattice girders are generally reserved for larger spans for reasons of manufacturing time. It is rather this question of manufacturing that leads us here to choose between an optimisation parameter rather than the other.

The production of beams with I-shaped sections seems more complex to adapt to the principles of mass customisation -which consists in being able to produce customised elements but with the same production tool -than that of truss-like beams. Indeed, this will require either the design of a fully configurable formwork -which allows manufacturing beams with webs and flanges of different heights and thicknesses from one beam to another, or even variable along the same beam -or to imagine a completely new process from scratch. On the contrary, as we will show in Chapter 4, the use of 3D printing techniques can make it relatively easy to manufacture customised moulds to form the cavities of truss-like beams while using usual manufacturing techniques (metal formwork, poured concrete, conventional reinforcement cage, etc.).

Besides, truss-like beams present other advantages which are not systematically explored within this thesis but which are additional arguments for the optimisation of the height of the struts. Some examples are: a certain architectural quality, or the ability to use the cavities for the passage of technical networks.

Therefore, in the remainder of this chapter and, more generally, of this thesis, we focus on the optimisation of the height of the concrete struts. And we call this approach the strut optimisation method. It is integrated in the general EC2-compliant design workflow which we present thereafter.

Introduction

The general workflow for the automated design of optimised RC beams is presented under the form of a flow chart, in Figure 2.21. The main aspects of the design process are then detailed in the remainder of the section. The workflow starts with an optional step called preliminary optimisation which allows for computing the optimal dimensions of the concrete cross-section based either on cost, or environmental criteria. This step can be used when the dimensions, and in particular the height, are not fixed a priori. Then, the next steps are the same as those of the conventional process which we already described, except for the shear design, where a strut optimisation step can be included. Besides, thanks to the automation of the calculation, we are able to quickly find the optimal reinforcement layout for both shear and flexion. Finally, once the design of a beam is completed, the outcome is a comprehensive model including key features of the beam such as the concrete type and volume, the rebars dimensions, shapes and position as well as geometrical outputs (height and inclination of the struts, width of the ties, concrete covers, etc.).

Software environment

The workflow is essentially implemented as a C# library which is built around one main Beam class.

As such, all relevant data regarding the future fabrication of the element are stored together. The value of this approach will be discussed further in Chapter 4. A user interface, albeit incomplete for the moment, has also been initiated. It is developed as a plug-in for the Rhino3D/Grasshopper parametric modelling environment, which is increasingly used in the construction sector, including by contractors. Besides, the preliminary optimisation was initially developed on Excel spreadsheets and has not been included in the C# project yet. 

Input data

The input data required for the process are listed in The parameters in grey are optional as the design process include a potential preliminary step to define the optimal cross-section. A default value is included in the program for the parameters marked with a d .

SLENDERNESS OPTIMISATION Objective & method

The preliminary optimisation allows to define the optimal cross-section of a beam based on a classical flexural design process. Here, optimality can be measured on different grounds such as the financial performance or the environmental one. Therefore, various performance indicators can be defined.

For instance, the cost of the cross-section, or its impact on climate change. There are three optimisation parameters: the width b and the height h of the cross-section, as well as the longitudinal steel section A st . The optimisation problem writes as follows:

min b,h Ast C(b, h, A st ) s.t. M Ed ≤ M Rd (b, h, A st ) b ∈ [b min , b max ] h ∈ [h min , h max ] 2.33
where M Rd is the resisting bending moment of the cross-section, and b min , b max , h min and h max are user-defined lower and upper limits for the width and the height of the cross-section. where A st,min is in m 2 and ρ s is the density of steel, assumed to be equal to 7850 kg.m -3 .

In this preliminary optimisation, only the minimum theoretical steel section required A st,min is considered. Consequently, for a width-height pair (b, h), the steel section A st is imposed by the equilibrium criterion. It is therefore not an optimisation parameter here. Besides, it is worth noting that, in some cases, the difference between the theoretical and the effective steel section can be substantial, in particular for elements requiring rebars with big diameters, because of the lack of 'granulometry' among the standard diameters. There can thus be an important gap between the 'optimum' solution found in this preliminary optimisation step and the actual optimum.

Optimisation procedure

The goal of the preliminary optimisation is to give a maximum of freedom to the user. He or she has to define the boundary values of width and height within which the program should run the calculations. He/she can also define a step of research ∆h (respectively ∆b) for the height (resp. the width) of the section, and prices or environmental burden values for both steel and concrete. However, default values are preset for these parameters (see Table 2.1). Then, for each width-height pair, the program computes the theoretical minimum longitudinal steel section required A st,min from the second part of Equation 2.13, following the procedure described in §2.3.2. Next, the performance indicator (or cost function) C is computed. Then, all the solutions are published in order to let the designer choose the best section by also taking other aspects into account. For instance, optimal sections will always maximise the height and minimise the width, but this does not account for the space required to place the rebar cage.

Brief study of the performance indicator

The EC2 gives boundary values for the longitudinal reinforcement area, which may never be smaller than 0.13% and bigger than 4% of the cross-sectional area of the beam. It is therefore reasonable to neglect the term A st,min in the first part of Equation 2.34, which can thus be simplified as:

C(b, h, A st,min ) ≈ C c • bh + C s • ρ s A st,min 2.35
where C c and C s represent either the price or the environmental impact per unit mass or volume of concrete and steel. Besides, as per Equation 2.14,

A st,min = M Ed βdσ st ( st ) 2.14
Since this is a pre-sizing step, we chose to use the horizontal branch model to define the stress-strain relationship of the steel. Furthermore, in a correctly designed section, the yield strength of longitudinal reinforcements will always be reached at ULS (if this is not the case, then the utilisation rate of the materials is not efficient). The term σ st is therefore constant. As long as no practical rebar layout has been defined, the lever arm d is estimated through a relation of the type d = min(0.9h, h -0.1) (where h is in m). Thus, in the case where the external load are high as compared to the self-weight of the member, A st,min is inversely proportional to h. Finally, for a given section width, the evolution of the overall cost of the section varies with its height as per Equation 2.36:

C(h) ≈ a 1 h + a 2 1 h 2.36
where a 1 , a 1 , a 3 are constant values.

Figure 2.22 illustrates some typical examples of results which can be obtained with the preliminary optimisation step. Various values of moment, prices and environmental burden are taken into account. Although these values are realistic, they are only intended to show the disparity of results that can be obtained, and prove the importance of using reliable and relevant values from the early stages of a project. Indeed, the section 'cost' can vary significantly with the (C c , C s ) pair chosen and, for some cases, the optimum height values (highlighted in Figure 2.22) given by the economic and environmental approaches are substantially different.

OPTIMISATION OF LONGITUDINAL REINFORCEMENT LAYOUTS

Description of the global procedure

Once the cross-section of the beam is defined, the loading pattern is completely defined as the self-weight is known. For the sake of simplicity, we name g the list of uniform permanent loads g i . It includes at least the self-weight but can also include the weight of a concrete slab for instance. And, we name q the list of live loads q j applied to the beam. Appropriate ULS and SLS load cases are then defined according to Equations 2.37and2.39. Evolution of the price (top) and environmental burden (bottom) of a section with its height. Hypothesis: b = 0.30 m, f ck = 30 MPa, f yk = 500 MPa

p ULS = 1.35 i g i + 1.5 j q j 2.37 p SLS,ch = i g i + q k + i =k ψ 0,i q i 2.38 p SLS,qp = i g i + i ψ 2,i q i 2.39
The theoretical minimum longitudinal steel section required is then computed, based solely on ULS considerations (once again following the procedure presented in §2.3.2) and the program proposes a first practical longitudinal reinforcement layout (through an iterative process which ensures that the actual lever arm is at least equal to the one used for the calculation). Afterwards, SLS criteria are checked. These criteria are of two kind: upper limits on the stresses in both the rebars and the concrete, as well as on cracks opening width. The compression stresses in the concrete at the quasi-permanent and characteristic SLS should be limited to avoid the appearance of longitudinal cracks and concrete creep. The tensile stresses in the rebars at the characteristic SLS is in particular intended to prevent plastic deformations. Finally, the limitation of cracks opening is motivated by concerns of durability. If the section configuration does not allow to verify these SLS criteria, then another reinforcement layout (with a greater steel section) is tested until a proper layout is found. If none is found, then the cross-section needs to be modified. In the next paragraph, we detail the algorithm for finding the optimal effective reinforcement layout.

Search of the optimal reinforcement layout

The problem which we address here can be formulated as follows: given a minimum steel section, what is the optimum effective longitudinal rebar layout which also satisfies a set of fabrication constraints ?

The first step consists in building the set of admissible configurations with respect to the manufacturing constraints. These constraints are given below (rules provided by the Eurocodes are marked):

The rebars can be arranged on one, two or three layers. The clear distance e l between two parallel rebars of the same layer, and between the second and third layers, should be at least equal to e l,min = max (φ r , D agg + 5, 20) where Φ r is the rebar diameter (in mm). (Eurocode) There should be at least two rebars (necessarily disposed in the same horizontal layer). Only an even number of rebars may be placed in a layer above a layer containing an even number of bars. This rule ensures the symmetry of the layout. All rebars of the same layer have the same diameter. This rule is essentially implemented to limit the number of possibilities. However, in the vast majority of cases, this rule does not prevent from finding effective sections that are very close to the theoretical ones. The diameter of the rebars in a layer is at most equal to the diameter of the rebars in the layer below.

The ratio between the diameter of the rebars in the third and second layers should not be smaller than 0.7. (Eurocode) Besides, the maximum number of rebars is given by the width of the cross-section, the value of e l,min , the concrete cover required, the maximum diameter of the shear reinforcements, and the overall largest rebar diameter (taken as 32 mm here). As, at this step, the shear reinforcement layout has not been defined yet, a default value of 14 mm is provided for the maximum diameter of the shear reinforcements. From these simple rules, all the admissible configurations are generated, the section area of each configuration is computed, and they are sorted by increasing area value. Of course, this step is performed only once, when the dimensions of the concrete cross-section are known. Some examples of admissible layouts are presented in Then, to find the optimum effective layout according to the ULS criteria, we use the so-called binary search algorithm in order to determine the upper value of effective steel section A opt eff closest to the theoretical section A s,min estimated through Equation 2.14. The principle of the algorithm is to repeatedly divide the search interval in half. Algorithm 1 presents the principle of the search procedure.

Algorithm 1 Search procedure for the optimal effective steel section Let A s,adm = A i s,adm 0≤i≤n

be the list of the section areas of all admissible layouts.

A s,adm is sorted in increasing order. Let A s,min be the minimum theoretical steel section required. if A s,min > A n then The theoretical steel section is larger than any allowed practical steel section. Consider modifying the section dimensions.

else k ← n while k > 1 do m ← k 2 -1 if A m ≤ A s,min < A m+1 then A opt eff ← A m else if A 0 ≤ A s,min < A m then A s,min = A j s,adm 0≤j≤m ← A i s,adm 0≤i≤m else A s,min = A j s,adm 0≤j≤n-m ← A i s,adm m+1≤i≤n k ← Card(A s,adm )
It is the rebar layout which corresponds to the area value of A opt eff which is used to verify the SLS criteria. If they are indeed verified, this rebar layout is added to the beam model, and the program goes to the next step. Otherwise, as already explained, it is the following layout in the sorted list which is tested. This loop process continues until a proper layout is found.

It is also important to note that the depth of the compressive chord of the optimised member h comp is defined at this step. This depth is estimated from the calculation of the neutral axis (as illustrated in Figure 2.24) at both the ULS and SLS. The lowest position of the neutral axis, so the greatest chord depth is retained.

SHEAR OPTIMISATION

Description of the global procedure

Two approaches can be addressed with the program regarding the shear design of RC members: the standard approach -presented in §2.3.3 -and the strut optimisation approach (SOM) -presented in §2.4.3. But, whichever approach is chosen, the sequence of steps remains the same. As presented in §2.3.3, the calculation of the shear reinforcements can be done per beam portions using the smallest value of the shear force over a distance of z cot θ (or the maximum distance between d and z cot θ). The calculation of the struts is realised using the maximum value of the shear force over a portion. Moreover, in its current state, the workflow only deals with configurations for which the shear design can be made on one half of the beam, and extended on the other half by symmetry. The sequence of the calculation steps for a portion is listed below:

1.

[Calculation of the maximum shear force value in the portion] At this step, the length of the portion is unknown, but it is limited to z cot(θ = 21.8°). We thus retain the maximum value over this length, which is conservative.

[Calculation of the strut inclination]

The inclination of the strut (limited to 21.8°), obtained by equating the shear strength of the struts (see Equation 2.5) and the maximum shear force value in the portion, is given by Equation 2.40.

θ = max 21.8°, 0.5 sin -1 2V Ed α cw b w zν 1 f cd 2.40
If θ > 45°, then the struts cannot withstand the compression forces and the dimensions of the section must be changed.

[Optimisation of the strut]

If the procedure follows the strut optimisation approach, then the height of the strut is optimised using Equation 2.31.

[Calculation of the minimum shear force value in the portion]

The length of the portion is now known as the inclination of the strut is defined.

[Optimisation of the inclination of the shear reinforcements]

If the inclination of the stirrups is allowed, the value of the inclination is estimated in order to minimise the quantity of shear reinforcements. To this end, and as per Equation 2.4, this requires to find the value of α which maximises

f θ : α → (cot θ + cot α) sin α. The derivative of f θ is the function f θ : α → cot θ cos α -sin α. So, for α ∈ [45°, 90°] and θ ∈ [21.8°, 45°]: f θ (α) = 0 ⇐⇒ sin α = cot θ cos α 2.41 ⇐⇒ tan α = cos θ sin θ 2.42 ⇐⇒ tan α = sin( π 2 -θ) cos( π 2 -θ) 2.43 ⇐⇒ tan α = tan( π 2 -θ) 2.44 ⇐⇒ α = 90°-θ (= α opt. ) 2.45
This equation confirms an intuitive result: the ties must be placed perpendicular to the struts in order to minimise the section of shear reinforcements. By writing the expression of f θ for α = α opt. , the maximum value of f θ is obtained: The minimum quantity of shear reinforcements to provide in the portion is estimated by multiplying the value of (A sw /s) min (calculated from Equation 2.22) and the length of the portion l:

f θ (α opt. ) = 1 sin α 2.46
A tot min = l A sw s min 2.47
7.

[Search of the optimum shear reinforcement layout] The research of the best effective shear reinforcement configuration is performed through a dedicated procedure which is further described in the next paragraph. The parameters of this optimisation problem are the distance s between two reinforced sections, the number of rebars in each section and their diameter. In the next paragraph, we detail the algorithm used to find the optimal effective shear reinforcement layout, i.e. the configuration for which the total cross-sectional area A tot eff of the steel in the portion under consideration is the closest upper value to the minimum cross-sectional area required.

Search of the optimal reinforcement layout

The principle of the research is somewhat the same as the research of the optimum effective layout of longitudinal reinforcements. This paragraph thus only focuses on the rules used to build the set of admissible layouts. These rules are the following:

Each longitudinal rebar must be in contact with one shear rebar, and vice versa. This requirement is necessary to ensure that there is no 'floating' rebar, and that the rebar cage forms a stable whole.

The distance s l (in m) between two reinforced sections should be at most equal to s l,max = 0.75d(1 + cot α). (Eurocode) Similarly, s l should be at least equal to s l,min = 10 cm. This rule is not defined in any standard.

It is introduced in order to ensure that the concrete can be evenly poured, but also to avoid rebar cages that would be very tedious to assemble. The value of s l,min can be modified if the concrete formulation requires it, or if the assembly process of the rebar cages is automated (in which case this rule would no longer be relevant).

The distance s t (in m) between two rebars in the same section should be at most equal to s t,max = min(0.75d, 0.6). (Eurocode)

Besides, it is also necessary to define an increment which, together with the values of s l,min and s l,max , makes it possible to define all the values that the spacing parameter s can take. By default, this parameter is set to 5 cm and the admissible values for s are 10 cm, 15 cm, 20 cm, etc. These values are easily managed by the rebar cage manufacturers with the tools at their disposal. 

Considerations on regulatory obligations

It is always necessary to provide a minimum cover of the rebars in order to properly transmit the stresses from the concrete to the rebars as well as to protect the steel from corrosion. Therefore, the shear reinforcement design has an impact on the amount of concrete (which we also seek to minimise). And, in a certain number of cases, the optimum found by the method presented above for the shear reinforcements corresponds to a configuration where few rebars of small diameters are placed in closely spaced reinforced sections. Such configurations lead to the inefficient use of important volumes of concrete, as illustrated in Figure 2.26.

To remedy this issue, the last step (step 7) of the procedure is modified. Rather than defining the effective shear reinforcement configuration from the optimisation of the sole value of the steel section area, a second objective is introduced in the optimisation. This second objective is intended to maximise the spacing between the reinforced sections. The multi-objective optimisation problem is formulated as a single-objective using a so-called linear scalarisation method. For each beam portion i, the problem is therefore written as follows: One can then fit the weight γ to give more importance to an objective or the other. It is worth noting that the solution is highly sensitive to the weight value. However, in the present case, this problem is limited because, due to the large number of possible arrangements, the solutions obtained when a large weight is given to the spacing are largely satisfactory with regard to the optimisation of the steel section area. In fact, another solution would simply be to restrict the first problem of finding the minimum steel section to the configurations with spacings above a threshold value. Two examples are presented in the next section with different values of γ.

min A tot eff s γ . A tot eff A tot min -1 + (1 -γ) . 1 - s s l,max 2.48 0 < γ ≤ 1

LIMITS OF THE WORKFLOW Limit regarding the inclination of the struts

It should be noted that the workflow currently manages the optimisation of the longitudinal and shear reinforcements separately, with a prior focus on the latter. When the shear strength calculations of the struts and the ties are proceeded with, the value of θ (as well as α if inclined stirrups are allowed) is always chosen in order to maximise the design value of the shear force which can be sustained by the shear reinforcements. Indeed, V Rd,s is a decreasing function of θ as per Equation 2.49.

V Rd,s = f (θ, α) = f ((cot θ + cot α) sin α) 2.49
In the program, we thus tend to increase the inclination of the struts (that is, to decrease the value of θ), in order to reduce the required quantity of shear reinforcements. But, doing so, two aspects are neglected. First, as we know, the additional tensile force applied to the longitudinal reinforcements increases with θ (see Equation 2.7). So, when the rebar curtailment is provided, the greater the strut inclination, the longer the longitudinal rebars. Furthermore, we also know that the shear force of the struts depends on both the values of θ and α, as per Equation 2.50:

V Rd,max = g α (θ) = g sin(α + θ) sin α sin θ 2.50
As illustrated in Figure 2.27, this function is increasing with θ, whatever the values of θ and α taken within the limits provided by the EC2. It means that, when the SOM is applied, the greater the strut inclination, the higher the strut. More concrete will therefore be needed for the same strut resistance. And this reflexion does not take into account the fact that, in addition, more inclined struts are necessarily longer. However, this is compensated by the fact that the more inclined the struts are, the fewer they will be along the beam.

The study of the optimal inclination of the struts with respect to the quantities of concrete, as well as shear and longitudinal reinforcement is therefore missing for now.

Limit regarding the verification of the struts

Another limitation of the workflow at the moment is that is does not include any consideration regarding buckling. However, from some designs presented in this chapter, it is easy to understand that buckling could be the dimensioning phenomenon of the struts in some configurations. The EC2, which has not been thought for the design of truss-like beams, does not include any criteria concerning the buckling resistance of the concrete struts. However, the case of columns subjected to buckling is the subject of section 5.8 of the EC2 and could be adapted to our problem, with a special focus on the effective lengths of the struts.

PARAMETRIC STUDY OF POTENTIAL CONCRETE GAINS IN BUILDINGS

OBJECTIVES & METHODS

This section tackles the potential material savings allowed by the strut optimisation method. To this end, the program presented in the previous section is used to lead a parametric study of the concrete savings in truss-like beams designed with the SOM and with the two reinforcement layout optimisation procedures.

The study focuses on the design of typical RC beams of housing buildings. The beams are considered to be simply supported and are subjected to uniformly distributed dead and live loads. The dead loads include the self-weight of the beams g beam and that of a 17 cm-thick concrete slab with a span of 5 m, g slab . The live loads q have a characteristic value of 1.5 kN.m -2 . We consider a concrete of class C30/37 (i.e a concrete with a characteristic compressive strength of 30 MPa) with a density of 2500 kg.m -3 and a steel of class B500B. Appropriate ULS and SLS combinations are taken into account, as per Equations 2.51and2.53:

p ULS = 1.35 (g beam + g dalle ) + 1.5q 2.51 p SLS,ch = g beam + g dalle + q 2.52
p SLS,qp = g beam + g dalle + 0.3q

2.53

The parametric study looks at concrete gains as a function of two parameters: the slenderness and the span of the beams. The span L varied from 6 to 15 m, with a step of 0.5 m so that nineteen values are tested. And the slenderness varied from L/10 to L/16 with a span step of 1 m, so that seven vales are tested. The total number of beams calculated is thus of one hundred and thirty-three. The width of the beams was always fixed to half of their height.

POTENTIAL MATERIAL SAVINGS

Figures 2.28 and 2.29 present ratios between concrete masses in the beams designed with the SOM (M o ) and those of their equivalent solid prismatic beams (M tr ). The evolution of the ratio (M o /(M tr )) with the span is read horizontally while its evolution with the slenderness is read vertically. The smaller the dots and the lighter the shade, the lower the ratio. And, the lower the ratio, the higher the concrete savings. 

Aside on the linear scalarisation problem

The difference between the two figures lies in the value given to the scalarisation parameter γ introduced in §2.4.7. For the beams to which correspond the results of Figure 2.28, γ was set to 1.00, i.e. only the steel section area is effectively considered. It allows to observe the consequences of the shear rebar spacing phenomenon described previously. Indeed, some a priori unpredictable values can be observed (12.0 m -L/15 and 12.5 m -L/16 for instance). They witness low concrete savings as compared to those of rather similar beams, which is evidenced by the design of the seven 12 m-long beams presented in Figure 2.30.

For the beams to which correspond the results of Figure 2.29, γ was set to 0.95. It can be seen that the unexpected peak values are largely diminished even if the evolution of the concrete gains with the span and/or the slenderness is not yet completely monotonic. In the remainder of this section, we focus on the beams designed with a parameter γ set to 0.95. 2.29 shows ratios between 36 to 76% and thus demonstrates potential weight gains in the range of 24 to 64%, while the average gain is estimated to 48%. In reinforced concrete buildings, beams commonly have a slenderness of about L/10 to L/12 and a span of 6 to 9 m, a range for which our approach leads to considerable savings of about 33 to 57%. Those values of slenderness are generally not considered to be optimised from a mechanical point of view, but they provide an important lever arm. This enables to have low ratios of steel which tends to ease the fabrication process both in terms of assembly of the rebars and pouring of the concrete. Such values of slenderness are therefore very common in practice. But even for lower slenderness, the savings remain important. For instance for slendernesses between L/14 and L/16, the concrete savings are comprised between 24 to 43%, for the same range of spans.

Estimation of the concrete gains allowed by the SOM method

Evolution of the concrete savings with the span and the slenderness From Figure 2.29, it is clear that the potential concrete savings increase with the span and decrease with the slenderness.

A rational explanation can be put forward to explain the evolution of the ratio M o /M tr with the slenderness. Indeed, the less a beam is slender, the greater the lever arm of the internal forces, and therefore the more effective the flexural mechanism of the beam is. So the less a beam is slender, the shallower the upper chord needs to be (i.e. the less concrete is needed in the upper chord).

Nonetheless, the reasons for the evolution of the concrete savings with the span remain unclear. One would expect that the savings remain constant with the span. In order to better understand this phenomenon, we look at the distribution of concrete in beams in the following part.

ANALYSIS OF THE CONCRETE DISTRIBUTION IN THE BEAMS Distribution of the concrete

In reinforced concrete truss-like beams (not necessarily designed with the SOM), it is possible to define three areas which help in categorising the distribution of the concrete. These three zones are illustrated in Figure 2.31 and the corresponding categories are defined as follows:

Concrete subjected to compressive stresses. This category is subdivided in two sub-categories:

-Concrete in the upper chord. It concerns all the concrete which is between the top surface of the beam and the curve that delimits the hollowed-out area from above.

-Concrete in the struts.

Concrete in the tensile zones. This concrete is not used for its mechanical properties but to protect the steel from corrosion and/or to ensure the transfer of forces between the two materials (especially the tensile force in the longitudinal direction in the lower chord).

From these definitions, it is possible to detail the evolution of the concrete distribution with the slenderness and with the span.

Concrete in the struts

Concrete in the upper chord

Concrete in the tensile zones Evolution of the concrete distribution with the slenderness Figure 2.32 presents the evolution of the concrete savings with the slenderness per 'usage' category, and for four values of span. The dark blue dots correspond to the ratio between the mass of concrete in the struts (M strut ) of the beams designed with the SOM, with the mass of the solid prismatic equivalent beams. The light blue dots correspond to the sum of the mass of concrete in the upper chord (M up ) and of M strut . The total correspond to the whole concrete subjected to compressive stresses, which mass is named M comp . And the overall mass of the optimised beams M o is obtained by adding the mass of the remaining concrete, and is represented by the green dots.

The mass ratio of the concrete in the struts seems independent of the slenderness. In this case, the ratio stays around 10%, and the concrete in the struts represent between about 20% to 30% of the mass of concrete in the optimised beams. But we recall that the beams presented here are subjected to rather low values of shear force. This observation is well explained by the fact that, for a given span, the only quantity related to the design of the struts which varies with the slenderness is their length. Indeed, we can assume that the increase in the shear force applied to the beam because of the increase of the height of the section (and therefore of the self-weight) is negligible. The dimensions (height and width) of the struts thus remain constants.

The concrete in the upper chord is the only category which mass ratio significantly decreases with the increase of the section height, which confirms the hypothesis that we emitted previously: for a given span, the slender the beam, the deeper the compression chord.

Besides, although it is less obvious, the figure shows that the mass ratio of the concrete in the tensile areas slightly decreases with the increase in height of the section. As the concrete quantity used to cover the shear reinforcements should not depend on the slenderness of the section, the reduced amount of concrete in the tensile zones for deeper beams is very likely due to the reduced steel section required thanks to the greater lever arm. For instance, most longitudinal reinforcement layouts of very slender beams will include three horizontal layers of rebars while for deeper only two, or even one, might be necessary. This reduces the amount of concrete used for covering the rebars. 

L = 14m

Solid prismatic beam Solid prismatic beam Solid prismatic beam Solid prismatic beam Evolution of the concrete distribution with the span The mass ratio of the concrete in the struts is essentially constant when the span increases. The shear force increases linearly with the span. On the one side, the height of the struts of the optimised elements depends linearly on the shear force (see Equation 2.31 which is recalled below), and hence on the span. On the other hand, the height is inversely proportional to the shear strength value of the non-optimised member, which itself depends linearly on the height of the section and hence on the span in the particular case of a constant slenderness. Eventually, the height of the struts of the optimised members also depends linearly on the height of the section (through z), therefore the mass ratio between the struts in the optimised beams and the mass of the traditional beams is independent of the span.

h opt. strut = z sin(α + θ) sin α V Ed V Rd,max 2.31
Then, two regimes can be observed with respect to the evolution of the mass ratio of the concrete in the upper chord with the span. For small spans, it is decreasing and this is all the more pronounced on the most slender beams. Then, from a certain span, the mass ratio becomes constant. And this 'threshold' value of span depends on the slenderness: the slender the beam, the longer the threshold span. The reason for this changing behaviours is the type of the dimensional limit state. Indeed, as shown in Figure 2.34 in the case of a slenderness of L/16, the transition from a monotonic decrease of the M comp /M tr ratio with the span to a constant threshold is to put in correlation with the evolution of the longitudinal steel section (we will come back to this later). This latter decreases with the span up to a span of 9.5 m and then increases. The turn point is related to a change in the type of limit state which dictates the steel section. For short spans, the limitation of the compressive stresses in the concrete at SLS governs the sizing of the rebars while, for longer spans the ULS governs. For longer spans, we observe that the steel section depends linearly on the span. This can be very well explained by simple considerations on the Equation 2.14 (recalled below) which relates the steel section area to the bending moment at ULS.

A st,min = M Ed βdσ st ( st ) 2.14
The bending moment varies with the square of the span, while d varies linearly with h which, in the case of a constant slenderness varies linearly with the span. So that, A st,min ∝ L Let us now return to the evolution of the M comp /M tr ratio. M comp is related to the maximum depth of the compressive chord h comp . As explained in §2.4.6, h comp depends on the position of the neutral axis. In all the beams presented in this section it is always the SLS (and not the ULS) which give the lowest position of the neutral axis and thus, govern the depth of the compressive chord. The position of the neutral axis at SLS is estimated from the resolution of a second order equation which is obtained by writing the equilibrium of the static moment of the beam with respect to the neutral axis, as per Equation 2.54:

b x 2 2 -nA st,eff (d -x) = 0 2.54
where x is the position of the neutral axis (measured from the top surface of the beam), and n is an equivalence coefficient that allows for comparing the behaviours of steel and concrete. It can generally be taken equal to 15. In the general case, the solution of Equation 2.54 writes:

h comp = x = nA st,eff b 1 + 2bd nA st,eff -1 2.55
The two terms involving the longitudinal reinforcement section allows to understand the existence of two different regimes for the evolution of the ratio M comp /M tr . However, to go further, i.e. to describe the relation between the ratio and the span, one would also have to relate the amount of concrete in the compressive chord to h comp , which would again results in a second order equation. These considerations are of little intrinsic interest, nor are they relevant to the overall aim of this thesis. They are therefore not pursued.

The last observation is related to the concrete in the tensile zones. The quantity of concrete placed in these areas is only imposed by regulatory constraints: all the rebars must be surrounded by a minimum thickness of concrete. This thickness does not depend on the span or on the slenderness. Necessarily, the share of concrete in these areas is more important for lower spans (whatever the slenderness), as observed in Figure 2.33. The share of concrete in these tensile zones is comprised between about 26% and 47% of the total quantity of concrete in the optimised beams, indicating an important lever of action to go one step further in the reduction of the concrete quantities in RC beams. This subject is not addressed in this thesis but research avenues could for instance include (but not limit to) the use of stainless steel or composite reinforcements.

CONCLUSION

In this chapter, we have thoroughly reviewed the main models for the flexural and shear behaviours of reinforced concrete. In particular, we have put forward the discussions existing around the stress-strain models of concrete implemented in most design codes, including the Eurocode 2, which do not account for the complex triaxial stress state to which concrete is subjected at its ultimate limit state.

Regarding the shear design of reinforced concrete members, we presented the major historical developments since the early models of Ritter and Mörsch, and then dwelt on the various currently implemented in some important design codes.

Subsequently, we refocused the discussion on the Eurocode 2, presenting in detail the conventional calculation procedure for a reinforced concrete element subjected to simple bending stresses. This enabled us to highlight areas for optimisation.

Firstly, we introduced the strut optimisation method (SOM). It concerns the EC2-compliant shear optimisation of RC members. The original idea is to optimise the height of the concrete struts, which are the diagonal elements that transfer the loads to the supports. The process results in the design of truss-like beams.

Then, we presented a general digital workflow which allows for the fast calculation of fully optimised RC members. In particular, this workflow includes the following design steps:

A pre-sizing step for the determination of optimal cross-section dimensions with respect to a cost (or objective) function. This cost function can include either economic data, or environmental ones. A flexural calculation step during which a simple binary search algorithm runs a table containing all the admissible reinforcement configurations in order to find the best effective reinforcement scenario. A shear calculation step which in particular includes the strut optimisation method, but also allows for the definition of the optimal shear reinforcement layout while taking into account a criterion for minimising the concrete used only for protective reasons.

Finally, we demonstrated the interest of the SOM method by estimating the potential concrete savings in beams designed with this optimisation approach through a parametric study. From a set of one hundred and thirty-three, all with different span-slenderness combinations, an average potential gain of 48% was estimated, as compared with conventional solid prismatic beams. We also studied the distribution of the concrete in these beams and shown that further savings could be considered by reducing the important amounts of concrete used only to protect the reinforcements from corrosion.

However, these developments, although compliant with the EC2, need to be confirmed by experimental evidences. This is the subject of the following chapter. Chapter 3 Structural behaviour of truss-like beams

EXPERIMENTAL MEASUREMENTS ON SEVEN BEAM PROTOTYPES 3.1 INTRODUCTION 3.1.1 RESEARCH SIGNIFICANCE
In Chapter 2, the strut optimisation method (SOM), a Eurocode 2-compliant approach for the design of optimised reinforced concrete beams, was introduced. Recall that the Variable Strut Inclination Method (VSIM) -adopted in Eurocode 2 [101] for the design of beams with stirrups -is derived from the first truss models introduced by Ritter [263] and Mörsch [100]. The Ritter-Mörsch model was developed from empirical observations: it attempted to describe the behaviour of the first reinforced concrete (RC) beams as they were made at the beginning of the XX th century. And the same applies to latter models [189,192,211,312], the most recent of which [81,237,324] are often based on the ACI database [261]. However, all the tests from which these models were developed were made on solid prismatic beams.

There is therefore a lack of knowledge on the applicability of Eurocode 2 for the shear design of non-prismatic RC beams. This chapter aims at providing a first analysis of the mechanical behaviour of EC2-compliant-truss-like RC beams based on experiments.

CHAPTER CONTENT

This chapter presents the results of an experimental campaign during which seven RC beams were tested in four point bending. Six of those beams were designed with the strut optimisation method (SOM). The objectives of the experimental program were twofold:

Comparing the flexural and shear behaviours of beams designed with the SOM with that of traditional solid prismatic beams. This comparison is made both in terms of:

-Ultimate limit states, with a particular attention to the failure modes and loads. -Serviceability states, for which we essentially compare the stiffness of the elements.

Demonstrate that the capacity of the SOM to accurately predict different failure modes.

Four of the beams (set S1) were tested for the first objective and three of them (set S2) for the second one.

OVERVIEW

This chapter is structured around three sections and one appendix. Section 3.2 presents in detail the preparation of the tests which includes the experimental protocol, the geometrical and material data of the prototypes, the preparation of the beams as well as the choices made in terms of instrumentation. Section 3.2 is linked with Appendix B in which the exhaustive data regarding the concrete characteristics are given. In Section 3.3, the structural behaviours of the beams of S1 are compared, first in terms of resistance but also in terms of stiffness and crack opening. Eventually, in Section 3.4, a discussion is held on the ability to predict different modes of failure for beams designed with the SOM.

3.2 EXPERIMENTAL PROGRAM

TEST SETUP

Geometry

The prototypes consisted in one rectangular beam, serving as a reference, and six truss-like beams.

All the beams had the same length (3.20 m), as well as constant width (150 mm) and height (350 mm). All beams of S1 were equally reinforced with two bars of 12 mm diameter and two bars of 10 mm diameter whereas the reinforcement for the beams of S2 were defined to obtain different failure modes. Comprehensive information regarding the design of the prototypes is given in Figure 3.1, and the detail of the calculations are presented in §3.2.3. Beams P1, P2, P3 and P4 belong to S1 while P5 to P7 belong to S2.

Static scheme

All the prototypes where simply supported and tested under four point bending (see Figure 3.2). Indeed, the associated static scheme allows to isolate the effect of shear force on the one side and bending on the other. This is necessary to determine the impacts from the reduction of the height of the concrete struts. For the tests, the span of the beams was of 3 m and the two loads where centred and spaced from 600 mm. They were applied by the mean of a hydraulic jack. The static scheme is presented in Figure 3.3. The bending moment M 1 and the shear V 1 are given by Equations 3.1a and 3.1b. 

M 1 =              P 2 x if 0 ≤ x < a P 2 a if a ≤ x < a + b P 2 (L -x) if a + b ≤ x ≤ L 3.1a V 1 =              - P 2 if 0 ≤ x < a 0 if a ≤ x < a + b P 2 if a + b ≤ x ≤ L 3.1b A A 1 

Loading protocol

The jack was controlled in displacement. The loading speed was the same for all the tests and equal to 0.05 mm/s. All specimens were loaded in cycles of 10, 20, 40 and 60 kN, and up until failure (see Figure 3.4). 

MATERIALS

Concrete

All the prototypes were made from the same self-compacting concrete (SCC) with a maximum aggregate size of 12.5 mm. Table 3.1 presents the formulation of the SCC which was provided by Béton Solutions Mobiles. Figure 3.6 presents the values of the compressive strength of concrete measured on two types of cylinders (h = 320 mmφ = 160 mm, and h = 220 mmφ = 110 mm) at 7, 28 and 97 days after the concrete pouring. No value is presented at 97 days for the 16×32 cylinders as the maximum capacity of the testing machine (1000 kN) was reached before the failure of the samples. For the 16×32 specimens,

P 2 P 2 b a a M 1 V 1 x x L Figure 3.3
Bending moment and shear force for a simply supported beam subjected to two point loads.

Time

Force (kN) was directly computed from the ultimate load F u and the dimensions of the cylinders. For the 11×22 specimens, the compressive strength of each specimen is computed following Equation 3.2 which is the equation retained in NF EN 206 [25,233] to take account of the influence of the size effect on the compression strength. where f 11×22 cm is directly computed from the ultimate load F u . Despite this correction, a great difference in the compression strength measured with both sizes of cylinders is observed. Such a size effect have been observed in many experimental studies for different types of concrete [START_REF] Aitcin | Effects of Size and Curing on Cylinder Compressive Strength of Normal and High-Strength Concrete[END_REF][START_REF] Del Viso | Shape and Size Effects on the Compressive Strength of High-Strength Concrete[END_REF]323] with each time higher resistance values found for the smaller cylinders as well as a higher dispersion of results [164,187]. It is therefore a well-known phenomenon that several models have tried to explain [291]: some are based on statistical theories [311,314] while others rely on geometrical explanations assuming a fractal nature of the concrete cracks [START_REF] Carpinteri | A New Explanation for Size Effects on the Flexural Strength of Concrete[END_REF]. But, the generally accepted theory is a deterministic model based on fracture mechanics in which the main parameter is the energy released during cracks propagation [START_REF] Bažant | Size Effect in Blunt Fracture: Concrete, Rock, Metal[END_REF].

f cyl. c = 0.98f 11×22 c if f 11×22 c ≥ 50M P a f 11×22 c -1 if f 11×22 c < 50M P a
Nevertheless, the difference in values found in the literature are generally not of the same order as those obtained here and the EN 206 corrective equation should result in close values between the two sizes of cylinders. One plausible explanation is the significant segregation of the aggregates observed on the specimens, which is necessarily more pronounced and therefore has a greater impact on the highest cylinders. The compressive strength evolution in time as estimated by EN 1992-1-1 (Eurocode 2) [101] from measurements at 28 days is also presented in Figure 3.6. It is given by Equation 3.3.

f cm (t) = β cc (t)f cm 3.3
where f cm is thus the mean compressive strength at 28 days measured on three cylinders, and with:

β cc (t) = e s 1-28 t 1/2 3.4
where s is a coefficient which depends on the type of cement (equal to 0.20 for a 52.5 N cement) and t is the age of the concrete in days.

The four point bending tests were performed between 91 and 141 days after the pouring. For the updated calculation of the prototypes (taking into account the measured mechanical characteristics of the concrete), the mean compressive strength f cm measured on the 16×32 cylinders at 28 days was used to estimate the concrete compressive strength of the prototypes f c with Equation 3.3. This choice is discussed in Section 3.4. It is thus assumed that this strength was comprised between 50.3 and 51.5 MPa during the testing period.

The concrete tensile strength was also measured by splitting (Brazilian) test on 16×32 and 11×22 cylinders. For consistency with the compressive tests, the result of the tests carried out on the 16×32 specimens are retained. Thus, f ct = 3.48 MPa. The full tests results are given in Appendix B. 

Steel

The beams were reinforced with high bond (Haute adhérence -HA) rebars made from B500B steel. Its characteristic yield strength f yk is equal to 500 MPa and the ratio between the tensile strength f t and the yield strength is given by the ductility factor k = 1.08. The characteristic strain at maximum load uk is equal to 50‰ while the design strain at maximum load ud is equal to 45‰. The same reinforcement type was used for both the longitudinal rebars and the stirrups.

DESIGN OF THE PROTOTYPES Design principles

The reference beam P1 is designed according to the traditional Eurocode 2 calculation method. Beams P2 to P7 where all designed using the SOM presented in Chapter 2. Their designs derive from that of beam P1 as explained in Table 3.2.

Beam Design principle

Expected failure mode

P1 (R)
Rectangular prismatic solid beam which design follows a traditional Eurocode 2 calculation procedure.

Compression failure of concrete in the upper part. P2 & P3 Similar design with P1 except for the minimisation of the height of the struts as per the SOM model.

Compression failure of concrete in the upper part.

P4

From the design of P2 & P3, a true Howe truss beam is reshaped by coalescing the steel ties at the nodes of the struts.

Compression failure of concrete in the upper part.

P5

From the design of P2 & P3, the struts and the longitudinal reinforcements where oversized.

Compression failure of concrete in the upper part.

P6

From the design of P2 & P3, the longitudinal reinforcements where undersized.

Tensile failure of the longitudinal rebars.

P7

From the design of P2 & P3, the longitudinal reinforcements and the concrete top chord where oversized.

Failure of the concrete struts due to the shear force.

Table 3.2

Design principles of the prototypes and expected failure modes and loads.

(R) indicates the reference prototype.

Design values of material properties

The prototypes were first designed before the fabrication of the beams using the estimated concrete compressive strength given by the concrete producer (that is, 30 MPa for a C30/37 concrete). The calculations were then updated using the compressive strength values estimated through the EC2 temporal model, as explained in the previous part. We recall that the EC2 model was fitted using the mean compressive strength value measured at 28 days on 16×32 cylinders. The value of concrete compressive strength f c used for the updated calculation of each prototype is given in Table 3.3.

In the conventional design of RC structures, the design value X d of a material property (i.e. the value which is effectively used in the calculations) is estimated using the following general equation. where X k is the characteristic value of the material or product property, and γ m its partial factor. The characteristic value is defined as the 5% fractile, i.e. the value of which the probability of not being reached is of 5% or less. And, partial factors are meant to account for the "the possibility of an unfavourable deviation of a material or product property from its characteristic value", according to BS EN 1990 [45].

X d = X k γ m 3.5
For the EC2 calculation of the prototypes, several choices were made concerning the use of the partial factors (or safety coefficients) for the concrete compressive strength γ c , and for the steel tensile strength γ s . These are usually taken equal to 1.5 and 1.15 respectively. Regarding steel, choice was initially made to keep this value. We will see later in this chapter that this choice partially explains some differences between the calculations and the test results. Regarding concrete, we rather decided to use the values presented in Table 3.3 as the design values. Indeed, all the beams and the cylindrical specimens were cast with a concrete coming from the same truck-mixer and prepared in the same conditions (same preparation unit, constituents, humidity, etc.). Only problems during the pouring of the concrete could explain a deviation of the compressive strength of the concrete of a prototype from the values measured on the samples. But, no particular problem occured during the fabrication, that would have justified the use of more conservative design values.

Additional input data

Concerning the input data for the EC2 calculation, in addition to the information already presented, it should be noted that we have taken into account a concrete cover of 2.5 cm. Let us remind the reader that, the rules defining the minimum cover width for the rebars are driven both by the need for a protection against corrosion and for a proper force transmission between the rebars and the concrete. The value considered here is the minimum allowable value in the case of elements for which particular attention is paid during the fabrication process, and that will not be in contact with an aggressive external environment (especially in terms of humidity). Note that the concrete cover influences the position of the longitudinal steel reinforcements, and thus the length of their lever arm d. This lever arm is one of the most influential parameters for the bending resistance of the beam: a small positive or negative variation of d can lead to a great increase or decrease of the bending resistance.

Structural design output

Tables 3.4 and3.5 respectively present the relevant information regarding the bending and shear design of each prototype. The reader is referred to Chapter 2, and in particular to Figure 2.14 for a description of the notations.

For each prototype, Table 3.4 presents the effective steel section and concrete height. Regarding the effective concrete height, it is important to note that although h comp should be the same as αd, it is not the case here because the minimum height required is driven by the cover of the rebars rather than by purely mechanical reasons. For the beams of set S1, there is no significant change between the design of beams P2 to P4 and that of P1 except for the effective concrete height. On the contrary, the beams of set S2 are all different. For each of them, a characteristic (either the effective steel section or the concrete height) is undersized or oversized. When it is undersized the value is taken in the range of 50 to 67% of the original one. When it is oversized it is taken between 100 and 200% of the original one. Table 3.4

Beam fc µ αd z c st d A st,min A st,eff hcomp M Ed P Ed (MPa) - (cm) (cm) (‰) (‰) (cm) (cm 2 ) (cm 2 ) (cm) (kN.m) (
Outputs of the bending design of the prototypes.

(A) or (B) indicates the type of pivot (i.e. the expected failure mode).

Regarding the shear design of the prototypes, P2, P3 and P4 were initially designed to reach failure because of flexion and shear simultaneously using the SOM model (see Chapter 2). But struts of 3.9 cm would have been complex to realise, so it was deciced to enlarge them by approximatively 2 cm resulting in 6-cm-large struts. Regarding P5, the goal was to force a compression failure, so the struts were enlarged up to a height of 9 cm in order to reduce the likelihood of an early shear failure. In the case of P6, the targeted failure mode was a tensile one, but as the longitudinal reinforcements had been undersized there was no need to modify the geometry of the struts. Lastly, no modification was made to P7 struts geometry, although it was meant to fail due to shear. Indeed, the longitudinal rebars as well as the effective concrete height of the compression chord had already been oversized.

BEAMS PREPARATION

The beams were manufactured in the Navier laboratory facilities between 3 rd December 2020 and 21 st January 2021. The exterior formworks were built from birch and poplar plywood sheets as well as fir rafters. The inner moulds (used to form the hollowed-out parts) were made from polystyrene blocs which were cut with a hot wire and coated with a resin. They were then glued on the lost formwork with silicone. The plywood sheets had been engraved with the shapes of the hollowed-out parts in order to ensure a precise positioning of the blocks. In parallel, the rebar cages had been prepared by Sendin, a reinforcement manufacturer. They were inserted in between the wooden formworks and the inner moulds at the laboratory right before the pouring of the concrete. Note that during the pouring, the beams were laid on their edge. Hence, there was no segregation along the height of the beams but there may have been some along their width although the concrete was not vibrated. A waterproof tarpaulin was placed above the prototypes approximately twenty-four hours after the *The number in light and gray before the slash is the steel section required to resist to V Ed . The number in normal font corresponds to the minimum steel section required by the Eurocode 2 which only depends on the geometric characteristics of the concrete section. When the former is larger than the latter, only the former is displayed.

pouring. The prototypes were demoulded on 21 st January 2021, thirty-seven days after the pouring which occurred on 16 th December 2020. shows some assembly details.

BEAMS INSTRUMENTATION

Instrumentation of the beams

Three measuring systems were prepared to fulfil the objectives of the experimental campaign. Two of them allows for measuring punctual displacements, and the third one allows for the calculation of displacements fields and enables to detect crack propagation.

Linear Variable Differential Transformers

Three linear variable differential transformers (LVDTs) are used. LVDTs are conventional displacement measurement devices. They are analogue sensors that convert a linear displacement into an electronic signal thanks to a coil system. Three LVDTS are used here: two RDP-DCTH/400AG at the supports level and one RDP-DCTH/1000A1 at mid-span. The calibration uncertainty given by the supplier is of 13 microns. They were not calibrated again before the tests on the one hand because they were very recent, on the other hand because the uncertainty provided by the supplier is much lower than the displacements we sought to measure (of the order of a mm). Here, they mainly add redundancy to the measures made with the motion capture system, especially since they can only measure 1D displacements. 

Motion capture system

Optoelectronic motion capture systems allows the measurement of retroreflective marker positions. Despite a relatively simple installation, OptiTrack Prime series cameras enable the measurement of spatial displacements with a declared accuracy of 0.15 to 0.4 mm [241, 299]. The system was calibrated before each test, and the uncertainty was always within this range. This technology is not widely used in mechanical tests, but presents two main advantages as compared to LVDTs:

The measurement of 3D displacements -which can ease the analysis of potential out-of-plane displacements (like torsion) but also that of the vertical displacements of the beams. Indeed, with LVDTs, great care must be taken in positioning the sensors to ensure that vertical move- Cameras for digital image correlation (DIC)

DIC was implemented to provide redundancy in the measurement of deformations (through the monitoring of displacement fields), but above all to precisely analyse the formation and propagation of cracks and measure their opening. Two regions of interest were photographed at frequencies of 1 to 2 Hz with the following cameras:

An Allied Vision GT5400 mounted with a Zeiss Planar T 1.4/85 lens which took photos of the central part of the beams (in between the load application points). An Allied Vision GX3300 mounted with a fixed focal of 120 mm and 62 mm of optical tubes which took photos centred on one of the struts.

To monitor the displacement fields, a white coating, directly painted on each beam, was covered with a random speckled pattern. As presented on Figure 3.11 this pattern was made either of rounded stains applied with felt-tip pens or uniformly sprayed stains.

Data acquisition

During the tests, the whole data were acquired on Matlab [215] in order to simplify their synchronisation in time. Data processing and analysis was also done on Matlab except for the image correlation which was realised on navDIC, a digital image correlation software which was initially developed at the Navier Laboratory during Margerit's doctoral thesis [212].

Use of data for the tests analysis

LVDTs and the motion capture system are not always suitable to follow the displacement of the beams at the moment of failure and after as the LVDTs and the OptiTrack markers may no longer be in contact with the beam (this is mainly the case for markers located in the concrete crushing zones). Therefore, for the failure analysis, the displacement data of the jack is used to plot the force -displacement curves.

For the stiffness analysis, data from the motion capture system or LVDTs are used. They are indeed more accurate to measure the displacements at mid-span than the jack's sensor. Besides, the rigid body rotation of the beams are corrected using either the data of markers placed in line with the supports or that of the LVDTs (placed above the supports as well). 

Consistency between the LVDTs and the motion capture system

Regarding the stiffness analysis, data from both systems was not always available or usable for beams P1, P3 and P4 (on which the stiffness analysis is lead). This may be due either to wiring issues, to software problems, or to set up problems, for instance if the markers are too dusty and not reflective enough. The plotting of the displacement obtained with the LVDT placed at mid-span vs. the displacement obtained with the marker glued at mid-span (when data from both systems is available) allows to assess the consistency of those data. As shown in Figure 3.12, the coefficient of determination R 2 between the curves comparing the displacements measures with both systems, and the curve of equation Y = X, is always higher than 0.99. It is therefore possible to use data from either one system or the other.

COMPARISON OF OPTIMISED AND PRISMATIC BEAMS BEHAVIOURS

ULTIMATE LOADING AND FAILURE MODES Test results

As presented in Table 3.2, prototypes P1 to P4, all designed to resist the same ultimate load of 85 kN, were expected to fail because of excessive compressive stresses in the upper part of the beams. In Figure 3.13, the force -displacement curves of prototypes P1 to P4 are compared and related to images of the beams after their failure. The reconstructed images presented in Figure 3.13b confirm the compression failure for all specimens. Indeed, on each picture, a disbonding of a portion of concrete can be observed in between the two application points. This always follows the propagation of a horizontal crack in the area with the highest bending moment. and maximum displacement at failure for each prototype. The failures happen for very similar loads as the maximum difference between the four failure loads is of 3.3%. We consider that a difference of less than 5% is negligible. Therefore, the tests confirm the validity of the strut optimisation method presented in Chapter 2.

Discussion on the failure modes

The main difference between the failure modes observed for the truss-like beams with that of the prismatic specimen is their sudden nature. For P1, 90% of the resistance capacity is kept until a vertical displacement of 70 mm, and 49% until a vertical displacement of 100 mm. This ductile behaviour is key in the design of reinforced concrete structures [START_REF] Baker | The Ultimate-Load Theory Applied to the Design of Reinforced & Prestressed Concrete Frames[END_REF][START_REF] Beeby | Ductility in Reinforced Concrete: Why Is It Needed and How Is It Achieved ?[END_REF]. Ductility is of interest from a number of perspectives: it enables bending moment redistribution in statically indeterminated structures and energy dissipation in frames subjected to earthquakes. Above all, it provides visual information on the state of a structure or of an element thanks to the large deformations it allows [START_REF] Carpinteri | A Numerical Approach to Modelling Size Effects on the Flexural Ductility of RC Beams[END_REF]182]. In the case of the truss-like beams the failure is plastic-brittle: no capacity remains once the ultimate load is reached but, from a load of 60 kN a plastic domain appears, and the plastic plateau is clearly visible until failure. Indeed, when the concrete in the upper chord starts to yield, no redistribution of forces is possible in the section which is fully stressed in compression. Then, when the concrete ultimate strain is reached, the concrete crushes and the forces equilibrium is no longer achievable. In the particular case of the tests presented here, the vertical displacements measured at failure are large: δ max > L/65.2. And, the smallest observable displacement by the experimenters was of about L/100. Therefore, there remains an important plastic deformation stage before collapse which provides security through visual information. It is worth nothing that the plastic stage is longer in the case of the three truss-like beams than in the case of the prismatic solid one. The hollowing-out probably enables larger lateral deformations.

Dissipated energy

It is possible to compute the energy dissipated during the plastic deformation of each beam, by measuring the area under the load-displacement curve (see Figure 3.14). For all beams, the plastic do- main is estimated to start for a load of 60 kN. The energy dissipation for the four beams is plotted as a function of the displacement of the jack in Figure 3.15. And the values of the total energy dissipated are given in Table 3.6. Twice as much energy is involved in the failure of the solid prismatic beam P1, as for the truss-like beams. This is a significant difference, but it should be borne in mind that the tests were controlled in displacement rather than in force, which does not properly represent the action of usual loading cases. In other words, in a 'real-life' loading situation, if the ultimate load is reached, it will continue to apply to the beam, causing its sudden failure. Except for seismic loading cases, the important parameters are the existence of a plastic plateau (and its length), and the value of the ultimate load, which are similar for conventional beams and beams designed with the SOM.

SERVICEABILITY CONSIDERATIONS

Evolution of the stiffness with the concrete distribution L: Span of the beam (3000 mm) δu: Vertical displacement at ultimate load of less than 25 mm are plotted to zoom on the linear elastic part and on the beginning of the plastic one. There is a great stiffness loss due to the significant hollowing out of beams P3 and P4. Indeed, in the linear regime, P3 and P4 displacements are about 75% greater than that of P1 (see Table 3.8).

Global displacement pattern

However, it is important to note that despite different material distributions, P3 and P4 have very similar stiffnesses. The deflections of the beams are probably essentially dependent on the inclination of their struts (all other things being equal). This is what the global displacement pattern of P3 leads us to think. This global displacement was tracked with the motion capture system, and is plotted in Figure 3.17 for several load values. The displacement pattern clearly shows the influence of the central strut: the maximum displacement of the truss-like beams is undoubtedly related to the vertical component of the resultant force at the bottom node of the central strut. Further experiments with variable strut inclinations are required to draw a clear conclusion though. And truss models could then be developed to predict the displacement pattern (and thus the maximum displacement) of the beams designed with the strut optimisation method. The only difficulty would be to integrate so-called homogenised inertias that allow for taking into account losses of inertia due to cracking.

Early damage on the truss-like beams P1 behaviour remains elastic at least until a 40 kN loading as no residual displacement can be noticed for the first three cycles of loading. On the contrary, from the first loading cycle, residual displacements of respectively 0.6 and 0.5 mm appear for P3 and P4. They witness the opening of the first cracks. These first cracks are probably shrinkage cracks that appeared because of the lack of protection in the first hours after the manufacturing of the prototypes. It is possible that more cracks have formed in the truss-like prototypes. The fixed and rigid polystyrene moulds may have generated additional stresses by blocking the concrete at early ages. Although shrinkage cracks were indeed observed on the truss-like prototypes, this aspect has not been properly documented during the experimental campaign and needs to be further investigated.

The significant loss of stiffness in truss-like beams shows that a particular attention needs to be paid to the serviceability state design of truss-like beams following the SOM model. In particular: Deflection verification will require to be lead with great care whereas it is often not even required for prismatic beams as long as they verify a slenderness criterion [101]. Cracks' width control need to be thoroughly studied. This has not been done during this thesis, but it could be studied using DIC with the images taken with the two Allied Vision cameras. The displacement pattern is shown for only one half of the beam. 3.18, 3.19 and 3.22 present the force -displacement curves of P5, P6 and P7 along with the design ultimate load P Ed for each prototype. As a reminder, P5 was designed to fail due to the compressive stress in the upper chord, P6 was designed to fail due to the tensile stress in the longitudinal rebars, and P7 was designed to fail due to the compressive stress in the struts. As it can be seen on the photographs (Figures 3.18b,3.19b and 3.22b), the three specimens present a compression failure which is evidenced by the crushing of the concrete in the upper chord and the subsequent buckling of the construction rebars. Detailed explanations for these discrepancies between the expected and actual behaviours of the beams are given in the next three sections.

CONTROL OF THE MECHANICAL MODEL

FLEXURAL BEHAVIOUR -COMPRESSION

Regarding P5, the specimen behaved as expected. But, the failure load of 154.6 kN is 20.7% higher than the design load P Ed (128 kN). However, several factors can be put forward to explain this difference. Firstly, we recall that a security coefficient γ s of 1.15 was taken into account during the design process for the yield strength of the rebars. This factor is intended as a security guarantee for a calculation procedure that must be conservative, which is not the purpose of our study. If this coefficient is taken equal to 1.0, then the design load changes from 128 kN to 146 kN. The difference with the actual failure load is then of only 5.9%. This design load value is thus a very good approximation of the effective ultimate load in regard to all the uncertainties related to the fabrication of the prototypes that can influence the ultimate load (effective compressive strength of concrete -see §3.2.2 -, height of the beam, etc.). Moreover, as discussed in §3.2.2, the effective compressive strength can be influenced by the size effect. Typically, in the particular case of the tested beams (including P5), the height of the compression zone (74 to 112 mm) is closer to the diameter of the 11×22 cylinders while the width of all beams (150 mm) is closer to the diameter of the 16×32 cylinders. These dimensional considerations are not sufficient to conclude on the correct value of compressive strength to be used. But, they do suggest that the value used for the calculation of P Ed (measured with the 16×32 specimens) is a lower bound of the actual compressive strength of the concrete in the beam. As with all the tests presented in this chapter, other factors can also have a major influence: the actual height of the section (the formwork might have deformed under the effect of the concrete pressure during the pouring), the placement of the reinforcements, which can be slightly different from the one taken for the calculation (thus modifying the lever arm) etc. 

FLEXURAL BEHAVIOUR -TENSION

The behaviour of P6 differs from that of the five other truss-like beam prototypes in the sense that, despite a first partial compression failure at 56.9 kN (21.1% above the expected ultimate load of 47 kN), it was able to sustain a load of 48.6 kN (85% of the ultimate load) until the limit of the jack stroke was reached. Full failure of the prototype was therefore not reached.

P6 was designed to fail in tension, i.e. the longitudinal reinforcements were expected to fail due to excessive tensile stresses. It is common for beams failing in tension to display a first partial failure in compression. This is a phenomenon that we have for instance observed on other tests carried out in the framework of reinforced concrete courses given at École des Ponts ParisTech, as shown in Figure 3.20. The force -displacement curve shown in Figure 3.19a does not allow concluding on the failure mode of the beam. It is in particular clear that a new plastic domain starts after the partial compression failure, and that is only limited by the stroke of the hydraulic jack. It would be interesting to be able to measure the deformation in the rebars in order to estimate their utilisation rate at the end of the test. This is not straightforward though. Nevertheless, we can try to explain the existence of a first compression failure on the one hand and the reason why this failure is only partial, contrary to what is observed for all the other truss-like beams tested here. In fact, in the present case, the failure mode (given by the respective values of parameters µ and µ AB ) is very sensitive to four parameters: the design yield strength of steel f yd , the design value for the steel strain at maximum load ud , the compressive strength of concrete f c , and the lever arm of the longitudinal steel section d. The design value for the steel strain at maximum load is equal to 90% of the equivalent characteristic value uk . This is a conservative law of the design codes, once again motivated by security reasons. We already discussed the relevance of the partial factor γ s which we can take equal to 1.0 (so that f yd = f yk ). For the same reasons, ud can be taken equal to uk . The actual value of the concrete compressive strength as also been discussed in the previous part. It is reasonable to take into account a value based on the EC2 curve fitted from measurements made on 11×22 cylinders rather than on 16×32 cylinders. In which case, a value of 58 MPa can be retained. Finally, it is clear that the positioning of the rebars did not respect the cover specified. A cover closer to 3.5 cm than 2.5 cm was measured afterwards from the debris of the tests (and this is true for all the prototypes). With this set of parameters, the EC2 calculation predicts a pivot B failure mode (µ/µ AB = 1.02), that is a compression failure mode for a load of 53 kN. This does not mean that this set of parameters is the right one, but simply that there are plausible sets of parameters that can explain a compression failure of concrete.

Regarding the fact that the compression failure is only partial, the state of the section of the beam right before failure must be considered. During the test, with the increasing displacement imposed, the neutral axis progressively moved up to the top chord of the beam as illustrated by the flexural cracks visible on Figure 3.21a. Hence, at the time of failure, not all the height of concrete in the top chord was in compression (contrary to all the others truss-like beams). So, only a part of the concrete section got crushed. In particular, as illustrated in Figure 3.21b, the longitudinal rebars did not buckle and continued to provide some compressive resistance to the upper chord. The remaining concrete and the rebars thus allowed to keep some bending resistance. 

SHEAR BEHAVIOUR

The behaviour of P7 is very similar to that of P5. It presents the same stiffness (despite a different concrete distribution) and the same ultimate load: 154.2 kN (20.5% above the expected ultimate load). Although the EC2 design predicted a shear failure, and despite the formation of a large crack along one of the struts (as shown in Figure 3.23), no failure has been observed in the struts. The reason why a compressive failure occured prior to a shear failure is mainly explained by the difference between the actual compressive strength and the characteristic value f ck given by the concrete producer prior to the fabrication of the beam (30 MPa), and which was taken for the initial design of the prototypes. With such a value, V Rd,max would have been equal to 41.2 kN, so the beam should have failed for a load of 82.4 kN. But, as seen in §3.2.2, the effective compressive strength at the time of the test ranged between 51.3 and at least 63.6 MPa. V Rd,max is linearly-dependent of f c and thus ranged between 70.5 and 87.4 kN. With this latest value, the bending strength of the beam should have enabled to support a load of at least 174.8 kN in order to observe a shear failure of the beam. In other words, it would have been necessary to oversize even more the compression chord and the longitudinal reinforcements, or to undersize the struts, to witness a shear failure. 

CONCLUSION

In this chapter we have evaluated the compliance of the mechanical behaviour of truss-like reinforced concrete beams designed with the strut optimisation method (SOM) [206] with experimental results of four-point bending tests. The objective of such a comparison is to confirm or deny the direct applicability of the rules of EC2 for the design of reinforced concrete beams with the SOM model. To the extent of our knowledge, the results presented in this chapter are the first results of destructive tests driven on truss-like RC beams. For this purpose, seven 3.2-meter-long RC beams were tested under four point bending. One pris- The photograph was taken after the failure of the beam and while no force was applied to the beam. The crack opening visible in the photograph is therefore not representative of its maximum opening during the test.

matic beam, which was designed following the classical Eurocode procedure, served as a reference. Two truss-like beams and one Howe truss were designed in order to fulfil the same structural requirements as the prismatic beam. Those four beams were expected to fail in compression, the most common failure mode for RC beams. The tests driven on those four beams have demonstrated the consistency between the empirical behaviour of the optimised beams and their theoretical models with respect to the ultimate limit states (ULS). This is evidenced by the identical failure modes between the beams as well as the very similar ultimate load values. More specifically, the tests demonstrated the plastic-brittle behaviour of the beams designed with the strut optimisation method. The existence of an important plastic plateau before the failure of the truss-like prototypes gives confidence in their good structural behaviour and their potential for use in reinforced concrete structures.

With respect to the serviceability states, several elements have been identified that should be further studied. First, an important difference in terms of displacements has been identified. As expected, the truss-like beams display higher displacements than the solid prismatic one. But the parameters governing the maximum displacement are yet to be described. Moreover, early damage was witnessed on the prototypes designed with the SOM. Understanding this phenomenon also requires further research. Three truss-like beams have also been designed and tested to witness different failure modes (concrete crushing in compression, tensile failure of the longitudinal rebars and failure of the concrete struts). The objective of the tests driven on those prototypes was to prove the validity of the SOM theoretical framework regardless of the expected failure mode. In particular, we aimed at proving the good consistency between the empirical behaviour and the theoretical model with respect to shear. Indeed, one of the main consequences of the SOM model is to enable RC beams to be optimised for shear and not only for bending as it is mostly the case in current practice. The tests have not permitted to conclude on that subject. Among others, the significant difference between the actual value of the concrete compressive strength and the one which was used for the initial design of the beams modified the "limiting" characteristic of the prototypes. However, the most likely causes of these differences in behaviour have been identified. Other tests are now required to confirm our hypothesis.

Finally, this chapter allowed to confirm the applicability of the Eurocode 2 for the ULS design of RC beams which are expected to fail in compression. Further research is needed to generalise this conclusion to serviceability states as well as to other failure modes.

Chapter 4 Digital fabrication of truss-like beams:

PROCESS DIGITISATION, 3D PRINTING & AUTOMATION 4.1 INTRODUCTION 4.1.1 RESEARCH SIGNIFICANCE
Reinforced concrete (RC) construction is dominated by solid prismatic shapes which are easy to build with flat wooden or metallic formworks and straight rebars. On the contrary, there are few, if any, truss-like shapes. This fact is poorly documented, but we assume that it is due to a lack of economical manufacturing process. They are only found for very large spans, or even at the scale of the structure (e.g. for bridges as shown in Figure 4.1), where each element of the truss has dimensions of the order of magnitude of conventional beams. Two construction methods are then possible. Either the construction is in fact the assembly of traditional elements. Or custom-made formworks have to be prepared, in case the geometry of the structure has a certain degree of complexity. At the scale of the structural element, and in particular for beams designed with the strut optimisation method, none of these construction methods is relevant, either for economical or for environmental reasons. The first one would be very tedious and time-consuming while, with the current practices the second one would produce large amounts of waste. Indeed, they consist in using wooden or polystyrene moulds (see Figure 4.2) with a low reuse rate.

Besides, and as already mentioned in the introduction of this thesis, RC construction is highly labour-centred. This raises questions in terms of productivity and quality of the work carried out [START_REF] Bock | The Future of Construction Automation: Technological Disruption and the Upcoming Ubiquity of Robotics[END_REF], as well as in terms of security for workers. Typically, the rebar workers tend to carry heavy loads with poor ergonomics [199]. A greater automation of tasks could accelerate their execution while reducing their painfulness for the workers. However, its implementation is not straightforward because the whole value chain need to be reconsidered. For instance, as observed by the authors in several factories of rebar cage or RC elements fabrication1 , there is generally no numerical continuity between the design offices and the factories. As such, a lot of time is lost due to a lack of efficiency in the management of information between the players at stake, namely the contractors and their subcontractors.

This chapter aims at proposing some answers to these technological challenges by leveraging the different components which support the development of so-called digital fabrication processes. This includes information management aspects, be it with the advent of BIM principles [148,188], or the development of general-purpose languages for programming robots [225,272]; and the democratisation of advanced manufacturing techniques, including of course additive manufacturing processes [START_REF] Duballet | Classification of Building Systems for Concrete 3D Printing[END_REF]313]. 

OVERVIEW

This chapter builds around five sections. In this introductory section, we present the concept of the Recy(clay)ble Formwork manufacturing process, an automated process for the fabrication of trusslike beams, which underlies the whole chapter. Then, Section 4.2 introduces a fully digital workflow that allows the efficient transmission of information between the design stage (which was the subject of Chapter 2) and the manufacturing one. Sections 4.3 and 4.4 address the implementation of the Recy(clay)ble Formwork process: Section 4.3 presents the fabrication of a three-meter-long truss-like RC beam with 3D printed concrete moulds, while Section 4.4 introduces several modifications made to the process and in particular the development of a clay printing process. It presents the outcomes of these improvements through the description of the fabrication of a second prototype. Finally, Section 4.5 provides avenues for further automation of the manufacturing process, by introducing innovative reinforcement concepts which facilitate the assembly of the reinforcement cages.

PRESENTATION OF THE RECY(CLAY)BLE FORMWORKS CONCEPT

In Chapter 2, a digital workflow for the automated design and calculation of optimised truss-like RC beams was introduced. One of the benefits of using this workflow during a project is that it allows each element to be optimised individually without any additional cost in terms of design time. But this is of course irrelevant if the design of these elements needs to be rationalised to adapt to the production methods. The whole point of the current developments in the digital fabrication sector is to enable the so-called 'mass-customisation', i.e. the mass production of customised products. In order to manage the manufacturing complexity related to the number and shapes of the hollowed-out parts of beams designed with the strut optimisation method, we propose a fabrication method based on the 3D printing of moulds. These moulds are used to cast the inner cavities of the truss-like beams, as illustrated in Figure 4.3.

The manufacturing process will be detailed through the descriptions of the fabrication of the prototypes in Sections 4.3 and 4.4. But, in a nutshell, it consists of the following steps:

1. Preparation of the outer formwork. It can be made of wood or metal and serves to cast the contour of the beams. 2. Printing of the inner moulds on the formwork base. 3. Preparation of the rebar cage and placement in between the outer formwork and the inner moulds. 4. Concrete pouring.

Note

From the beginning of the project, the idea was to print clay moulds with the aim of being able to recycle them in order to minimise the environmental impact of the production of the moulds. We will come back to this point later. However, the 3D printing of concrete moulds was used as a first step to validate the concept without waiting for a clay printing process to be implemented in the laboratory. 

DIGITAL WORKFLOW FOR THE ADDITIVE MANUFACTURING OF MOULDS

To make a successful transition from a predominantly labour-based manufacturing process to a digital one, an appropriate information management system is required. Hence, we developed a fully automated digital workflow which allows to manage the geometric complexity of the truss-like beams from an informational perspective. In this way, the shape complexity and unicity of the cavities of the beams can easily be managed at all points of the process. For instance, the shop drawings as well as the fabrication data, such as the robot's path, are automatically generated. With a view to an industrialisation of the process, it also facilitates the verification steps, reduces the risk for mistakes due to the digitisation of paper plans at the factory, and cuts the time spent in project management. The workflow is presented thereafter.

PRESENTATION OF THE WORKFLOW

The digital workflow for the management of the manufacturing process of truss-like RC beams is presented under the form of a flow chart, in Figure 4.4. After the design of a member, through the automated process presented in §2.4.4 of Chapter 2, its comprehensive model is directly retrieved. Data of this model are then used to generate a 2D drawing of the beam elevation from which the geometry of the beam contour and that of the cavities can be extracted. From the shapes of the cavities, and with some constraints on the fabrication requirements, tool paths for the print of the inner moulds are generated and simulated. During the simulation, a visual check is made to ensure that there will be no problems during the printing process (e.g. distance between the moulds too short with respect to the print head's footprint, total distance too large for the robot arm, etc.). Once an appropriate configuration is defined, the fabrication process is launched. Transparent blocks are not studied in this thesis.

SOFTWARE ENVIRONMENT

The beam model from which the workflow is derived consists of a C# class, as already presented in §2.4.4. The information contained in this class is transferred to Grasshopper, a plug-in of the computer-aided design (CAD) software Rhino3D which allows, among other things, to parametrise the 2D and 3D drawing of objects. The shop drawing of the member is entirely generated from Grasshopper components. From this stage, the robots are programmed with the HAL Robotics framework, using Rhino3D to visualise various data (in particular the simulation of the robot's displacement).

FABRICATION OF A PROTOTYPE WITH CONCRETE MOULDS

METHODS AND EXPERIMENTAL SETUP

A first prototype was realised using concrete 3D printing to form the moulds [206]. Except for the preparation of the reinforcement cage, which was ordered from a construction site, all tasks were performed using Navier laboratory facilities. These tasks included the fabrication of the formwork contour and base, the printing of the moulds, and the pouring of the concrete. The formwork contour and base were made with sheets of plywood. The inner moulds were printed within Navier concrete 3D printing cell which is composed of a 6-axis industrial robot arm ABB IRB 6620 equipped with an XtreeE printing head. The structural concrete was formulated using the BétonLabFree software [276],

and was prepared at the laboratory from the formulation given in Table 4.1. 

DESIGN OF THE PROTOTYPE

Information regarding the design of the first prototype is given in Figure 4.5. The design does not so much respond to clearly defined structural constraints as to test the constructibility of beams designed with the strut optimisation method and including some important details. In particular, the design includes two layers of curtailed longitudinal rebars and the height of the struts is reduced to twice the maximum aggregate diameter.

FABRICATION DESCRIPTION

All the manufacturing steps for the manufacturing of the first prototype (which are described below) are illustrated by the photographs of Figure 4.6. Of course, the manufacturing process begins with the preparation of the formwork. But, the first critical step is the printing of the inner concrete moulds on the formwork base. There are two decisive aspects: the calibration of the formwork base, and the printing itself.

The calibration is important because the formwork is made of sheets of plywood that are rather soft, and its base is therefore not perfectly flat. Before printing, positions are therefore regularly marked on the formwork with the end effector of the robot and recorded, and the robot's trajectory is adapted in the software to take account of the non-planarity of the formwork base. The aim is simply to prevent the robot's nozzle from coming into contact with the formwork, or on the contrary, from being too far away when printing the first layer.

Regarding the printing itself, XtreeE's technology is based on the use of a bi-component material [132]. A mortar premix is pumped from a shearing mixer and conveyed towards a mixing screw placed just before the nozzle of the robot. At the screw level, an accelerator is introduced and dispersed in the mix in order to fasten the structuration rate of the mortar. The structuration rate of the material imposes a minimum inter-layer time to ensure that it can withstand the weight of succesive layers, while the material thixotropy and the environment are governing parameters for the maximum inter-layer time [START_REF] Carneau | Additive Manufacturing of Cantilever -From Masonry to Concrete 3D Printing[END_REF]. It is generally easier to keep a constant time frame between each extruded layer, which we implemented for the printing of the moulds. However, for such an application where the ratio between the perimeters of the biggest and smallest moulds are great, this time constraint raises issues in terms of concrete and accelerator flow rate management as well as for the robot speed. Indeed, as described by Carneau [START_REF] Carneau | Additive Manufacturing of Cantilever -From Masonry to Concrete 3D Printing[END_REF], for constant inter-layer times, the mould perimeters and the robot's speed are linked through Equation 4.1:

max(l i ) min(l i ) < V + V - 4.1
where here, l i represents the list of the perimeters of all the moulds, and V + and V -are the maximal and minimum speed of the robot respectively. Given the speed capacity of the robot, V + and V -are rather bounded by the capacity of the pump. Indeed, as per Equation 4.2, the speed of the robot V r is related to the volumic concrete flow rate Q and to each layer's cross-sectional dimensions (h and d).

Q = V r hd 4.2
For the prototype in question, the ratio between the longest printed piece perimeter and the shorted one is about 4.5. The volumic flow of the mortar thus varies greatly between the moulds, and the flow rate of the accelerator must also be adapted accordingly, but this is not easy as the flow rate setting is very sensitive. However, the advantage we have with this application is that the printed concrete is not structural. It should only be able to withstand the lateral pressure of the fresh concrete which is poured afterwards. It is for instance affordable to set up a relatively high rate of accelerator in order to decrease the required inter-layer time, even if this has a negative impact on the final strength of the printed concrete.

Once the moulds are printed, the reinforcement cage was placed in between the moulds. It should be noted that the second layer of longitudinal rebars was forgotten during the assembly by the construction site. This was not corrected as it would have prevented us from being able to place the rebar cage, for reasons which are outlined in the next part. Then, the concrete was prepared and poured. Pouring concrete was the biggest challenge. It is well known that the Eurocode 2 (EC2) [101] includes a large amount of rules driven by the need for the concrete to set evenly in the formwork: minimum spacing between the rebars, etc. Here, the narrowness between the rebar cage, the printed pieces and the plywood sheets augments the necessity for carefully formulating the concrete. For this case study, typical distances between the surface of two printed pieces were of 6 cm with a rebar (HA 6, i.e. with a diamter of 6 mm) in between. Our objective when formulating the concrete was to reach a plastic to limp concrete (slump value of about 9 to 10 cm) allowing us to manually vibrate it and thus avoid the drift of the moulds on the formwork base, but low enough to avoid segregation. Despite our attention during the preparation, the initial concrete mix was too dry. Our guess is that we didn't measure the moisture content in the sand and gravels on representative batches. Their moisture content was probably higher than the average moisture content value of the materials actually used. And we probably added too little water during the preparation. When we realised that the concrete was very dry, we preferred not to add extra water in order to guaranty a minimum strength. Finally, we were able to pour the mix inside the formwork but could not avoid a certain clotting in some areas of the beam.

DISCUSSION ON THE FABRICATION

Several technical issues were raised during the construction of the prototype. Firstly, as mentioned in the previous paragraph, the distribution of the length of the printed layers of the inner moulds is critical. It would be even more complex to manage for real applications. Typically, if we take as an example the contours of one of the beams studied in Section 2.5 of Chapter 2 (say a beam corresponding to a span-slenderness pair of 7 m and L/15), the ratio between the longest printed piece perimeter and the shortest one would be 7.18.

Then, the order of magnitude for the precision of the rebars placement, which were manually assembled on a work site, was ten times higher than that of the formwork (both plywood and concrete parts), i.e. of the order of a centimetre. Although the second reinforcement layer was forgotten during the preparation of the cage (which we will come back to later), it was impossible to insert the rebar cage inside the formwork at first, because of the uneven distance between the stirrups. The moulds, which were not attached to the formwork, had to be moved so that the cage could be positioned. Obviously, in doing so, all the precision allowed by the use of industrial robots is lost; and the process loses much of its interest. It should also be noted that if two layers of longitudinal reinforcements had been placed in the tensile area, as designed, the vertical space for the moulds would have been insufficient. Furthermore, due to its consistency (slump lower than 2 cm), the poured concrete had to be vibrated with a vibrating needle. As the moulds had not been properly fixed to the formwork base, they probably moved, although this phenomenon has not been quantified. It would be necessary to either find an easily replicable method to prevent the displacement of the printed pieces during the vibration of the formwork without making their retrieval too complicated or to use self-compacting concrete.

Finally, it is worth noting that the biggest improvement lever however remains the printed material. Currently, a major part of the formwork cost (both economic and environmental) is in the printed concrete because of its high cement content. Especially since, according to the Eurocode 2 [101], the concrete printed moulds cannot be taken into account in the structural calculation. However, this is something we had in mind from the beginning, but the idea was to test the manufacturing process for the first time without waiting for the implementation of a clay printing cell. The next part focuses on the manufacture of a second prototype, this time using clay printed moulds. The objective here is obviously to reduce the environmental impact associated with the moulds. This aspect will be studied in Part II.

FABRICATION OF A PROTOTYPE WITH CLAY MOULDS

METHODS AND EXPERIMENTAL SETUP

To address the last shortcoming presented above, a process for printing clay moulds was developed at the Navier laboratory within the facilities of the Build' In plateform 1 [207]. The printing system (initially developed for the 3D printing of geopolymers [START_REF] Archez | Strategy to Shape, on a Half-Meter Scale, a Geopolymer Composite Structure by Additive Manufacturing[END_REF]) uses a cartridge-based extruder, mounted on a 6-axis industrial robot arm (ABB IRB 6620). The various elements of the extruder are presented in Figure 4.7. A pneumatic jack (with a maximum force of 7.6 kN) pushes a piston along a 4-L cartridge containing a clay mix in order to feed a 15 mm nozzle with this mix. In the nozzle, a worm screw, which rotational speed is controlled by a step motor, allows to manage the extrusion flow.

The extruded material is a mix between kaolin clay1 and water, with a water-to-clay mass ratio w w/c equals to 0.58. The bulk density ρ c of this paste is estimated at 1660 kg.m -3 . The proper w w/c ratio for printing was initially found through a trial and error approach. With such a ratio the paste remains between the Atterberg's limits [START_REF] Atterberg | Die Plastizitat Der Tone[END_REF] (i.e. the liquid and plastic limits), while being extrudable. The so-called plastic limit is not well-defined. It corresponds to the minimum water content that allows the clay to be kneaded into a ball. It separates the solid state of the clay from its plastic state. Besides, above the liquid limit, the clay no longer retains the shape it is given because free water is able to move between the kaolin platelets (a similar phenomenon is found with sand, which is well described by Gelard et al. [129]). While these limits give a first indication of the consistency required for the clay mix, it is important to note that they do not give a precise idea of the admissible w w/c range. Its upper bound is rather given by a buildability criterion (i.e. the capacity of the mix to support the weight of the successive layers), while its lower bound is given by a printability criterion (which probably involves the friction between the different parts of the extruder and the clay, as well as the maximum force that the jack can exert). We will come back to these aspects later on.

The external formwork was made from birch and poplar plywood sheets as well as fir rafters. And, the prototype was made of a self-compacting concrete (SCC) with a maximum aggregate size of 12.5 mm. Table 4.2 presents the formulation of the SCC which was provided by Béton Solutions Mobiles.

Material

Supplier Quantity (kg/m 

DESIGN OF THE PROTOTYPE

Information regarding the design of the second prototype is given in Figure 4.8. The main difference with the design of the first prototype consists in the concrete distribution which has been slightly modified in order to allow an easier fabrication while providing a similar capacity. To this end, i.e. in order to keep similar cross-sectional areas for the compressive concrete parts, the height of these areas have been increased while the overall width have been decreased in an inversely proportional way. Similarly, the concrete cover around the longitudinal reinforcements have been increased in order to allow the placement of two layers of rebars. 

INITIAL EXPERIMENTS Extrusion regimes

One of the essential parameters to ensure a good printing quality is the ratio between the robot speed V r and the extrusion speed V e which are linked through Equation 4.3 proposed by Carneau et al. [54]. This equation expresses the mass conservation between the material in the nozzle and the extruded one, as illustrated in Figure 4.9.

πD 2 4BH = β V r V e 4.3
where D is the nozzle diameter, H is the height of the layer, B its width and β is a shape parameter which describes the discrepancy between the real section of the layer and a perfectly rectangular section of width B and height H. From this relation, as well as from various failure criteria, Carneau [START_REF] Carneau | Layer Pressing in Concrete Extrusion-Based 3D-printing: Experiments and Analysis[END_REF] evidenced five printing regimes:

The tearing regime is observed when the strain generated by the difference between the robot and the extrusion speeds exceeds the material tensile strain at failure, thus initiating cracks. The free flow deposition regime which happens when the target height H of the layer is too high compared to the yield stress of the material. In this regime, when the material is extruded, it flows. This progressively generates an accumulated error on the total height of the structure. From a certain distance between the nozzle and the sublayers, the extruded lace tends to coil. The infinite brick extrusion regime where the control of both the width and the height of the section is correct but highly sensitive to any kind of issue in the process (change of material yield stress, modification of the target height, etc.). The controlled pressing regime where the extruded layer is pressed by the nozzle, allowing a perfect control of the layer width and height. The over pressing regime which is observed when the pressure exerted by the nozzle induces a deformation of the sublayers as well.

For a water-to-clay ratio w w/c of 0.58, the clay paste is very stiff and homogeneous, and it has an excellent print quality. Moreover, and contrary to the printing process for bi-component cementitious material, the properties of the clay paste do not change during the printing (the duration of a printing session is generally negligible compared to the characteristic drying time of the clay). A proper control of the height and width of the layers can thus theoretically be achieved in both the 'controlled pressing' and the 'infinite brick extrusion' regimes. However, both regimes were tested on small samples, and micro-cracks in the plane orthogonal to the extrusion direction were observed for samples printed with the 'controlled pressing strategy', as illustrated in Figure 4.10. We assume that they are generated by the stresses exerted on the stiff material which is pressed between an equally stiff sub-layer and the robot nozzle. In any case, this observation leads us to place ourselves at the border between both printing regimes cited above. This implies that the robot speed V r and the extrusion speed V e be equal.

Preliminary measurement of the extrusion flow

The setting of the robot speed is straightforward thanks to the HAL Robotics framework. The extrusion speed is related to extrusion flow Q c through Equation 4.4. However, in the clay printing process, the material flow is governed by the rotational speed of the worm screw. It is set by a numerical signal which value can vary between 0 and 18000 bits. The material flow should therefore be related to the rotational speed of the worm screw. This could be done analytically from the dimensions of the worm screw (among others) but we rather derived a relation from experimental measurements. To this end, a simple method derived from the slug test [START_REF] Ducoulombier | The Slug Test": Inline Assessment of Yield Stress for Extrusion-Based Additive Manufacturing[END_REF] consists in extruding a batch over a balance and to note the mass of the 'drops' of clay, as well as the instant of their fall. This process is repeated for various values of numerical signal, and at least three measures are made for each speed of the worm screw. The mean values as well as the min-max range of the flow rate measured for various input signals are plotted in Figure 4.11. Note that the uncertainty increases with the flow rate only because the measurement process is not automated. Therefore, the ratio between the time measurement uncertainty and the time between two drops increases when the flow rate increases. 

V e = Q c ρ c π D 2

Measurement of the material settlement

As the drying time of clay (of the order of one day) is long as compared to the printing time of one mould, the material properties are not expected to change during the printing. Although the clay paste is stiff, we conducted settlement measurements to ensure that the progressive settlement of the layers under the weight of the upper ones does not cause the printing regime to drift towards a free flow deposition regime. The measures are made on a 'tower' with a rectangular base. The extrusion speed is equal to the robot speed and the height between two successive passes of the robot is equal to the nozzle diameter (15 mm). Figure 4.12 illustrates the measurement process and Figure 4.13 presents the total height of the object as well as the evolution of the nozzle-layer distance with the number of layers.

Nozzle -layer height

Total height The nozzle-layer distance starts to drift from a total object height of about 190 mm. As the width of the beam prototype is of only 15 cm, there is no need to correct the path of the robot accordingly. However, if higher moulds were to be printed, several correction procedures could be implemented. For instance, in et al. [START_REF] Archez | Strategy to Shape, on a Half-Meter Scale, a Geopolymer Composite Structure by Additive Manufacturing[END_REF], we propose to measure the apparent Young modulus of the fresh material from a first print, which allows to predict the material settlement and thus to correct the robot's path in advance. Other more elaborated methods, including for instance 3D laser scanning [141,150] or distance measurement with 1D Time-of-Flight sensors [318], could be implemented. One advantage of these methods is that they allow online compensation of the robot's movement.

FABRICATION DESCRIPTION

The overall manufacturing process for the second prototype is very similar to that of the first one, and is presented through the photographs of The raft is the first layer. It serves to counterbalance possible calibration errors, its height is not necessarily uniform, and it is therefore not taken into account in the measurements.

perfectly planar. As per the first prototype, it needed to be calibrated in order to adapt the path of the robot and to ensure a consistent height for the first layers of the nineteen moulds to be printed.

Due to technical problems that could not be solved within the time frame imposed by the concrete order, this calibration step was performed manually, using the same method as for the first prototype. However, we had considered automating this process by using optical systems. We will come back to this later.

The moulds are then printed directly on the formwork base. Six cartridges were necessary. This system required the work of three people, one in charge of the whole robotic part with more of a control role (especially regarding security aspects), and two people in charge of filling and replacing the cartridges during the printing process. Then, the moulds were covered with a plastic film to prevent their drying. Indeed, they were printed the day before the concrete was received. They would have dried and shrunk if they had been left in the open air, and the final geometry would have been different from the design. Of course, in a perspective of industrialisation, the two steps would be carried out at much closer time steps.

The day after the printing, the moulds were filled with sand. This step is necessary to balance the pressure of the concrete at fresh state. With self-compacting concrete, this pressure can be close to the hydrostatic pressures (e.g. [START_REF] Assaad | Variation of Formwork Pressure with Thixotropy of Self-Consolidating Concrete[END_REF]173]) and, in previous laboratory tests with a particularly fluid concrete, we showed that the moulds collapse under the pressure of the concrete (see Figure 4.14). We will come back to this important aspect later.

Prior to this, the reinforcement cage is prepared. This time, it was ordered not from a construction site but from Sendin (a reinforcement manufacturer) with a specific request concerning the manufacturing tolerances. The reinforcement cage was thus prepared in a factory, i.e. in a better controlled environment than a construction site, and special care was given to the bending of the rebar, to the spacing between the stirrups, as well as to their inclination (perpendicular to the longi- tudinal rebars).

Once the moulds were filled with sand, the rebar cage was inserted and the concrete was poured. This time, these two steps went perfectly well and there was no need to vibrate the concrete, the slump flow value of which was measured at 742 mm via an Abrams cone test (see Figure 4.15).

During the demoulding of the beam, about a month after the concrete pouring, the vast majority of the sand was automatically removed when the beam was turned over (remember that it was cast 730 mm 755 mm on its side) and recovered via a canvas. The clay moulds, of which only one side was previously in contact with the air had hardly dried at all. After two days, we removed them very easily by crushing the dry clay. Although not accurately measured, we estimate that 95% of the clay could be recovered.

The improvements brought to the manufacturing process allowed to successfully build a second 3 m-long protoype of a truss-like RC beam designed with the strut optimisation method. Indeed, as illustrated in Figure 4.17, the concrete was perfectly casted, ensuring the soundness of this structural element. The technical feasibility of the Recy(clay)ble Formworks process is thus demonstrated.

DISCUSSION ON THE FABRICATION

In this section, we discuss the elements that have been improved between the two prototypes, and give some ideas for future necessary improvements.

Benefits from a higher fabrication complexity

First, we compare the productivity data of both prototypes. Table 4.3 presents the bill of quantities of both prototypes and Table 4.4 some productivity metrics regarding their fabrication. The processing time for the second prototype took twice as much time as the one with concrete moulds. This difference is mainly due to the time taken to prepare the clay moulds. The most timeconsuming sub-process for the preparation of the clay moulds was the refilling and reloading of the 

Table 4.4

Productivity metrics for the manufacturing of both prototypes.

In red, the number of people working simultaneously. e -Estimation cartridges whereas the printing time alone was very similar in both case studies. As pointed out by Archez [14], the choice of a process based on the use of interchangeable cartridges is in particular motivated by security and sizing reasons, as well as to avoid the preparation of too much material at each experimental session. This is a simpler technological solution than the continuous printing systems generally used for concrete printing. However, only such systems can achieve industriallevel productivity. But, several parameters where leveraged to ease the concrete casting by allowing a smoother concrete pouring, especially regarding the coarser aggregates. The better manufacturing tolerance of the cage (of the order of half a centimetre for the second prototype) ensures minimal distances between the rebars and the moulds. The modification of the geometry of the struts (thanks to the reduction of the width of the beam) also goes in that direction despite a higher steel ratio. This higher ratio is mainly due to the lack of availability of 8 mm diameter rebars in the second case, so that all the stirrups were made with rebars of 10 mm diameter. Lastly, the use of self-compacting concrete (SCC) instead of ordinary concrete, though requiring higher precision in the formulation, makes the pouring easier. Shifting the complexity towards upstream tasks enables to ease the concrete pouring which is the most important step to manufacture sound structural elements.

To go further, robotic assembly of the rebar cage could also be leveraged to improve even better the precision. Indeed, as it can be seen in Figure 4.16-e, despite reduced assembly tolerances, it was not possible to ensure a perfect placement of the reinforcement cage. The stirrups are not centred between the moulds and the minimum concrete cover is not respected. This is due to a combination of factors including the shape of the stirrups as well as the manual assembly. We will come back to the first aspect in Section 4.5. Regarding the manual assembly, it should simply be noted that the assembly would take far too long if the workers had to ensure tolerances of the order of one mm, as is the case for the moulds.

Potential improvements regarding the fabrication of the moulds

Besides, although it is not the longer step, pouring sand inside the moulds is a burdensome task, and it is not that easy to ensure an even placement of the sand. For instance, Figure 4.18 evidences the presence of curved shapes on the prototype (at the level of the moulds) which witness the action of the concrete lateral pressure at fresh state. To improve this aspect, one possibility would be to print moulds incorporating stiffener shapes. Simple topological optimisation algorithms could be leveraged to design the stiffeners. This would probably be much more expensive in terms of printing time, especially with a system based on the use of cartridges. But it would also avoid the need to filter the sand when demoulding, so that the clay could be reused. Another solution would be to use a mix with a greater yield stress, but this might require to use a more powerful pneumatic jack.

Whatever the printing strategy, it is necessary to propose models with respect to the printability as well as the buildability of the mix. This includes (but not limits to) the characterisation of the printed material from a mechanical point of view. First test proposals, based on simple engineering models, have been made in this sense during the thesis. However, we have not yet obtained convincing results. 

Towards an automated formwork calibration process

As already explained, the calibration was made manually due to technical issues. However an automated calibration process was developped, using the same motion capture system as the one presented in Chapter 3 based on the OptiTrack system [241]. The principle is simple, reflective markers are placed regularly on the forwork base and their positions are automatically recorded in the Grasshopper environment in order to modify the path of the robot accordingly. The setup is presented in Figure 4.19. Other systems, perhaps more adapted to an industrial context and to the principles of robot oriented design, could also be imagined. For example, the robot could be equipped with a mechanical probe that would automate the manual process used for the two prototypes without requiring a cumbersome external optical system. 
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Complementarity of the formwork and the robot

Regarding the printing setup, it consists of a fixed wooden formwork and of a 6-axis industrial robot arm placed on a linear track. Six axis are not required to print the moulds. Stiffer robots such as gantry robots or SCARA ones would be more relevant in an industrial environment: they are cheaper, more productive, and require less maintenance. Moreover, depending on the context (i.e. prefabrication or on-site manufacturing), the moving part might not be the same. In a factory, to enable a continuous process from the preparation of the formwork to the steam-curing of the concrete and the demoulding of the beam, a conveyor is required. As such, a fixed robot should be use. On-site, a robot on a track offers a more compact printing unit. It thus better suits the tight space constraints of worksites in urban areas.

SIMPLIFIED METHOD FOR ASSEMBLING REINFORCEMENT CAGES

In §4.4.5, we have linked the difficulties of placing the reinforcement cages inside the formwork to the shape of the stirrups and the manual assembly. In this section, we go into more detail on these elements and suggest improvements. These are the subject of a patent which was deposited in France at INPI 1 [208].

STANDARD STIRRUPS SHAPES

During a reinforced concrete project, the choice for the shape of the reinforcements, and in particular of the shear reinforcements, is made by the structural engineer. The shape must satisfy some rules of thumb, depending on the element configuration. And the choice is generally motivated by the ease of manufacture as well as by safety aspects. All these shapes present at least one of the two following features (the second one is shared by all the traditional shapes):

An overlap where the rebars are crossed. With the exception of the overlaps where the rebars are crossed (when they are), these shapes are contained in a plane.

As we have already seen, the overlap imposes a greater 'thickness' of the shear reinforcement than the value taken (equal to the diameter of the rebar) for the design of the moulds' shape. Besides, the fact that the shapes presented above are contained in a plane makes it difficult to achieve a precise assembly between the longitudinal and the shear reinforcements. There are two main methods to assemble the reinforcement cage. One possibility is to have a table to hold the shear rebars, and to insert the longitudinal rebars into them, before welding or tying them together. Another possibility is to place the longitudinal bars on trestles and to thread the shear rebars around them before assembling them. With the second option, with shear rebars contained in a plane, the reinforcement structure is not stable until the rebars are welded or tied together, and the shear reinforcements tend to take an oblique position, as illustrated in Figure 4.21. This is why it is very difficult to achieve very low assembly tolerances, especially when it is done manually. In the next part, we present a new shape of shear reinforcement to address these issues. As illustrated by the other two diagrams, this pattern can then be repeated in two directions to produce more complex shapes to accommodate various longitudinal reinforcement configurations.

The bending of such reinforcements does not present any particular difficulty. The transverse portions, i.e. those which connect the flat portions, must be bent first. Then the parallel planes are bent simultaneously. An example of a reinforcement, bent at the Navier laboratory with a conventional bending machine 1 1, is shown in Figure 4.23. It should be noted, however, that current tools do not necessarily allow the bending of reinforcements with more than two parallel planes, as con- ventional bending mandrels are not necessarily wide enough. This would however require a minor modification of the current tools.

Transverse bend
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METHOD OF ASSEMBLY

The assembly of reinforcement cages using split W-shaped shear rebars is straightforward as compared to the traditional assembly method. Indeed, rather than needing to thread the shear reinforcements along the longitudinal ones (which is time-consuming), or to thread the longitudinal rebars inside the transverse reinforcements (which is not practical due to the flexibility of straight rebars which length can typically be more than 6 m), our process only implies vertical movements.

The principle (illustrated in Figure 4.24) is that the longitudinal reinforcements are placed on trestles (step 1 in the figure) and then the split W-shaped (or comb-shaped) reinforcements are inserted from above, and upside down, so that the bends are placed on the longitudinal reinforcement (step 2). There are two advantages here. First, because the longitudinal reinforcements are 'trapped' in the shear reinforcement bends, they cannot roll off the trestles (even before a mechanical connection is made). On the other hand, thanks to the two flat sections, the transverse rebars are always in contact with the longitudinal ones in at least three points, which stabilises them. Then, a 'construction' rebar is inserted from above and placed in the last free bends of the shear reinforcements, in order to stiffen the whole cage (which is necessary for its handling, step 3). Both welding and tying are appropriate to assemble the cage, and the assembly can be done in one go at the end of the process whereas, with a traditional process, each stirrup must be tied as soon as it is threaded along the longitudinal rebars for instance. The last step is to turn the assembled cage over. One of the interest of the assembly method described above is that it can easily be adapted to different working environments. In Section 4.3, we evidenced the limits related to the on-site preparation of reinforcement cages. On site, where cages are often built on the ground, comb-shaped rebars provide improvements in terms of handling and ergonomics. Let's take the example of the cage shown in Figure 4.24. Another possibility for its assembly is to place the 'construction' rebar directly on the ground, and the transverse reinforcements on their four 'feet' (which are the four bends), i.e. in the opposite direction to that used in the basic assembly method. The whole point of the four legs is to make the rebars self-stable. Finally, the two longitudinal rebars can be placed inside the bends, and the 'construction' rebar can be raised to the last free bends. This latter task is somewhat less practical as it requires supporting the 'construction' rebar while tying it.

Towards an automated assembly process

There are two main reasons motivating the automation of the assembly process. On the one hand, the measure of the spacing between the shear reinforcements is a time-consuming task and, to improve the productivity, it is often fixed to standard values (e.g. 15 cm, 20 cm, etc.). This is a problem in itself as it limits the design domain, especially in the context of an approach based on the SOM. Moreover, productivity (i.e. the speed with which workers assemble the rebars) is necessarily at the expense of precision. Although the assembly method presented above, carried out manually, already allows to reduce the fabrication tolerances thanks to the 'stability' of the split W-shaped rebars, only an automated approach can achieve manufacturing tolerances of the same order of magnitude as those obtained when printing the moulds used to build truss-like RC beams. This next development step is starting to be addressed by private companies such as Rebartek 1 [106] or Skanska [252,262], but they have only been able to deal with traditional rebar shapes and simple rebar arrangements for now. One of their problematic typically concerns the stability of the rebars during transitory phases. Their results prove the feasibility of the process while showing the interest of developing fabrication-aware shapes of rebars.

CONCLUSION

This chapter introduced the Recy(clay)ble Formwork manufacturing process which aims at replacing conventional methods used to cast reinforced concrete truss-like beams. It is based on the precepts of so-called digital fabrication, which can be described as an industrial design and production process in which numerical data are used to manage production tools. In the first section, we thus presented a numerical workflow which bridges the gap between the design workflow presented in Chapter 2, and the production stages. Then, in the next two sections, we implemented the Recy(clay)ble Formwork process for manufacturing two three-meter-long reinforced concrete beam prototypes, which proved its feasibility. Besides, the main take-away from these achievements are that:

Introducing more complexity in all the 'preparatory' tasks decreases the complexity of the most important one which is the concrete pouring. Examples of such a complexity shift are for in-stance: taking into account manufacturing constraints in the design process, formulating and preparing self-compacting instead of ordinary concrete, automating all the sub-processes, etc. Manufacturing tolerances of all parts (formwork, moulds and rebar cage) must be consistent.

Regarding the manufacturing tolerances, in simplified terms we can say that the overall tolerance is equal to the worst tolerance among each part. And it is this value that must be taken into account in order to ensure a proper manufacturing. With a manual assembly, the tolerance of the reinforcement cages is about an order of magnitude higher than that of the moulds, which defeats the purpose of using industrial robots. In the last section, we thus developed novel shear reinforcement split W-like or comb-like shapes which, thanks to their self-stable nature, greatly facilitate the assembly process and allow to enhance the tolerances.

II.

Environmental assessment of a digital manufacturing process for reinforced concrete beams This chapter introduces the second part of this thesis, which deals with the evaluation of the digital fabrication method introduced in Chapter 4, on the basis of environmental criteria. The motivations behind this study are twofold. First, the Recy(clay)ble Formworks process is, by essence, more energy intensive than traditional fabrication processes. It is thus necessary to assess the environmental impacts of this process in order to ensure that the potential additional impacts due to process and organisational changes do not outweigh the gains from the concrete savings. Furthermore, this study also forms part of a broader progressive transformation of the reinforced concrete (RC) construction industry. Indeed, in urban areas, construction sites face increasingly severe and numerous constraints, whether in terms of space or noise limitations in particular. For instance, according to a report to the French Ministry responsible for housing, the insurance cost of inconvenience caused by construction sites is estimated at around €4 billion [219]. The use of dry processes, and therefore of prefabrication, is one way to meet these challenges. Some similar questions to those related to the use of the Recy(clay)ble Formworks arise, especially in terms of potential burden shifts, and the conclusions of our study can therefore be put into perspective with this context of transformation.

That said, the purpose of this chapter is only to introduce the tools and methods used in the next two chapters to assess some environmental impacts, and in particular those of the fabrication process presented in this thesis.

OVERVIEW

This chapter includes two relatively distinct parts in terms of content. Sections 5.2 and 5.3 introduce the databases that are used to build the environmental models (or life cycle inventories -LCIs) of the two production systems we intend to study, as well as the life cycle impact assessment method (LCIA) which enables to measure environmental impacts from the LCIs. Of course, these two tools are presented in the light of our case study but, for the sake of pedagogy, we try to describe the underlying concepts in a simple and general way. Then in Sections 5.4and5.6, all the elements of the environmental models (functional unit, system boundaries, LCIs) are detailed. A clear distinction is made between meta-parameters, that are introduced to ease the generalisation of the study to as many practical cases as possible, and the variables on which a sensitivity analysis will be conducted. Finally, Section 5.7 briefly presents the software framework which served for the life cycle assessment (LCA).

DATABASES FOR THE LIFE CYCLE INVENTORY

Any LCA requires the construction of an LCI. This step is greatly facilitated by the use of existing LCIs of products or processes contained in the model which one is studying. Those are generally gathered in large databases that are either generic or specific.

GENERIC DATABASES -ECOINVENT

Generic databases provide multisectoral environmental data. They provide inventories for very different types of systems like energy processes, waste treatment or services to name a few. They contain data regarding very 'upstream' processes such as iron ore mining, as well as inventories of finished products such as buildings. Among the generic databases, we will mainly mention GaBi -which is in particular used by Worldsteel -and ecoinvent. The latter, with approximately 19,000 inventories in its latest version, is the most commonly used database. The particularity and interest of this base lies in the fact that it is self-supporting thanks to the interrelation between its datasets. Moreover, all inventories exist under two forms: as system processes -they consist in aggregated inventories, that is sets of inputs and outputs to and from the biosphere -and unit processes -which reference inputs and outputs to and from the biosphere for a single process step and reference all the other upstream process steps.

SPECIALISED DATABASES

A well known limitation of generic databases is that they often provide data which are averaged over an entire industry or at a global scale. Data are rarely well contextualised. This necessarily limits the potential finesse of an impacts analysis. To address this issue, some specialised databases have been developed by field or by region. Their purpose is to provide more contextualised data. For instance, in France, the Inies database provides environmental product declarations (EPDs) for construction products. We can also point out the existence of configurations for generating EPDs. For instance, BETie [START_REF] Betie | Béton et Impacts Environnementaux[END_REF] enables the production of EPDs for concrete formulations or reinforced concrete products, Environnement IB [104] for precast concrete products, SAVE for steel construction products, etc. These tools are made available by national representatives of the sectors in question. For the tools mentioned above, these are respectively the SNBPE1 , the CERIB2 and a consortium including the CTICM3 , L'Enveloppe Métallique du Bâtiment and ConstruirAcier. It is important to understand that with these databases we do not have direct access to life cycle inventories but to the results of environmental impact measurements of intermediate products.

ADVANTAGES AND LIMITS OF BOTH TYPES OF DATABASE

There are thus major differences between the information one can find in ecoinvent inventories and in EPDs. Generally, assumptions on the models are better presented and specified in EPDs. To put it simply, in an EPD, one could find information on the purpose of each constitutive material of the product studied, while in the ecoinvent unit process inventory of an equivalent product, one would only have access to the quantities of each constitutive material used. This seems to us a limitation of ecoinvent as it sometimes makes the choice of datasets to include in a study hazardous. Especially since, sometimes, data publishers are not able to explain the assumptions of certain inventories1 .

However, full inventories are not provided in EPDs: they mostly focus on the presentation of impacts values. On the contrary, the architecture of the inventories compiled in the ecoinvent database makes it possible to know all the by-products or sub-processes included. This transparency is very valuable in LCA.

Furthermore, processes of the ecoinvent database include a much larger number of flows and therefore generally results in the measurement of higher impacts: there is a higher completeness of the ecoinvent database. Moreover, the impacts presented in EPDs of the Inies database, or generated with configurators, are measured according to the methodology of NF EN 15804 which is rarely used in academic research.

It is thus always interesting to cross-check information related to a given category of processes or products between different databases in order to benefit from the advantages of both types of database.

SELECTED DATABASE

The main database used to build the LCIs presented in this manuscript is the 3.7.1 version of the ecoinvent database [316]. Its global convenience, its completeness within the framework of our study and its wide use by our research community are three reasons why we chose to use it. However, as we will see later, we tried to model systems that are consistent with the French context. To this end, we regularly compared our data with elements from EPDs of the Inies database or generated with BETie and Environnement IB configurators. We also contacted experts from the SNBPE and the CERIB to refine our choices.

IMPACT ASSESSMENT METHODS

Once the whole LCI of the system is compiled, the environmental impacts can be measured by the mean of an impact assessment method. The choice of a particular method is an important step in the global LCA process, especially because there is no scientific consensus on the best method to use [168] as each of them have some flaws. This explains in particular that no less than ten methods have been published since 1984 and the development of the critical volumes method [START_REF] Bundesamt Fiir Umweltschutz | Ökobilanzen von Packstoffen[END_REF], some of which are very recent. The reasons behind the choice of a particular impact assessment method are rarely explained in LCA studies. Generally, a scientific community is prone to use a unique method, as it allows the contextualisation and comparison of results in between studies. Despite the relevance of this habit, the choice of the particular methods is generally little discussed. This does not call into question their interest, but it seems interesting to recall the objectives of impact measurement in general and the differences between the latest methods published.

Moreover, although this is radically changing (at least in France) with the forthcoming arrival of the new environmental regulation (RE2020) which will make it compulsory to carry out LCAs for new buildings, environmental impacts are often reduced to or confused with carbon footprint in the construction industry. This might be explained by a general lack of understanding of the effects that other indicators try to catch. We will try to give some elements on this subject in the second part of this section on impact assessment methods

PURPOSES AND PRINCIPLES OF IMPACT ASSESSMENT METHODS

Impact assessment methods aim at modelling the impact pathways of pollutants that are emitted during a process -i.e. how they propagate in the environment in the broad sense -in order to link all inventory data to their potential damage on the environment [168].

In practice, this starts by grouping substance flows which have similar effects together. Midpoint indicators are thus defined to aggregate the effects of substance flows of the same impact category. Each elementary flow is multiplied by its corresponding characterisation factor as per Equation 5.1:

I m = i F i C i,m 5.1
where: I m is the midpoint indicator for the midpoint category m F i is the inventory flow i C i,m is the characterisation factor of the midpoint category m for the flow i Assessment methods which stop at this stage are sometimes referred to as 'problem' oriented impact assessment methods.

Then, endpoint or damage indicators can also be defined. Impacts measured at this level are calculated by aggregating the impacts measured at the midpoint level into several areas of protection. Environmental damages measurement on both midpoint and endpoint indicators is illustrated through the example of the impact pathway modelling of fluorinated gases given in Figure 5.1. We can therefore highlight potential differences between impact assessment methods, which are at least of three kinds:

The type of categories: are they 'problem' or 'damage' oriented ? Whatever the type, the categories that are used. For instance, regarding indicators measuring resource depletion, what type of resources are taken into account ? For two equivalent indicators, characterisation factors can differ.

Note that some methods, such as IMPACT 2002+ [169] and IMPACT World+ [START_REF] Bulle | IMPACT World+: A Globally Regionalized Life Cycle Impact Assessment Method[END_REF], provide both type of categories. This makes it possible to set up particularly interesting impact analysis methods, such as the analysis of the contribution of midpoint indicators to endpoint indicators in order to select a limited number of relevant indicators in the context of multi-criteria analyses [210]. 

Fluorinated gases

CHOICE OF A METHOD

Methods recognised as being the most up-to-date have all been published from the 2000s onward. Some of them, such as TRACI and LIME have specifically been developed as regionalised methods for the United States and Japan respectively. These are preferred methods for these particular contexts but are not relevant in the context of this study. Other methods include the European method (also known as ILCD), ReCiPe 2016 [156] (which is an update of ReCiPe 2008) and IMPACT World+ (which is a common update of several previous methods including IMPACT 2002+, EDIP [146] and LUCAS [298]).

ILCD

The ILCD method [START_REF]International Reference Life Cycle Data System (ILCD) Handbook -Recommendations for Life Cycle Impact Assessment in the European Context[END_REF] is a compilation of the most accurate models for each impact category taken into account. This synthesis work has been carried out for both midpoint and endpoint indicators.

To this end, a classification of existing and recommended models into four categories was made : level I includes models that are 'recommended and satisfactory' -level II includes models that are 'recommended but in need of some improvements' -and level III includes models that are 'recommended, but to be applied with caution'. The last category, called 'interim' is for methods that are recognised as the best in their impact category but that are not mature enough to be recommended though. The interest of the ILCD method thus lies in the fact that each impact category integrates the most advanced models. However, as highlighted by Jolliet et al. [168], the method as a whole lacks harmonisation between the different impact categories. In practice this means that similar impact pathways can be modelled differently in two different impact categories.

ReCiPe 2016

ReCiPe 2016 and IMPACT World+ are rather similar methods in the sense that they both combine 'problem' and 'damage' oriented approaches. At the midpoint level, a large number of indicators ( 18) are provided by both methods. The singularity of ReCiPe 2016 lies in the possibility to select three different time horizons corresponding to as many social perspectives : (I) Individualist, (H) Hierarchist and (E) Egalitarian. Moreover, one of the new features provided by ReCiPe 2016 is the inclusion of the impacts of water consumption on human health, and the impacts of water consumption And climate change on freshwater ecosystems as well as the impacts of tropospheric ozone on terrestrial ecosystems.

IMPACT World+

The development of IMPACT World+ was motivated by the need to integrate the latest improvements in terms of impact pathways modelling and characterisation, as well as to propose a regionalised impact assessment method covering the entire world [START_REF] Bulle | IMPACT World+: A Globally Regionalized Life Cycle Impact Assessment Method[END_REF]. IMPACT World+ thus integrates new models such as USEtox [264]. It is a synthesis of existing models for toxicity characterisation which only integrates the most influencial parameters and provide new characterisation factors estimates for human health and ecosystems. Another example is the integration of a model that notably assesses the potential impacts of water consumption impacts on human health [41]. The model takes into account the adaptive capacity at the regional scale depending on the income of the countries. In general, in low-income countries, water consumption leads directly to water deficits, while higher-income countries can implement adaptation scenarios and the burden shift must then be estimated. Other models have also been integrated and the reader is referred to the initial publication from Bulle et al. [START_REF] Bulle | IMPACT World+: A Globally Regionalized Life Cycle Impact Assessment Method[END_REF].

Besides, IMPACT World+ now allows for LCA practitioners to lead more contextualised analysis by taking into account the spatial variabilities and uncertainties associated with emissions or resource consumption made from any location. This includes the provision of characterisation factors for four levels of spatial resolution: global default, continental default, country default, and native resolution (original resolution level of the model used to assess the impacts of a particular category).

IMPACT World+ represents, to date, the life cycle impact assessment including the most advanced models for the analysis of impact pathways and the measurement of environmental impacts both at midpoint and endpoint indicators levels. It also provides a consistent approach across all the impact categories. For these reasons, we prefer the use of IMPACT World+ to other methods, and in particular to ReCiPe 2016, although it is more widely used in the studies published to date in our research field, mainly because of its older nature.

PRESENTATION OF THE INDICATORS

The eighteen midpoint indicators as well the twenty-seven intermediate and two endpoint indicators of IMPACT World+ that are currently implemented in OpenLCA are listed respectively listed in Tables 5.1 and 5.2. In the next paragraphs, we briefly describe each midpoint impact category. More in-depth descriptions can be found in IMPACT World+ supporting information [160]. However, let us precise that our objective is not to describe each impact pathway model used in IMPACT World+ for the various impact categories, but rather to provide examples of damages for each category in order to underline the interest of the multi-criteria character of LCA. Thus, unless expressly stated, the impact pathways described below are not necessarily those retained in IMPACT World+. 

Climate change

Climate change is a rather global concept which includes several effects such as an increase in temperature, or the increase number of forest fires, etc. These effects are caused by a positive radiative forcing itself provoked by the increase concentration of greenhouse gases (GHG) in the atmosphere.

In IMPACT World+, two midpoint indicators are calculated from the emissions and storage of all GHG occurring during the life cycle, using two different time-integration functions. Both indicators are those adopted by the Intergovernmental Panel on Climate Change (IPCC) [229]. The long term climate change indicator corresponds to the Global Temperature Potential for 100-year time horizon (GTP100). It represents a change in global mean surface temperature. This long term indicator expresses impacts related to long-term cumulative warming such as the rise of sea level. The short term indicator corresponds to the Global Warming Potential for 100-year time horizon (GWP100). It represents the cumulative radiative forcing per kilogram of GHG emitted and expresses impacts related to a rapid increase in temperatures to which humans and species need to adapt in the short term. IMPACT World+ thus focuses on a single impact pathway related to the increase of temperature, and do not consider other types of climate change effects.

It is also worth noting that the human health indicator is measured from a lower bound of damages caused by climate change. The calculation is based on the increase risk of dying -only including causes for which we dispose of relevant models -due to a time-integrated temperature increase. The 'Resources and ecosystem services' endpoint impact category is not presented as all the contributing models are considered as interim indicators and are therefore not implemented in OpenLCA.

Fossil and nuclear energy use & mineral resources use

The fossil energy use indicator aims at measuring the energy deprived per energy consumed using the primary energy content as a proxy.

The mineral resource use indicator represents the fraction of future users who will still need a resource when it is no longer readily available and will therefore need to implement a back-up technology to extract it. In other words, it can be seen as the number of kg that need to be extracted by a back-up technology for every kg currently used. It is based on the material competition scarcity index (MACSI) from de Bruille [START_REF] Bruille | Impact de l'utilisation Des Ressources Minérales et Métallique Dans Un Contexte Cycle de Vie : Une Approche Fonctionnelle[END_REF].

Freshwater and terrestrial acidification

Freshwater and terrestrial acidification corresponds to the increase of the amount of acidic substances in freshwaters (rivers, lakes, etc.) or soils. It is caused by acid rains, which are themselves a consequence of atmospheric acidification. It has no direct effect on human health but, each species having its ideal pH range, some tend to disappear below a certain threshold. The disappearance of fish species is the only impact pathway taken into account in IMPACT World+ for the freshwater acidification category while, for terrestrial acidification, it is the change in vascular plant species.

Freshwater ecotoxicity

This impact category address the toxic effects of human activity on aquatic environments. In an industrial context, such effects can for instance be caused by discharges of toxic chemical compounds into water. The midpoint indicator for this category expresses the comparative toxic units (CTUe) per unit mass of emitted chemicals and the endpoint indicator tends to measure the potential fraction of species that disappear when exposed to ecotoxic compounds.

Freshwater and marine eutrophication

Eutrophication is characterised by the introduction of nutrients, leading to the development of algae and to decreased levels of oxygen in the environment. Freshwater eutrophication is mainly due to phosphate compounds. Phosphate inputs into the natural environment come from agriculture (use of fertilisers, animal waste), industrial waste and domestic waste (human waste, detergents and washing powder). In IMPACT World+, nitrogen is modelled as the limiting nutrient for marine environment.

Human toxicity cancer and non cancer

Emissions of chemical substances in the atmosphere can have toxic effects on human health who can be contaminated either by direct inhalation or by ingestion of food and water. Both midpoint indicators measure the comparative toxic units (CTUh) per unit mass of chemical emitted. This allows to estimate the increase in morbidity in the global human population per unit mass of a chemical emitted both for cancer and non-cancer diseases.

Ionising radiations

Ionising radiation is an impact category related to the damage to human health and ecosystems that is linked to the emissions of radionuclides throughout a product life cycle. In the building sector, they can be linked to the use of nuclear power in an electricity mix for instance.

Land occupation and transformation

Human activities require either to convert natural lands or to maintain already occupied lands in a non-natural state. Impacts of land transformation and occupancy are obviously a loss of biodiversity but also a deterioration or even a loss of ecosystem services for the human society such as biotic production, climate regulation, erosion resistance, etc.

Ozone layer depletion

Ozone layer depletion results from complex reactions between ozone in the upper atmosphere and fluorinated gaseous compounds such as hydrofluorocarbons (HFC). The natural filtration of ultraviolet radiation becomes less effective, leading to potentially harmful effects on human health (as illustrated in Figure 5.1), but also on animal health and on terrestrial and aquatic ecosystems. At the damage level, IMPACT World+ only considers impacts on the human health.

Particulate matter formation

Fine particulate matter are particles with a diameter of less than 2.5 µm. Their inhalation can cause respiratory and cardiovascular problems. These particles come mainly from the combustion of resources for energy purposes (like wood, coal or oil), road transport and industry.

Photochemical oxidant formation

Photochemical oxidants are produced through the emission and concentration of certain substances such as volatile organic compounds and nitrogen oxides. They are for instance responsible for events such as smog formation. They are responsible for human health problems, especially related the respiratory system.

Water scarcity

The model used for the impact pathway of water consumption has already been briefly described above. Let us simply recall that the objective of such a category is obviously to assess the impacts that water scarcity can have on both human health -for instance by limiting the irrigation capacity of crops -and ecosystems quality -for instance due to increased salinisation of lakes.

FUNCTIONAL UNIT AND SYSTEMS BOUNDARIES

DESCRIPTION OF THE PRODUCTION SYSTEMS

The life cycle assessment which we present in this chapter aims at comparing, from an environmental impacts perspectives, two types of reinforced concrete beams. One is a traditional solid prismatic beam built in-situ with a conventional process, that is on a construction site. The other is manufactured off-site with the Recy(clay)ble Formworks process. This latter has already been extensively described in Chapter 4 and will therefore not be further detailed. Note however that, in this part of the dissertation, we suppose this process to be implemented in an industrial environment and assumptions will be made in this sense.

Regarding the conventional process, we opted for an on-site prefabrication method. It consists in producing beams at ground level using two-beam moulds into which concrete is poured (see Figure 5.2). Once the concrete has set, the beam is lifted and placed on a shoring system, in the same way as an optimised beam manufactured with the Recy(clay)ble Formworks process. It is then keyed to vertical elements (columns, walls, etc.). These last two steps are not integrated into the comparative analysis as they are common to both production systems. The choice of this method was made following numerous discussions with worksite managers and methods engineers from Vinci and Léon Grosse. It is the most commonly used method, especially because it is much faster and safer than casting the beams at height, directly at their final locations. (Description of the process from left to right and top to bottom). First, the two-beam mould is set-up at the ground level, the rebar cage is then installed, and the concrete is poured inside the formwork. Finally, the beam is lifted and implemented at its final location.

FUNCTIONAL UNIT

In order to compare beams produced with each production systems, a common functional unit is defined as follows.

A simply supported reinforced concrete beam of given height and width, which provides a certain ultimate strength, for a reference lifespan of fifty years.

In order not to limit the study to a single use case, the geometrical parameters of the beams (height and width), the percentage of concrete saved in the optimised beam, as well as the reinforcement ratio are considered here as variables of the model. Moreover, all the environmental impacts will be related to one linear metre of beam. We therefore have three of meta-parameters which allow us to explore a great number of beam designs that indirectly correspond to different values of span, slenderness and external loads. Those three meta-parameters are the product of the height and the width of the beams (in m 2 ) -which is equivalent to the cross-section only in the case of the solid beam -, the percentage of concrete that can be saved per linear metre thanks to the application of the struts optimisation approach (in %), and the reinforcement ratio (in kg.m -3 ). Note that the second parameter only applies to beams that are manufactured with the off-site production process. The bounds applied to these parameters are given in Table 5.3 

SYSTEMS BOUNDARIES

The life cycle assessment follows a cradle-to-site approach, thus covering all the life cycles of the beams from the extraction of raw materials to the implementation of the beams in the structure. However, NF EN 15804 is a practice-centred standard which fixes the frame for LCA in the construction sector. As part of this study, and in order to facilitate the analysis and comparison of environmental impacts, we will use another classification. Six categories are considered: Concrete production: It includes the extraction and production of raw materials, their potential treatment, their transport to the concrete mixing facility and the concrete production. Rebar cage production: It includes the extraction of iron ore, the production of steel and its transformation into rebars as well as the processing of these rebars and their assembly into a reinforcement cage. Clay mix production : This stages only intervene in the off-site production system. It includes the extraction of clay, its transport to the precast factory and the production of the clay mix for the printing of the moulds from water, raw and recycled clays.

Beam manufacturing: It includes all the stages realised in the precast factory of on the construction site to manufacture the beams from intermediate products. Transports: It includes all the transports of intermediate products between the various factories and the construction site. Implementation: This is the 'construction stage', that is the placement of the beam to its final position in the structure.

The life cycle models of both production systems, including this classification, are presented in Figures 5.3 and 5.4. We deliberately exclude the use and end-of-life phases. These are two distinct modelling choices, motivated for the former by the significant uncertainties that exist throughout the use phase, and for the latter by the fact that the end-of-life phase is not very differentiating between the two systems we want to compare. Indeed, two main aspects should have been taken into account if we had integrated the use phase in the LCA: concrete carbonation, and the potential reduced structural height thanks to the possibility of passing networks (ventilation, electricity, etc.) through the cavities of the optimised beam. This height gain is highly dependent of the geometrical aspects (height of the beam, optimisation rate, etc.) and the potential benefits from such a gain are even more uncertain. However, we will further explain the implications of these choices later in this chapter.

LIFE CYCLE INVENTORY OF REINFORCED CONCRETE BEAMS

The present section details the choices we made regarding the life cycle inventories (LCIs) of the two production scenarios. In a first step, we specify the assumptions that have been made regarding the elementary processes and the flows that constitutes both systems. Then, each elementary process of the systems are linked to the underlying processes from the ecoinvent v3.7.1 database. Processes from the ecoinvent database which are used as such are referred to in italics (e.g. market for sand) while normal font is used when they have been modified (e.g. market for sand). As far as possible, we have tried to select data corresponding to an average French scenario. When no data was available, we sought to select European rather than global data. The LCIs of both systems are presented in parallel, grouped according to the following categories: Production of the structural materials: Elements in red are the main parameters of the model.

PRODUCTION OF THE STRUCTURAL MATERIALS

Concrete

A comprehensive description of the LCI for the production of concrete will be given in Section 6.4 of Chapter 6 to which we refer the reader. Indeed, for reasons that will be detailed in Chapter 6, it is necessary on the one hand to take into account distinct concrete formulations for the two processes, and on the other hand to adopt an adequate impact allocation method for concrete constituents that are by-products of other industries (such as slag, fly ash, etc.). Chapter 6 is entirely dedicated to the study of these methodological issues and results in the presentation of the LCIs of the two concrete formulations.

For the sake of clarity, we simply present in advance the two concrete formulations selected: an ordinary concrete (OC) for the in-situ fabrication process, and a self-compacting concrete (SCC) for the off-site production process (see Table 5 

Steel

The beam is reinforced with longitudinal and transverse rebars made of so-called high yield strength (Haute Limite d'Élasticité -HLE) steel. The modelling of the rebars only includes the production of steel, and its shaping into coils or straight rebars. In both cases, cold or hot rolling, with a notching step, can be used. The second possibility is much more widespread.

The determining factor in the environmental impact of steel production is obviously the method of production. When steel is produced from iron ore and coke, cast iron is obtained from reactions occurring in a blast furnace and then transformed into the liquid form of steel thanks to an oxygen converter. Otherwise, liquid steel can also be produced from scrap steel in electric furnaces. The next steps, up to the production of semifinished products such as billets are common to both production methods. Steel obtained from the former is called primary steel while steel obtained from the latter is called secondary steel.

Steel used for rebars can be produced by both means and the relative shares of both types of steel included in a product are decisive factors in an LCA study as the environmental cost associated with secondary steel is much lower than that associated with primary steel, for almost all the impact indicators usually considered in an LCA.

It is rather complicated to obtain reliable data on what is sometimes also called the scrap incorporation rate as most DEPs available [113] declare to use Worldsteel data that is not freely available, or do not cite any source [116]. However, Table 5.5 lists different values found in the literature concerning the share of secondary steel in reinforcements usage. The regions of application of these values are also specified. According to M. Chiappini1 , all rebars produced in France are made of secondary steel. This certainly does not imply that all rebars used in France are made of secondary steel but, to the extent of our knowledge, there exist no data regarding the geographical origin of rebars used in France at a macro level. In the following, we consider a reference value for the share of secondary steel in the usage of rebars of 90%. This choice is thus arbitrary but we keep in mind that, in a European context, this value can vary between approximately 44% and 100%, as presented in Table 5.5.

Besides, the fabrication process of the rebar cage should also be taken into account. It includes two main steps: the shaping of the rebars (both longitudinal and stirrups) and the assembly of the cage. The shaping of the rebars comprises their bending and cutting to the desired length. Afterwards, the assembly can be done by welding or tying with annealed wire. Here, we assume that the rebar cage is assembled off-site, either in the same factory as for the prefabrication of the beam, or in a dedicated factory in the case of the in-situ fabrication process. In this case, the rebar cage would almost always be assembled by welding as it ensures more robustness when handling (transporting, depositing, etc.) the cage. We thus assume that the process for the fabrication of the rebar cage is the same in both systems (off-site and in-situ fabrication). However, we are well aware that, in the case of in-situ fabrication, the rebar cage can also be prepared on site and tied. We will then verify that the share of the impact of welding in the total impact of the cage preparation process is not preponderant.

The estimation of time required for bending and cutting each rebar is based on time measurements from videos of bending machines producers as well as data collected during the visit of a rebar cage manufacturing plant of Armatures Industrielles in Tournan-en-Brie. Moreover, the number of rebars to bend and cut is estimated assuming that the beam is reinforced with three two-legged stirrups and three single-leg stirrups per linear meter and with nine longitudinal rebars (which could be arranged in three layers including three rebars each for instance) plus three construction rebars. Each straight rebar is supposed to be welded to all crossing stirrups and each single-leg stirrup is also welded to the adjacent two-legged stirrup in two points. The length of each weld (which are not structural) is estimated at 1 cm. The rebar layout described above is representative of typical reinforcement schemes. Most of the steel ratios in the range considered in this study can be provided by such a reinforcement scheme. This is a very simplifying assumption because in the case of low ratios and low steel sections, only two (or even one) layers of longitudinal rebars may be sufficient. Finally, we also assume that the operating time (and power) of bending machines as well as the number of welds necessary for the rebar fabrication only depend on the number of rebars forming the cage, and not on the diameters of the rebars. We thus assume those elements to be constant whatever the steel ratio considered which is another very simplifying assumption. Table 5.6 presents the assumptions that were made regarding the preparation of the rebar cages. Weld the rebars Arc welding ---0.42 m ----

Total:

1.0×10 -1 

Table 5.6

Consumption and depreciation rate of machines used for the preparation of rebar cages.

All data in columns Time, Consumption and Depreciation refer to one linear metre of beam. Data in the Dimension column will be used to link the fabrication processes with processes from the ecoinvent database. *Can be either the average or the peak value depending on the data available.

Finally, Table 5.7 lists the ecoinvent processes that are used to model the production of steel rebars. Ecoinvent processes used for the production of R reinf kg.m -2 of steel rebars.

Name

The total quantity of rebars per linear metre of beam depends on both meta-parameters R reinf and Ac.

FABRICATION Mix of the printed moulds

We consider that the material mix used to print the moulds in the context of optimised beam prefabrication only comprises clay and water with a water-to-clay mass ratio w w/c of 0.58. We remind the reader that this assumption is discussed in Chapter 4. The production models for both clay and water are directly based on processes from the ecoinvent database (see Table 5.8)

We draw the reader's attention to the fact that, in this process, transportation to the factory is thus taken into account for the water but not for the clay. The latter will be taken into account in another process. The overall quantity of clay which needs to be produced for linear metre of optimised beams is in particular dependent upon two parameters: the perimeters of the cavities -which itself depends on the percentage of concrete savings in the optimised beam C av -as well as the percentage of clay that may have been recycled in the manufacture of the previous elements. This last parameter is presented in greater details in Section 5.6. However, we do not have a direct relation between these variables, especially as more information are needed regarding the geometry of the cavities to precisely estimate the quantity of clay. For the sake of simplicity, we will use the relation given in Equation 5.2 to estimate the overall quantity of clay that needs to be printed per linear metre of beam.

Name

M clay = 6 × C av × w layer × w beam × ρ 5.2
where w layer (respectively h layer ) is the width of each printed layer, assumed to be equal to 0.04 m; w beam is the width of the beam and ρ is the density of the clay mix, estimated to be 1660 kg.m -3 . The multiplying factor (6) corresponds to an averaged ratio between the sum of the perimeters of all the cavities of optimised beams and the product of the lengths of the beams by their respective C av values. In other words, it is the average perimeter of cavities per linear metre. This estimations is a gross simplification: the sensitivity analysis will allow us to say whether a more accurate estimate is needed.

Off-site fabrication of optimised beams

The off-site fabrication of optimised beams based on the printing of clay moulds in a factory environment is a complex macro-process to model. Indeed, most data at our disposal come from the usage of the Navier laboratory facilities and the fabrication of prototypes within the framework of this thesis (and which have been described in details in Chapter 4). These facilities, dedicated to research, are not designed for industrial processes and the use made of them is therefore not representative of an industrial activity. The uncertainties concerning the modelling of the process are of two kinds: Process uncertainties. They correspond to the uncertainties associated with the modelling of the plant itself: at this level of development, it is not possible to predict all the flows -and therefore the machinery -required to produce elements of industrial quality. Random uncertainties. They correspond to the uncertainties in the values and variations of the parameters on which the plant modelling is based.

For instance, for productivity reasons, the precast industry is increasingly using a curing step to accelerate the setting of the concrete [256]. There exist a large panel of curing techniques (water, membrane or heat curing) [296]. The choice of a particular curing technique depends on parameters such as the nature of the work, the concrete formulation, the climatic conditions, etc. In the context of our project, there may still be doubts as to the most appropriate curing method. This falls within the first type of uncertainty.

Besides, the most common curing technique is steam curing. It consists in applying heat through steam to reach a certain hygrothermal level and speed up the hydration of cement. Typical hygrothermal conditions are a temperature of 40 °C and a humidity of 70%. And the energy required for their application depends on various parameters -such as the external meteorological conditions -which are not always reliably predictable. This falls within the second type of uncertainty.

However, the study of the share of the total environmental impact due to the operation of the factory is a central element of this work. We thus model the factory as precisely as possible, bearing in mind that a sensitivity analysis will be necessary to fully understand the impact of this stage of the life cycle. The aim is to estimate orders of magnitude rather than exact values, the latter option being illusory at this stage.

The model is based, among other things, on the knowledge gained by the author during the visit of the prefabricated wall factory of the Fehr group in Vernou-la-Celle-sur-Seine. Moreover, as far as possible, we tried to make credible assumptions about machinery, productivity, power consumption, etc. within the factory, based on scientific and industry literature. Those assumptions are presented in Table 5.9. Of course, estimates of the times for each stage of prefabrication vary depending on the beam design, and in particular on its hollowing rate, since the printing path of the moulds depends on this latter. For the sake of simplicity, and in a conservative way, the estimates used and presented in Table 5.9 are based on a beam which presents one of the highest hollowing rate (62%) from the designs presented in the parametric study of Section 2.5 (see Figure 2.29 in Chapter 2). This beam is 12-m long and has a slenderness of L/10 with a width of 600 mm. Its mass is approximately 0.7 t/ml. Hence, in a conservative way, any data related to the lifting, transportation, etc. of a unit mass of can be converted in a value per linear metre.

The depreciation rate of all machines is calculated assuming that they operate 250 days per year and that each formwork is used to cast one beam per day. The electrical consumption for the operation of machines is thus estimated at 2.0 kWh/t. According to D. San1 , the maximum energy consumption for the production of reinforced concrete elements is of 10 kWh/t (excluding the energy Total:

2.0×10 0 Table 5.9

Consumption and depreciation rate of machines used by the main subprocesses of the fabrication of optimised beams.

All data in columns Time, Consumption and Depreciation refer to one linear metre of beam. Data in the Dimension column will be used to link the fabrication processes with processes from the ecoinvent database. *Can be either the average or the peak value depending on the data available. **No data is given in the Dimension column as we will use the robot model developed by Kuzmenko [181] in her doctoral thesis.

consumption of offices and concrete curing). Such a consumption arises for heavy elements which require a handling bridge. 2.0 kWh/t is therefore certainly a low estimate, and we finally opt for a reference consumption of 6 kWh/t, i.e. a median consumption compared to the two values mentioned above.

To this value, the energy (not necessarily electric) consumption required for the curing stage must be added. However, all energy consumptions which are not directly linked to the production of the concrete elements (heating of the offices, power supply for the computers and other electronic devices, lightning of the factory, etc.) are outside the scope of this LCA study. The energy consumption related to the steam curing of concrete elements is complex to model and is thus estimated from published works referenced in Table 5.10.

The data used by Sebaibi et al. [275] are taken from the audit report of a factory opened in 2002. In this factory, the energy losses due to the lack of thermal insulation of the curing devices are important but are probably representative of the general case. Similarly, the data provided by San, though representative of the French precast industry, are based on the existing fleet of prefabrication lines for which the average age and operating principles of the curing systems are unknown. On the contrary, the data proposed by the other two publications [91,319] can be considered as more in line with the best current techniques and practices. Therefore, a reference value of 25 kWh/t is assumed for the 

Table 5.11

Ecoinvent processes used for the modelling of a beam production unit and its energy consumption.

For the sake of clarity, the depreciation rates are not included in the quantities shown in this table. However, they are effectively taken into account in the model.

sites managers and methods managers of large companies in the construction sector. Table 5.12 Consumption and depreciation rate of machines used for the in-situ fabrication of beams.

All data in columns Time, Consumption and Depreciation refer to one linear metre of beam. Data in the Dimension column will be used to link the fabrication processes with processes from the ecoinvent database. *Peak value of the energy consumption.

The depreciation rate of the formwork is calculated assuming that it allows two beams to be 1 Data regarding the formwork dimensions and its lifespan are based on discussions with and documents provided by Solumat IDF, an equipment department of Vinci.

2 3D Potter continuous flow high-volume pump: https://3dpotter.com/extruders/continuous-flow-high-volume-x 3 Liebherr crane (125 EC-B 6): https://www.liebherr.com formed at the same time and is immobilised for two days (the time needed for the concrete to reach a minimum strength without steaming). According to Solumat IDF (equipment department of Vinci), formworks are usually in use 65% of the year (approximately 237 days). According to the same source, cranes are generally in use 90% of the year. And, a typical working day on a worksite lasts eight hours.

Eventually, Table 5.13 presents the ecoinvent processes used to model the on-site manufacturing of solid prismatic beams. 

Table 5.13

Ecoinvent processes used for the modelling of an in-situ fabrication unit and its energy consumption.

For the sake of clarity, the depreciation rates are not included in the quantities shown in this table. However, they are effectively taken into account in the model.

TRANSPORTS

One of the main differences in terms of life cycle between the two production process concerns transport. The limits of the systems that we study here include the transport of raw materials from the quarries or the first processing sites to the production sites as well as the transport of 'transformed' materials or products from the production sites to the construction site. Table 5.14 lists all the transportation stages taken into account and precise the type of assumptions that are made for each stage.

Transport of clay

Clay, which is used to print the moulds in the off-site production system, is supposed to be available in a radius of 200 km from the precast factory. This is a raw assumption based on the localisation of French active careers for kaolin or kaolinite clays [START_REF] Charles | Mémento Kaolin et argiles kaoliniques[END_REF]. Careers of kaolin are essentially grouped in Britain, and more precisely in the Armorican massif; while careers of kaolinite clays are located around three sectors: very concentrated around Provins, more dispersed in the Massif Central and along the Bordeaux-Toulouse axis. We based the distance estimation on the location of kaolin and kaolinite clays only as it is the type of clay which we used for the fabrication of the prototype presented in Chapter 4. Other types of clay can probably be used, and our estimation is probably conservative.

and Tournan-en-Brie. And, according to APAC 1 [194], the closest steel mills are in Gargenville or Montereau. Another scenario could include a project taking place in the Bordeaux region. Precast factories could then be found near La Rochelle, Agen or Mont-de-Marsan. The closest rebar factories are in Toulouse, Valence d'Agen (which is located in between Toulouse and Bordeaux) and Vix. And finally, the closest steel mills are in Barcelona, Vauvert and Saint-Just-Saint-Rambert. Corresponding transport distances by truck for both scenarios are presented in the maps of Figure 5.5. On the basis of these estimated distances, the following total minimum and maximum distances are retained:

Off-site production : 185 -525 km In-situ fabrication : 120 -660 km

It should be noted that a distance of 120 km has been subtracted to the total distances for the case of off-site production to avoid double counting of the transport between the precast factory and the construction site.

Transport of the precasted beam

The beam is transported from the precast factory to the construction site by truck. According to N. Decousser (CERIB -e-mail exchange on 24.04.2020), common structural elements such as beams or slabs are transported over distances ranging from 100 to 140 km.

All transports described above are assumed to be road transports. A model is built from ecoinvent processes corresponding to heavy vehicles and on the basis of the share of each "Euro" standard in the vehicle fleet in France according to a 2019 transport survey [102] (see Table 5.15). Table 5.15 Ecoinvent processes used for the modelling of road transport modes.

IMPLEMENTATION

The implementation of the beam, that is, its placement at its final position follows the same procedure regardless of how the beam was produced. It is simply lifted by a tower crane from the ground level and placed on its final supports before being assembled with columns or walls to obtain a monolithic element. This assembly is made by pouring concrete but this very last step is outside the boundaries of the LCA study and is in any case not differentiating between the two systems studied. We therefore only look at two aspects, namely the depreciation of the crane and its consumption as presented in Table 5.16

Project location For the sake of clarity, the exact routes are not shown, but the distances presented are by road, not as the crow flies. They were measured using Google Maps. Table 5. [START_REF] Asprone | 3D Printing of Reinforced Concrete Elements: Technology and Design Approach[END_REF] Consumption and depreciation rate of machines used for the work site handling of the beam.

All data in columns Time, Consumption and Depreciation refer to one linear metre of beam. Data in the Dimension column will be used to link the fabrication processes with processes from the ecoinvent database. *Peak value of the energy consumption. **Same model as the one used in Table 5.12. Table 5.17

Ecoinvent processes used for the work site handling of the beam.

For the sake of clarity, the depreciation rates are not included in the quantities shown in this table. However, they are effectively taken into account in the model.

PARAMETERISATION OF THE MODELS

The two systems have been entirely described in the previous sections. Nevertheless, some parameters still need to be defined in addition to the two meta-parameters already presented in Section 5.4.

Those parameters allow to account for several scenarios that will be compared to a reference scenario through a sensitivity analysis. There are five parameters for the off-site production system, and two for the in-situ fabrication one, as presented in Table 5.18. These parameters enable to take into account the variabilty of factors such as the energy efficiency of the curing process or the transport distances depending on the location of the project for instance. These parameters have in fact already been introduced in the previous section presenting the life cycle inventory, but the reference and boundary values have not necessarily been specified. We therefore briefly restate this information.

Rebars -RS sec

We suppose that the rate of secondary steel in the production of rebars (RS sec ) varies between 44% and 100%, which corresponds to the European average [320] and French configuration respectively. The choice of the reference value is arbitrary as we do not have any information regarding the French average consumption of rebars made from secondary steel, nor do we have any information on the total amount of rebar consumed in France. This latter information would have allowed us to calculate an estimate based on the quantity of rebars produced in France and assuming that all the rebars produced in France are used by the French market. A reference value of 90% is thus chosen based on the assumption that a large majority of the rebars consumed in France are actually produced in France too. We also assume that this parameter always has the same values in both systems.

Clay mix -C rec

A potential important parameter of the study is the share of recycled clay in the clay mix which is used for printing the moulds (C rec ) . On the basis of the experience acquired through the fabrication of the prototype presented in Chapter 4, we estimate that 95% of the clay can be restored once dried and reincorporated into the process. However, setting up an industrial recycling loop for clay might be complex. The lower bound of the range of the interval in which the parameter can take its values is thus taken as 0% to model a process in which clay is fully disposed of after each use. On the contrary, we also take an upper bound equal to 98% to model a system in which particular efforts are made to recycle clay.

Manufacturing -E man

The minimum and maximum values of energy required for the production of beams (E man ) have already been extensively discussed in the inventory of the manufacturing stage. In accordance with what has been presented, a reference value of 31 kWh/t is retained. The lower bound correspond to a factory which tries to optimise the process from an energetic point of view, and in particular which does not use curing to increase productivity. This results in a consumption of 2 kWh/t. On the contrary, the upper bound correspond to a factory which has a very high consumption of energy, which may be explained either by a lack of investment in energy-efficient equipments, or by its location (curing requires much more energy in a cold and dry climate than in a warm and wet one), or by a combination of both. The maximum values for both the fabrication steps and the curing are thus retained, resulting in an overall consumption of 70 kWh/t.

Transports -T reb

The lower and upper bound values of distances for the road transport of rebars in the case of off-site (T reb,off-site ) and in-situ (T reb,in-situ ) manufacturing have also been presented in the corresponding inventory. Let us recall that they correspond to two project scenarios, one near Paris, the other near Bordeaux. These cities have been chosen as they are both cities near to which urban development remains important, and which give very different transport distances because they do not have the same proximity to factories, particularly with regard to the steel mills. The evolution of these parameters within the ranges limits for each system are correlated. In other words, we apply the following system, where the value givent to α os fixes the value of α is , and thus of T reb,in-situ :

       T reb,off-site = 185 + α os (525 -185)
T reb,in-situ = 120 + α is (660 -120)

α is = α os 5.4
Note that these parameters are not all independent, despite what one might intuitively think. Typically, C av and RS sec are both related to the pig iron production process in spite of different allocation factors values.

SOFTWARE FRAMEWORK

In practice, the life cycle assessment, from the preparation of the life cycle inventory to the calculation of the impacts for each sub-process, was carried out on OpenLCA 1.9.0 [240], an open source software. The LCI was built from the ecoinvent v3.7.1database. It is important to precise that ecoinvent provides three system models for its database in order to satisfy various methodological requirements:

Allocation, cut-off by classification: this model follows the principle 'polluter pays'. It means that the environmental burden from the production of wastes are allocated to the producer while the use of recyclable products is spurred as they are considered as burden free. On the contrary, no credit is given for the potential recycling of wastes at the end-of-life. Allocation at the point of substitution (APOS): in this model, wastes burdens are shared between producers and users. To this end, system expansion is leveraged to avoid allocation at the point of waste production but rather to allocate the environmental burdens between the activity that produced the material for treatment and the by-products of waste treatment. Substitution, consequential, long-term: the goal of this model is to assess the consequences of a change in a system. In this model, the use of by-products that can replace other products is credited with the avoided impacts.

In view of the systems boundaries -we recall that the study is cradle-to-site -on the one hand, and anticipating the modelling choices regarding supplementary cementitious materials (SCMs) that will be presented in Section 6.5 of Chapter 6 on the other hand, the cut-off model was used for this study for the sake of consistency. Indeed, as we do not take into account the end-of-life of the system, no credit will be given for a potential recycling of rebars at the end-of-life. In any case, using another model would not really affect the conclusions of the study since the amount of structural steel itself is not a differentiating parameter between the two systems: both beams are reinforced with the same amount of rebars. Nonetheless, we will come back to this choice when analysing the results of the LCA.

Besides, the environmental impacts of all the sub-processes were measured on both 'problem' and 'damage' levels using IMPACT World+ default methods in their 1.29 and 1.47 versions respectively. The impacts were then directly exported to Excel and imported in MATLAB R2020b were we managed the calculation of the overall impacts of the two systems studied by aggregating the impacts of the relevant sub-processes and by selecting the proper values for the parameters cited above.

All the steps could have been conducted in OpenLCA but this software does not allow and easy and efficient management of parametric models. There exist more appropriate tools, such as Brightway2, a Python-based open source framework for LCA but we preferred the combined use of OpenLCA and MATLAB because the latter had already been widely used during this thesis and custom files facilitating the analysis and formatting of results had already been developed.

CONCLUSION

This chapter introduced the environmental models of two production systems for reinforced concrete beams: the Recy(clay)ble Formworks process and a conventional in-situ fabrication process. We started by presenting two databases used to build the models: Inies and ecoinvent, and by describing IMPACT World+ impact assessment method and the various impact categories of this method. Then, we presented the environmental models, which include: the definition of the functional unit and of the boundaries of both systems, the description of the parametrisation of both models, and the description of the life cycle inventories. One key aspect has not been treated in this chapter: the description of the life cycle inventory of the concrete. This step requires making many choices, both in terms of modeling and selection of a particular concrete mix. The whole of the following chapter is therefore devoted to this subject.

Chapter 6 Methodology for selecting concrete formulations

DESCRIPTION OF A MULTI-CRITERIA ANALYSIS METHOD 6.1 INTRODUCTION 6.1.1 RESEARCH SIGNIFICANCE
The life cycle inventories (LCIs) of the concrete mixes used for each reinforced concrete (RC) beam production systems presented in the previous chapter are obviously crucial elements of both environmental models. In order to reduce the environmental impact of concrete, it is now common practice to partially replace Portland cement with wastes (or by-products depending on the point of view) from other industries [273] like blast furnace slag (from pig iron production) or fly ash (from coal-based electricity production). Environmental impact distribution between various by-products is an old methodological challenge in life cycle assessment (LCA). However, the terms and methods to be used are still debated in the LCA community [149,163], especially in the case of supplementary cementitious materials (SCMs) (e.g. [63,142]). So far, this debate has remained focused on projectscale considerations while macroscopic data have been put forward to explore the prospects of using SCMs.

As a result, there is a lack of understanding of how SCMs could be used to minimise demand for Portland cement production on a regional or even global scale. This chapter aims at providing a comprehensive critical review of existing allocation methods, and to provide insights into the optimal use of SCMs on a global scale by linking considerations at the project and macroscopic scales.

CHAPTER CONTENT

This chapter is composed of two crossed and linked parts: a theoretical development and its application. Indeed, in order to answer the problematic posed above, we detail the interests and limitations of several existing allocation methods and propose a new multi-criteria selection method for concrete mixes. Let us remember, however, that the underlying objective is to complete the LCIs of the two RC beam production systems which were presented in the previous chapter. The selection method is therefore used to define two optimal concrete mixes with respect to certain criteria (including an environmental criterion) and adequate with respect to the manufacturing constraints imposed by each production system. Their inventories are then presented in detail.

OVERVIEW

Section 6.2 introduces the chapter by explaining the motivations behind the methodological work presented afterwards, as well as by presenting the construction of a collection of published concrete mixes, which is itself provided in Appendix C. Then, Section 6.3 provides the reader with some technical information on the impact of the use of some SCMs on concrete properties at fresh and hardened states. The aim here is to keep in mind that the use of SCMs is not only fostered by environmental challenges but that other technical (or commercial) aspects are also generally taken into account. Section 6.4 describes the LCIs of the concrete mixes collected and in Section 6.5 we review and discuss several impact allocation methods after applying them to the LCIs to measure the environmental impacts of each mix in the collection. Appendix D provides supplementary data regarding the global production rates of some common SCMs on which the discussion is based. Following this discussion, we propose a multi-criteria analysis method for the selection of optimal mixes in Section 6.6. Finally, in Section 6.7, we present the results of the application of this selection method to the collection of mixes, and we extensively present the two selected mixes in order to complete the LCIs of the two RC beam production systems.

INFORMATION FOR THE SELECTION OF A CONCRETE MIX ADAPTED TO

THE MANUFACTURING PROCESS

ADAPTATION OF THE CONCRETE TYPOLOGY TO THE FABRICATION METHOD

The fabrication of optimised beams with the Recy(clay)ble Formwork process imposes certain constraints on the properties of concrete at fresh state. The formwork cannot be vibrated to evenly distribute the concrete. Otherwise, the moulds printed with clay would collapse. Moreover, in the areas where the concrete only serves as a cover to protect steel from corrosion, concrete depths are reduced to their minimum (typically 2.5 cm). A self-compacting concrete (SCC) with a small maximum aggregates size is thus necessary. This family of concrete is generally based on formulations with a large proportion of binder, with respect to the formulations of ordinary concrete (OC). It is well known that most of the environmental impact of concrete, at least on the climate change indicator, comes from cement production [119,303]. A credible comparison of the production systems of traditional and optimised beams must, in our view, involve a differentiation of concrete formulations for both cases.

METHODOLOGY FOR THE SELECTION OF TWO CONCRETE MIXES

Several methods for the design of OC mixes have been developed since the end of the 19 th century.

In addition to a corpus of laws predicting the compressive strength of concrete (of which the most known are the laws of Bolomey and Féret) and its rheology, methods aiming at improving the compactness1 of the granular skeleton have been added (Caquot [52], Faury [112], Dreux [92] or De Larrard [82] to name the main). We could thus define the optimal OC mix based on these laws. However, no consensus has been reached so far by the scientific community on a particular SCC mix design method [15,280]. The design of such mixes remains thus largely empirical. Therefore, the choice of the SCC mix to use for the life cycle assessment is made among a panel of real mixes presented in the literature and based on environmental criteria and on certain properties of the mixes at fresh state and hardened states. For the sake of consistency, this same method is used for the selection of an OC mix. The selection methodology is described in Sections 6.5 and 6.6.

ASSUMPTIONS REGARDING THE CONSTRUCTION OF THE MIX COLLECTION

Constituents

The possibilities in terms of concrete formulation being very large, only four supplementary cementitious materials (SCMs) are retained in order to frame the literature review: ground granulated blast furnace slag (GBFS), fly ash (FA), silica fume (SF) and fine limestone (FL). These four SCMs have been used in the construction industry for several decades now and there is significant feedback on their use. Their advantages and limitations are well understood, and in particular in terms of concrete early strength development and durability (see Section 6.3). However, for this step of selection of mixes, the limit values imposed by the EN 206 [233] in terms of replacement rate of cement by mineral additives are not taken into account. These values are intended to ensure certain levels of performance in terms of durability. They vary according to the exposure class of the project. But, the multiplication of recent projects realised with engineering concrete shows that it is possible to go beyond these limits. It is interesting to note that such limits do not exist in the American codes nor is mentioned the k-factor (coefficient d' activité) which also constrains the number of exposure classes in which SCMs can be used in large proportions [START_REF]Building Code Requirements for Structural Concrete (ACI 318-08) and Commentary[END_REF]305] (a detailed presentation of the kfactor is included in Section 6.3). When choosing a mix for the LCA study, a discussion will be held on the cement substitution rate. Eventually, forty SCC mixes [107,125,158,200] and one hundred and twelve OC mixes [131,174,217,239] were retained. In all the selected studies, the mixes are made from Portland cement (PC) but no distinction is made between type 42.5 and 52.5 (R, N or S) cements for the environmental impact evaluation. Sometimes, the mixes comprise several types of aggregates (crushed or round or with various particle size distributions for instance). In this work, no distinction is made between the different aggregates except between sand and coarser aggregates.

All the referenced mixes are presented in Tables C.1 and C.2 of Appendix C.

Properties at fresh state

In both tables, we collected (whenever available) the values of slump and slump flow measured from Abrams cone tests. These values will allow us to constrain the choice of a concrete mix to a formulation allowing a good consistency, i.e. which will ensure a good workability of the concrete. In the absence of a specific measure of compactness, slump remains the best indicator generally available [82]. Ensuring a proper flow is thus essential to avoid any durability problem. In the case of OC, a good slump range is 80 to 150 mm. In the case of SCC, the target value for the slump flow is highly dependent on the configuration of the component to be manufactured. But it is generally recommended staying within 550 and 850 mm [260]. However, one must bear in mind that the rheology of SCCs is more complex than that of OC and, the slump flow does not allow a complete picture of the behaviour of SCCs at fresh state. Despite a good slump flow, a mix can present high segregation for instance.

Properties at hardened state

Likewise, we collected the values of compressive strength at 28 days. The compressive strength values indicated in Tables C.1 and C.2 are the one given in the cited works, for which the specimens shapes and sizes are not consistent. Therefore, to account for the size and shape effects which have been widely discussed in Chapter 3, consistent compressive strength values for a reference cylinder specimen (h = 300 mm -φ = 150 mm) have been estimated from the equations proposed by Yi et al. [323]. Details regarding the calculation of strength, as well as the estimated values, are provided in Appendix C.

CONTRIBUTIONS OF ADDITIONS TO CONCRETE PROPERTIES

As a reminder, the following paragraphs give an overview of the influence of SCMs on the properties of concrete at fresh and hardened states. Most of the material presented in the following four paragraphs is taken from De Belie et al. [79].

GROUND GRANULATED BLAST FURNACE SLAG

GBFS is used as a partial replacement material for cement since the end of the 19 th century. It is now very widely used for its influence both on the fresh and hardened properties of concrete. Its use is obviously fostered by economic and sustainability reasons as well. At fresh state, the incorporation of GBFS improves the workability of concrete and reduces the overall demand for binder and superplasticiser. A given 'level' of workability can be achieved with a lower water to binder ratio (w/b). However, the above-mentioned characteristics -which come from the smooth glassy surface of GBFS particles -are mostly visible for large replacement rates (typically from 50% onwards). On the other hand, its use tends to increase bleeding and segregation. GBFS is a latent hydraulic material which thus reacts slower than Portland cement. This property enables to reach lower heat production rates. The use of GBFS is therefore of interest under certain circumstances like in the manufacture of massive parts. But, this property is also one of the notable limitations of GBFS, which has a longer setting time than clinker cement as well as a slower strength gain. The replacement rate of Portland cement with GBFS is thus generally limited in low temperature conditions. In terms of compressive strength, GBFS provides equivalent performance to Portland cement except for very high replacement rates (for which there is a loss of strength). Finally, partial replacement of Portland cement with GBFS enables to reduce permeability which has a positive impact on durability of the concrete against chemical attack.

FLY ASH

As per GBFS, FA consumption is prompted by economic and sustainability reasons. In terms of properties, its main impact is to improve the workability of concrete. Indeed, FA consists in spherical particles that are typically smaller than Portland cement particles. This particular shape allows the concrete to flow more easily and enables to reduce the amount of water added for a given consistency, thus limiting both bleeding and segregation. FA shows pozzolanic reactivity and the formation of CSH from FA thus depends on the formation of calcium hydroxides during hydration of Portland cement. As a result, setting time of FA concrete is generally higher than that of PC concrete. Besides, strength gain is less affected by high curing temperatures in the case of FA concrete than in the case of PC concrete. Finally, partial replacement of Portland cement with FA results in pore refinement and thus enables to reduce permeability : as per GBFS, FA have a positive impact on durability. However, the effects of FA on fresh and hardened concrete properties are highly dependent on the overall composition of the mix (type of cement, replacement rate, etc.) and on the nature of FA. Contrary to GBFS, the composition of FA is extremely variable and depends very strongly on the type of coal and power generation methods from which it is derived.

SILICA FUME

SF is used for rather different reasons than GBFS and FA. As SF comes into the form of a very fine powder (much finer than Portland cement), there is an increase of concrete cohesiveness through the increase of internal forces. The use of plasticisers or superplasticisers is needed to maintain a proper workability. However, SF particles are spherical which enables to decrease the apparent viscosity. For this reason, SF is sometimes used in small proportions to ease pumping. Besides, SF is less subject to segregation and present almost no bleeding (which requires special curing precautions to be taken). As per FA, SF shows pozzolanic reactivity but with very fast kinetics so the setting time of concrete containing SF is comparable to that of PC concrete. Globally, silica fume is mainly used for its contribution to compressive strength. High and very high strength concrete (80 MPa and above) can be prepared from SF.

FINE LIMESTONE

The consensus that limestone additions are not inert is relatively recent. This is one of the reasons why they are generally used as filler instead of binder. As a filler, limestone additions are predominantly used for the preparation of self-compacting concrete to improve the particle packing (and thus to reduce the water demand). However, as a binder, fine limestone introduced in proper proportions participates in the hydration reactions and enables to reduce porosity, thus increasing strength. But this capacity is only witnessed for sufficiently small particles (which typically have Blaine fineness greater than 600 m 2 .kg -1 ). For coarser particles, limestone additions can on only act as a filler.

PRINCIPLE OF THE K-FACTOR AND SCM MAXIMUM CONTENT

The k-factor is a concept that was introduced in the 1980s at the latest [32] and included in the European standards in the early 2000s. It is a coefficient that describes the part of SCM which is considered to have the same properties of an equivalent Portland cement mass (so k = 1 for Portland cement). In other words, to obtain given properties, c kilograms of Portland cement can be replaced by c/k of SCM [250]. Or, the equivalent binder content of a mix containing c kilograms of Portland cement and a kilograms of a certain SCM can be estimated as c + ka. This is a fairly general concept that can be applied to any concrete property although is it mainly used to estimate the impact of additions on strength [145]. k value for each SCM vary from a country to another and the EN 206 European common base does not even give values to the k-factor of fine limestone (thus not considering it as a binder) whereas some national complements do [234]. In the French complement, several values are proposed for most SCMs depending on activity indices of the products used, or on data related to the project (such as the exposition class) and to the concrete mix.

Besides, let us recall (as already explained in §6.2.3) that, in addition to this coefficient k, the total amount of addition that can be taken into account in the calculation of the equivalent binder quantity is limited. For each addition, a certain maximum ratio λ must be respected. Any additional quantity of addition (which would exceed this ratio) cannot be included in the calculation of the equivalent binder. The standard thus considers that this additional quantity acts as a filler, not as a binder. Finally, according to EN 206, the total binder content b tot of a concrete mix containing c kilograms of cement and a kilograms of a supplementary cementitious material is given by Equation 6.1.

b tot = c + k.min(a, λc) 6. 1Table 6.1 presents the k-factor values provided by the French complement to EN 206 [234] as well as a /c maximum ratios to take into account for most of the exposure classes (the reader is referred to EN 206/ CN [234] for the exhaustive list of values). Unless otherwise indicated, the k-factor values used in the following sections are the values marked in red. For GBFS, which composition is generally well controlled, the chosen value is by far the most common value (a value of 1.0 is even considered in some countries). For FA, which composition shows greater variability, we decided to retain the greatest value. This is an arbitrary choice related to the lack of information on the type of fly ash used in the collected mix. For SF, the k-factor value depends on the total quantity of cement and on the w/b tot ratio. In the vast majority of cases a value of 2.0 can be used. All the a /c maximum ratios presented in Table 6 

LIFE CYCLE INVENTORY OF THE CONCRETE MIXES

The present section details the choices we made regarding the life cycle inventories (LCI) of the concrete mixes. The LCI covers three main steps: the production of the constituents, their transportation to the concrete production facility (worksite or prefabrication factory) and, the production of the concrete itself. The present section is ordered according to this division. Besides, concrete is made out of constituents that can be divided into four main groups: binder, water, aggregates and admixtures.

For the sake of clarity, the data of the concrete constituents are separated in tables by groups.

PRODUCTION OF CONSTITUENTS Binder

As described in the previous section, five constituents are considered when it comes to binder: Portland cement (PC), granulated blast furnace slag (GBFS), fly ash (FA), silica fume (SF) and fine limestone (FL). Considering fine limestone as a binder is a simplification that does not capture the diver-sity of its effects on concrete properties (see §6.3.4), but it does not affect the measurement of the environmental impact of this material.

Cement is a primary product and can be directly linked to the appropriate process in the ecoinvent database. FL is also a primary product but has no dedicated process in the ecoinvent database. A first process is thus used to model the production of crushed limestone while the milling phase is simply modelled by the energy consumption it requires using the values proposed by Rebello et al. [259]. The modelling of the three other binding products is more complex as they are secondary products. Let thus recall how they are obtained:

Ground granulated blast furnace slag is a by-product of the steel industry. There exist different types of slag but blast furnace slag (BFS) -which is principally used for the production of cement or concrete -is recovered after the steps that lead to the formation of pig iron (or hot metal). According to Worldsteel [19], 0.28 kg of BFS is generated per kg of hot metal. Once BFS is recovered, it is quenched in water or steam in order to produce a glassy granular product, before being dried and ground [98]. A proper process exists in the ecoinvent database for this treatment stage and has thus been used. Fly ash is a by-product of the transformation of the heat energy of hard coal into electrical energy. It is thus produced in coal powered plants and either directly treated or initially stored on heaps. The treatment of fly ash includes at least a drying stage and sometimes a sieving stage. The quantity of fly ash which is recovered per kWh of electricity produced is quite variable from a plant to another as it depends on the quality of the coal and on the efficiency of the plant. For this study, French data were used: 4987 kg of coal ash is produced per TJ in [89] and the averaged efficiency of coal power plants in France is of 35.5%. We also consider that the amounts of fly ash in coal ash is ten times higher than that of bottom ash [286,301]. Therefore, the amount of fly ash recovered from the production of 1 kWh of electricity is 0.046 kg. In terms of treatment, the model of Chen [64], further detailed by Van den Heede [306] is used (as per the treatment of silica fume). Silica fume is a by-product of the silicon industry. It can either be recovered from the production of silicon of metallurgical grade (MG), ferro-silicon (FeSi) or silicon alloys [118]. In this study, we focus on silica fume recovered from the production of MG silicon as it is the route which produces most of the silica fume used in concrete [297]. The amount of fume which his recovered from the production of 1 kg of MG silicon greatly varies according to sources (see Table 6.2). We use the more relevant data in the French context which are those provided by Condensil (the distributor of SF produced by the Ferropem group, the only MG silicon producer with plants in France), and minéralInfo (a website published by the French Ministry of Economy and Finance, in charge of mines and mineral raw materials). As such, the value used is 0.35 kg of SF per kg of MG silicon. To the extent of our knowledge, little documentation exist on the treatment of silica fume but at least a densification stage is needed. Chen's model [64] (also used by Van den Heed [306]) is integrated to this study. 1 Data for France and assuming an efficiency of 35.5% for coal power plants [90] 2 For 1 kg of silicon metal. 3 For 1 kg of FeSi (75%).

Reference

Slag FA Bottom ash Hard coal SF (kg/kg-pig iron) (kg/kWh) (kg/kWh) (kg/kWh) (kg/kg-silicon) 

Water & Aggregates

The model of water is straightforward and is based on built-in processes from the ecoinvent database. For gravel and sand, "market" processes are used because they group together several sub-processes concerning sand and gravel extraction. However, since we have contextualised data on transport distances, we have modified these "market" data to remove all sub-processes related to transport.

Chemical admixtures

A significant proportion of the formulations collected for this study involve the use of chemical admixtures. These include superplasticisers (SP), viscosity modifying admixtures (VMA) and air entraining agents (AEA).

SPs allow the overall water content to be reduced while maintaining workability. This allows for a high degree of compactness and therefore durability. Self-compacting concretes are generally made with a high SP content as it improves flowability without increasing water content. There exist different types of superplasticisers but the most widely used now, sometime called 'new generation' superplasticisers are based on polycarboxylate (eg: [66]). Whenever the type of SP is specified in the studies from which the concrete mix were collected, it was polycarboxylate-based SP (PCE). For the LCA, SPs have ben modelled using a relevant "market" process from the ecoinvent database as we do not have contextualised data on transport.

VMAs are a broader family of admixtures. They are mostly found in SCC formulations and are generally used to reduce the sensitivity of a mix to the water content [154]. Sometimes, high fluidity (enabled by the use of PCE) comes with issues such as segregation. Hydroxypropyl-methyl cellulose ether (HPMC) is a type VMA which is often used to increase viscosity and solve this problem [204]. HPMC is the type of VMA used by Long et al. in their study (the only one to precise the type of VMA). However, no proper process has been found in the ecoinvent database to model this chemical admixtures. By default, it has therefore been modelled by a very generic process. We keep this limitation in mind for the rest of the study.

AEAs allow the creation of micro air bubbles which are uniformly distributed in the concrete. 

Table 6.3

Ecoinvent processes used for the production of concrete constituents.

They limit the development of pore water freezing stresses. They are not a priori intended for one type of concrete or another. There exist a wide variety of AEAs [154] but, as per VMAs, only Long et al. precise the type of AEA they use. Therefore, we assume that the same type of AEA is used in all studies, i.e. an alkylbenzene sulphonate-based air entrainer. For the LCA, AEAs have ben modelled using a relevant 'market' process from the ecoinvent database as we do not have contextualised data on transport. Miller [221] showed the influence of the transport distances and modes of SCMs on the greenhouse gases emissions (GHG) related to the production of concrete. Under certain circumstances, they can significantly lower the interest for using SCMs. It is therefore essential to take them into account even if their relative share in the overall environmental impact will not be the same depending on the type of allocation chosen. However, as highlighted by Hafez et al. [142], there are large differences not only in the transport distances observed in the literature but also in the critical distances from which the use of SCMs becomes less interesting. For this study, we have tried to simulate the transport modes and distances as well as possible in relation to the French context. In France, as shown in Figure 6.1, the cement is produced rather locally especially thanks to the great number of cement plants ( 29) unlike the coal-based production of electricity from which comes fly ash (3 plants in activity), the production of steel from blast furnaces (3) and that of silicon of metallurgical grade [START_REF]Building Code Requirements for Structural Concrete (ACI 318-08) and Commentary[END_REF]. The distances used in this study, which are entirely based on experts opinions, and that limits to the French context, are presented in Table 6 Average values depending on the family of product. The observed distances range from 45 to 1000 km. Shorter distances are expected for common products such as slabs or beams while longer distances are expected for more specific products such as stairs.

6.4.2 TRANSPORTS

Cement plant

Two important aspects should be noted regarding the transport distances. On the one hand, all distances for SCMs are subject to significant uncertainties, as shown by the large difference between the values given by the CERIB and the SNBPE. Conservatively, we have selected distances in the upper range of values. On the other hand, and as already mentioned above, we do not have contextualised data for all constituents other than those listed in the table. In this case, we have always taken socalled "market" processes from the ecoinvent database to take into account averaged data (at the scale of the application region, such as RER or GLO).

Regarding the modelling itself, rail freight and barge transport are directly modelled by ecoinvent processes, as presented in Table 6.5. For road transport, we stick to the model presented in Table 5.15 of Chapter 5.

Transport Ecoinvent process

Region Quantity (t.km) Barge transport, freight, inland waterways, barge tanker RER 1 Train transport, freight train FR 1

Table 6.5

Ecoinvent processes used for the modelling of rail and barge transport modes.

CONCRETE PRODUCTION

The production of concrete is a rather simple process which consist in mixing all the constituents. In addition, there are a some material transport stages, carried out by conveyor belts, within the concrete plant. The data which is taken into account to estimate the energy required to operate the plant, and therefore to mix the concrete, is provided by BETie [START_REF] Betie | Béton et Impacts Environnementaux[END_REF], a software developed by the SNBPE to produce EPDs. They are gathered in Table 6.6. Depreciation of the concrete plant is neglected. Ecoinvent processes used for the mixing energy of 1 m 3 of concrete.

6.5 DISCUSSION ON THE ALLOCATION METHODS

ON THE NEED TO APPLY AN ALLOCATION METHOD

The question of the LCA of SCMs is a complex topical issue. The aforementioned additions have been used as SCMs for decades and three of them (GBFS, FA and SF) can be considered as by-products in environmental analysis since 2008 [63, 110] while FL is a primary product. But, they are still regarded as wastes, at least in the environmental product declarations (EPDs) available on the Inies database -the French environmental and health reference database for the building industry -[85, 105] (even though, in the later case, this is justified by the fact that the by-product which is studied is the waste of a thermal power plant that is now closed). It is thus as wastes that those additions are accounted for in some LCAs of actual buildings in the French context. This is also observed in the scientific literature: Hafez et al. [142] reported that 75% of the LCA studies performed on green concrete (and published prior to 2019) ignored the allocation of impacts to SCMs. It is all the more important to apply an allocation method (in the broadest sense) when studying reinforced concrete products (and not only concrete formulations) -like in our case -since the LCI taken into account for reinforcement in most EPDs from the Inies database (e.g. [113,114,216]) is that provided by Worldsteel [320]. The Worldsteel LCI for rebars is based on the system expansion method [18,163] which consists in subtracting the avoided impacts of concrete to the impact of the steel production to account for the fact that the use of GBFS allows to replace some cement. As a consequence, currently, the impact associated with the production of GBFS is often taken as a credit instead of a burden. It is therefore important to review the existing methods for measuring the environmental impacts of by-products in order to find the most relevant method for this study and beyond.

EXISTING METHODS FOR DEALING WITH THE MULTI-FUNCTIONALITY OF SYSTEMS IN LCA

Several methods have been proposed during the development of the LCA methodology to address the large issue of multi-functionality. The underlying issue at stake here is the distribution of en-vironmental impacts between by-products. ISO 14044 standard [162] gives guidelines regarding the management of allocations with a clear hierarchy between the existing methods. Paragraph 4.3.4.2 of ISO 14044 thus states as follows that: a) Step 1: Wherever possible, allocation should be avoided by: 1) dividing the unit process to be allocated into two or more sub-processes and collecting the input and output data related to these sub-processes, or 2) expanding the product system to include the additional functions related to the co-products, taking into account the requirements of 4.2.3.3. b) Step 2: Where allocation cannot be avoided, the inputs and outputs of the system should be partitioned between its different products or functions in a way that reflects the underlying physical relationships between them; i.e. they should reflect the way in which the inputs and outputs are changed by quantitative changes in the products or functions delivered by the system. c) Step 3: Where physical relationship alone cannot be established or used as the basis for allocation, the inputs should be allocated between the products and functions in a way that reflects other relationships between them. For example, input and output data might be allocated between co-products in proportion to the economic value of the products [162].

In a 2020 amendment, ISO specified that the second point of the first step should be understood as a substitution method [149,163]. This means that, like in Worldsteel methodology [18,197], the impacts of the process which is substituted (e.g. Portland cement) must be subtracted from the impacts of the by-products of the system studied (eg: steel and blast furnace slag). Using the classification proposed by Heijungs et al. [149], there are two families of methods:

Those avoiding substitution and allocation:

-Subdivision. It consists in separating the flows of the multi-functional process that lead to the obtention of the various by-products. It is only applicable when it is possible to clearly separate the flows contributing to the obtention of a by-product or another. This is not the case for the SCMs we study here.

-

System expansion (as per Heijungs et al. designation instead of ISO). It consists in enlarging the system to include all by-products. A multifunctional system is then studied. It seems unclear how to apply this method here as our study mixes various SCMs which are part of different systems with various functionalities.

And those performing substitution or allocation:

-Substitution (also called system expansion in ISO 14044 [162,163]). The multi-functional system is reduced to a single problem by subtracting avoided burdens of by-products that are not part of the initial functional unit. For some authors this is the method to be applied in priority as it is consistently applicable and reliable [315]. However, and following the guidelines of Weidema, no impact would be attributed to SCMs with such a method. The discussion held in the next paragraphs demonstrates that in most cases, it does not motivate the most efficient use of SCMs. -Allocation. It consists in distributing the flows of the global process between by-products on the basis of coefficients measured from physical or economical data. This method lacks scientific justification. Why would environmental burdens of by-products be allocated based on relations that say nothing of the underlying processes ?

Among the methods described above, and despite its limitations, the last method has some advantages which explain why we use it in the remainder of this section:

It is already widely used in most of the LCAs of SCMs or of processes including the use of SCMs. It will thus allow this study to be placed in an existing context. It is well understood by practitioners and easy to implement as, in most cases, very little additional data is needed.

In the next paragraph, we describe the most common allocation methods (in the sense of Heijungs et al. and explain why we selected two of them for the rest of the study presented in this section.

TYPES AND PRINCIPLES OF ALLOCATION METHODS

The principle of an allocation method is to distribute the environmental burdens of a multi-functional process between its by-products to reduce the problem to a sum of single-functional processes. This allocation is done based on relations that somehow links the by-products to each other. Two main types of allocation methods can be described, depending on whether physical (energy, volume, mass, etc.) or economic relationships are used. The principal ones are described herein below.

Enthalpy allocation

In its most general form, an enthalpy allocation method would distribute the impacts between by-products depending on energetic inputs or outputs. No enthalpy methods have been proposed for SF or FA, but the steel industry has described a method for GBFS [3,49]. In fact, it is not a pure enthalpy allocation but rather a mix of several allocations which combines:

An enthalpy allocation of the impacts due to the energetic consumption required for some stages such as the formation of molten slag or metal (i.e. the sensible heats) or for the reduction of oxides for instance. A mass allocation to distribute the environmental burdens of material inputs. It is based on the gangue content of inputs (pellets, sinter and iron ore). That is, all impurities that will finally form the slag. A subdivision when sub-processes can be fully associated with one of the by-products. A system expansion for process gases (applied after the three previous steps). The output (credit or burden), are applied to slag and steel on the basis of the enthalpy allocation coefficients.

Here, we do not use this method for two reasons. Firstly, it relies on a very fine understanding of the steel and slag co-production process which is far beyond our field of expertise. At the very least, a counter-study should be published so that we can have a more informed view of the process data used in this method. Secondly, as no enthalpy methods have been proposed for SF and FA, the use of this method cannot guarantee the consistency of the overall LCA study.

Mass allocation

Mass allocation belongs to the category of physical allocations. It distributes the environmental burden of the co-production of given quantities of by-products according to the masses produced during the process. Thus, the life cycle inventory of a by-product j produced during the co-production of n by-products is expressed as follows:

LCI j = m j 0≤i<n m i .LCI tot 6.2
where:

m j is the mass of by-product j obtained during co-production process. m i are the masses of by-products i obtained during co-production process. LCI tot is the LCI of the whole co-production process.

Economic allocation

Economic allocation distributes the environmental burden of the co-production of given quantities of by-products according to the economic value of the by-products. Thus, the life cycle inventory of a by-product j produced during the co-production of n by-products is expressed as follows:

LCI j = m j p j 0≤i<n m i p i .LCI tot 6.3
where:

m j is the mass of by-product j obtained during co-production process and p j its price per mass unit. m i are the masses of by-products i obtained during co-production process and p i their prices pet mass unit. LCI tot is the LCI of the whole co-production process.

Those two methods are the most widely used in the scientific literature as well as the most debated in the field of construction, and in particular in France before the arrival of the 'so-called' RE2020, the future environmental regulation for new buildings in France. While there is now a consensus on the need to apply an allocation method in the scientific community, the type of allocation to be favoured is still debated in the literature [221,251]. In the remainder of this section, a thorough comparison of the pros and cons of economic and mass allocation methods is held, in the context of the comparison of several concrete mixes containing different types of constituents and in different quantities. Moreover, this section includes a discussion on the implications of the application of those methods at a more macroscopic scale.

PROS AND CONS OF THE MASS ALLOCATION METHOD

Chen et al. [63] have clearly expressed some advantages and drawbacks of the mass and economic allocation methods. The former is stable in time as there is little to no technological evolution of the processes from which the main SCMs are produced. But,they,like others (including [138,246,278]), have also shown that mass allocation implies that important environmental impacts are attributed to SCMs. This may prevent their use instead of the production of clinker. These are results that we also find in our study, as evidenced by the comparison of the impacts on climate change measured by the two allocation methods (see Figure 6.4).

Besides, mass allocation allows for not distorting the environmental assessment of the global process (that is, the fabrication, transport and installation of reinforced concrete beams). Indeed, for all the other steps of the process (that are detailed in Section 5.5), there is no allocation topic: all the environmental impacts are measured based on purely physical data such as distances, durations, energetic consumptions, etc. Mass allocation thus ensures consistency between the assessment of the impacts of different stages.

Finally, we would like to raise an additional argument in favour of a mass allocation, which admittedly has more to do with a political choice than any scientific justification, but which seems to us to have its place in the particular context of this study. Let us remember that this thesis is primarily aimed at structural engineers rather than method engineers. The former have more control over the design of structures than over construction methods (although there is increasing interaction between the two). Mass allocation, which as we will see later assigns an important environmental burden to SCMs, thus seems a good method to put the focus on the impacts related to the type and quantity of materials used. And those are the obvious levers of action for designers at any stage of the project. Indeed, concrete volumes can easily be optimised at early design stages when the overall structural design is being defined, while the various concrete mixes can still be modified at late stages as long as some constraints such as the compressive strength or desired rheology are met.

ARGUMENTS FOR AN ECONOMIC ALLOCATION

For the reasons outlined above, the economic allocation is increasingly being recommended. For instance, according to Marinković et al. [213], FA should be considered as a waste and therefore, one should use the allocation method which gives the closest impacts to those obtained when no allocation is applied. According to Van den Heede et al. [305], the fact that mass allocation reduces the interest in using FA and GBFS is sufficient to justify the use of an allocation method that gives much lower impacts. This argument could easily be extended to SF based on the comparison of its environmental impacts measured with the two allocation methods [246]. Besides, the use of economic allocation is also required by EN 15804 [231] when the difference in revenues generated from by-products is of more than 25% (which thus opposes the guidelines proposed by the ISO 14044 standard [162]). We collected data regarding the economic values of by-products from diverse sources and gathered them in Table 6.7. On the basis of the selected data, in the case of common SCMs, this difference ranges from 75% (SF) through 92% (GBFS) to more than 99% (FA). According to the standard, economic allocation should be preferred and the contribution of fly ash could even be neglected.

LIMITS OF THE ECONOMIC ALLOCATION METHOD

However, we see several factors for which the use of economic allocation is questionable. Three of them are related to applicability issues while the other two are based on more fundamental issues in terms of environmental analysis. 

Applicability issues

Economic allocation is based on the relative prices and masses (or another proper physical quantity such as energy efficiency of coal in the case of fly ash) of the primary products and the by-products.

For this reason, it is rather complex to actually implement. Indeed, the respective prices of the primary products and by-products are not always reliably known as evidenced by the scatter in the data given by prior publications (see Table 6.7). For example, it is the case for GBFS in France which market is in a monopoly situation due to the Arcelor Mittal -Ecocem partnership and whose price is therefore not public.

Moreover, even when the prices are known, they can significantly differ from a country to another which raises the question of the right price to choose when the origin of a product is not known. Typically, in the case of fly ash, the economic allocation depends on the price of electricity which itself is very dependent on the energetic mix of a country. For instance, in 2021, the price of electricity in France -driven by the nuclear energy -was about two to three times lower than in Germany.

Furthermore, the application of the economic allocation method may itself have an impact on the markets of SCMs and foster price instabilities which may render it obsolete, or will require regular updates, which is not desirable.

Regarding the applicability of economic allocation, there are therefore three issues: the lack of price transparency, geographical inconsistency of prices and price volatility.

Lack of rational comparison criteria between SCMs

Beyond those questions of applicability, the real challenge is to classify the SCMs among themselves. Indeed, if it seems obvious that it is interesting to replace cement by a waste or a less impacting (or at least less emissive) mineral addition, how to judge the interest of a by-product or a waste compared to another from an environmental point of view ? What is the rational basis for comparing SCMs ?

Firstly, and before returning to the question of allocation methods, it is important to recall that mineral additions are used as a (partial) replacement for Portland cement (PC). However, as such, they are not equivalent since a given quantity of cement cannot be replaced by the same quantities of additives (see the discussion on the k-factor in §6.3.5): 1 kg of slag is not equivalent to 1 kg of fly ash, silica fume or fine limestone. In order to compare their impacts on the environment, it is necessary to relate their respective impacts to a comparable quantity, which in this case is the amount of cement avoided. That is why, in the remainder of this part, we focus on a normalised climate change indicator defined as:

I * CC, st = I CC, st k 6.4
This makes it possible to compare the impact of the production of SCMs for the same amount of cement replaced. Of course, this indicator is not rich enough to describe the differences made by this or that addition on other aspects than the strength or durability of the concrete. But it has at least the merit of being very simple to apply. This indicator is expressed in kg CO 2 eq./kg PC.

Going back to the economic allocation method: again, this method has an intrinsic flaw in that the results depend on factors such as the structuration of the industrial sectors from which the SCMs come: we are definitely not in the context of perfect competition [165]. For instance, in France, two of the industries involved are in a monopoly situation (steel and silicon industries) while the other is in a market economy (electricity production) although the number of actors is small. Because of that, important variations in the difference of prices between by-products could occur. This could modify the hierarchy of SCMs in terms of environmental impacts. Figure 6.2 presents the envelopes of the impacts of the production (including a possible treatment step) of slag, fly ash and silica fume measured with an economic allocation. Those envelopes were computed from the prices presented in Table 6.7 which give the minimum and maximum differences in revenues. The thicker lines correspond to the impacts computed from the economic allocation factors given in Table 6.8 (the values for given k-factors are also presented in Table 6.9 for the sake of clarity). All the curves are plotted between the extremum values of k allowed by EN 206 [233] and the French national complement [234] for each SCM. What we observe is that, depending on the prices chosen, the ranking of SCMs according to their impacts are not the same. Indeed, for the most commonly used k-factors in France (i.e. the upper limits of the permitted values) the envelopes of each SCM intersect. Obviously this is nonsensical, physically speaking, and therefore in terms of an environmental analysis.

Furthermore, the fact that the hierarchy is not very clear is compounded by the fact that, due k -factor 0.25 0.75 to low impacts in the context of an economic allocation, the share of SCMs in the overall impact of concrete mixes is very low as shown in Figure 6.3. Therefore, the economic allocation does not allow a different distribution of concrete mixes than the so-called "zero" allocation method. This is evidenced in Figures 6.4 and 6.5. The former compares the impacts on climate change of both economic and mass allocation methods with the "zero" allocation method, for all the concrete mixes.

There is a clear linear relation between the results obtained with the economic allocation method and those obtained with the "zero" allocation one (R 2 = 0.93) which is not the case with the mass allocation method. The latter figure presents, under the form of box plots, the statistical distribution of the impacts for each typology of concrete and with respect to each allocation method. We observe that the distributions of the "zero" and economic allocations are rather similar: the medians are very close whatever the concrete typology and the 25 th and 75 th percentiles present slightly higher values, especially in the case of SCC but this is not comparable with the distribution of impacts measured with the mass allocation.

Taken together, these two graphs show that economic allocation does not allow for the ranking of SCMs, since applying it is equivalent to treating SCMs as wastes, and therefore to assume that they are equivalent in terms of environmental impacts.

On the contrary, in the case of mass allocation, the spread of the values obtained (given by the interquartile and min-max ranges) is large. Thus, this last method allows the differences between the different mixes to be highlighted in much greater detail. And, their distribution is not correlated at all with that of the values obtained without applying an allocation (R 2 ≈0). In other words, mass allocation is a relevant method to compare SCMs with each other. For those reasons, and although the economic allocation definitely is an efficient solution to promote the replacement of cement with additions, it is not relevant for comparing by-products between themselves.

DISCUSSION AT A MACROSCOPIC SCALE

It is rather clear that most of the arguments raised in the previous paragraphs to advocate for one allocation method or another say nothing about the relevance of these methods on a more macroscopic scale. In other words, at this stage, it is impossible to state on which method is most relevant for reducing the environmental impact of reinforced concrete construction in general. But, it seems clear that the allocation method chosen has an influence on the type of concrete mixes that will be fostered. Intuitively, with an economic allocation, the use of high strength concretes containing high rates of SCMs will be fostered as it will allow a global reduction of concrete consumption for a marginal increase of the environmental impact of the concrete mix per unit volume. On the contrary, with a mass allocation, the use of concretes with small amounts of binders (cement and SCMs) should be fostered. Answering this question would require extensive, reliable and if possible regionalised data on the stocks and quantities of newly produced by-products each year, as well as on their consumption. The data at our disposal do not enable us to draw definitive conclusions about the best use of SCMs as they present high uncertainties. But the paragraphs herein below aims at giving an initial response and above all, to draw the framework for further reflection on this topic.

Firstly, it seems essential to recall the orders of magnitude of the quantities of SCMs produced each year worldwide, and to relate them to the overall production of cement. To our knowledge, there is no reliable estimate of the quantites of SF produced each year. Moreover, SF has a special status because its use is mainly motivated by the search for particular mechanical properties (notably very high strengths) rather than by the need to reduce the environmental impact of a concrete mix. For these reasons, we do not include it in this reflection on SCMs' availability.

Regarding FA and GBFS, Miller et al. [220] collected extensive data regarding their annual production per region and formatted them to draw world maps of material resources [223]. We take up the principle of these maps and data from Miller et al. in this discussion but with the following adaptations:

We relate the regional production of SCMs to the regional consumption (instead of the production) of hydraulic cement. Even though concrete is mainly a local material, and thus that this change does not have a major impact in the majority of cases, cement can sometime be transported over long distances. For instance, according to M. Souvignet1 who worked as a con- struction site manager for Vinci Construction in Congo Brazzaville, cement is often imported from China for large infrastructure projects in some African countries. Data regarding the production of GBFS are updated using Worldsteel figures [321] for the production of pig iron in 2018 and assuming an average BFS slag production rate of 0.28 t/t-pig iron [198]. Blast furnace slag is not the only type of slag which can be used as a replacement material for cement but it is by far the most available. We include the k-factor in the figures from which the maps are generated so that the availability of FA and GBFS is somehow weighted by its effectiveness in replacing cement. Of course, applying a single k-factor is an approximation which adds uncertainty to the maps. However, we are mainly concerned with reasoning about orders of magnitude and the application of the k-factor has a great influence in the case of FA. FA and GBFS production per region are therefore multiplied by a factor of 0.6 and 1.0 respectively. Figures 6.6and6.8 thus presents the potential replacement rate of hydraulic cement by FA and GBFS, taken separately and cumulated, by region. Those replacement rates are measured as the ratios between the production of FA and GBFS in a region (weighted by the k-factors as described above) and the cement consumption in that same region. Details regarding the construction of those maps are given in Appendix D.

These maps should be read with global cement consumption by region in mind. Asia alone is responsible for almost 75% of the global cement consumption. They are broken down as follows: about 58% for China, 7% for India, 1% for Japan and above 8% for the rest of Asia (and Oceania). It is therefore clear that our ability to reduce the impact of cement consumption on climate change < 1%

1 -5% 5 -10% 15 -20% no data will depend heavily on actions taken in this region, which is home to around 60% of the world's population. However, other regions such as Europe have a higher cement consumption per capita. Indeed, Europe is responsible for 6.1% of the global cement consumption whereas the European population represents less than 0.7% of the world's population.

On a global scale, the potential replacement rates of hydraulic cement with FA and GBFS (taken separately and cumulatively) are of 2.9%, 8.5% and 11.4% respectively. However, it is worth noting that there are large uncertainties on the global quantities of "useable" FA available because it does not only depend on the quantity of coal combusted but also on the ash content of the coal, and on the properties of the ash. Data from Miller et al. [220] are, to our knowledge, the most precise data available at a regional scale. But, Miller's estimations regarding the percentage of ash which properties fit the requirements for replacing cement might be quite conservatives (see Appendix D). For instance, Scrivener et al. [273] give values of 300 Mt of FA per year (against about 190 Mt for Miller et al. [220]) which would enable to replace about 180 Mt of cement annually, that is 4.7% of its global production. In any case, the cumulative production of these two SCMs (which represent the large majority of SCMs made from by-products of other industries) is almost an order of magnitude lower than that of hydraulic cements. Furthermore, if we look at the evolution over the last sixty or seventy years (see Figure 6.9), we can see that the production of cement has increased more rapidly than that of steel and at a similar pace than coal combustion, now stabilising at around 4 Gt per year. Finally, a quick order-of-magnitude calculation also gives us that the total amount of FA generated by coal combustion over the last seventy years is equivalent to about two years of cement production1 . At a more regional scale, conclusions are somewhat different. In very industrialised regions (like Japan), or regions which energetic mix heavily relies on coal combustion (like Australia), great amounts of Portland cement could be replaced with GBFS or FA. The most prominent case is Japan, with a potential replacement rate of 53%. In Europe, the replacement potential is limited, around 7.5% and is principally driven by the production of FA, although some countries such as France already need to import some FA to meet the needs. Indeed, according to L. Danest (Surschiste, e-mail exchange on 07.10.2021), Surchiste imports more than 100 kt of FA per year for the French market.

In conclusion, despite geographical disparities, the picture is clear and similar for all regions of the world (except maybe Japan): GBFS and FA, the most common industrial by-products, cannot replace traditional Portland cement in large proportions. In order to take full advantage of their inherent environmental benefits, they must therefore be used sensibly, i.e. where they will enable the greatest effective reduction in environmental impacts. To achieve this, one must not only reason on a material point of view, but also integrate functional (thus structural) aspects. A first proposal was made by Habert and Roussel [139]. Their analysis is based on the strong assumption that concrete CO 2 emissions per unit volume are proportionals to the square root of its compressive strength (Equation 6.5).

f c ≈ CO m 3 2 2 6.5
From this starting point, they distinguish three cases, and show that the overall CO 2 emissions of structural elements are:

Inversely proportional to the CO 2 emissions per unit volume of the concrete mix in the case of horizontal elements only subjected to their self-weight.

CO Total 2 ∝ 1/CO m 3 2 6.6
Independent of the concrete compressive strength in the case of horizontal elements for which self-weight is negligible in front of external loads. Inversely proportional to the square of the CO 2 emissions per unit volume of the concrete mix in the case of vertical elements when buckling is not determining.

CO Total 2 ∝ 1/CO m 3 2 2 6.7
The first case is relatively rare, at least in typical mono-material buildings as RC beams would always support slabs which typically weigh three to seven time as much (in mass per linear metre) [68]. Thus, in the general case, concrete compressive strength has low impact on the design of beams. One limitation we see in this discussion deals with the shape of the beams to which it applies. Habert and Roussel dimensional considerations -which focus on flexural behaviour considerations -are based on the assumptions that we will continue to build with solid prismatic beams. One can raise the question of the validity of their approach in the case of optimised elements, for instance with the strut optimisation approach.

Two factors must then be taken into account: the evolution of the concrete volume in the upper chord of the beams, and the evolution of the concrete volume in the struts (if needed, we suggest the reader to refer to the parametric study presented in Section 2.5 of Chapter 2, and more specifically to Figure 2.31). For the concrete contained in the upper chord, the above discussion remains valid. With respect to the concrete volume contained in the struts, we demonstrated in §2.4.3 of Chapter 2 that it is inversely proportional to the concrete strength. However, for all the beams designed during the parametric study presented in Section 2.5 (for which the self-weight represent between 7% and 50% of the total load), the concrete contained in the struts only represents 20% to 30% of the total concrete volume. Thus, in the most common case where the external load is great in front of the self-weight, the compressive strength has low impact on the design of beams.

In this latter case, the best choice from an environmental point of view is to use normal strength concretes with low contents of binder. Mass allocation, by allocating important impacts to SCMs (in the same order-of-magnitude as those of cement) tend to support this design guideline.

The case of vertical elements is more complex. Indeed, in this third case, it seems more interesting to use concretes displaying high mechanical performances than ordinary concretes. Up to certain strength ranges, this is usually done by using large amounts of binder because it is the simplest way to do it. However, high concrete strength can be reached despite low binder intensities. Binder intensity is defined as the total amount of binder necessary to deliver one unit of a given performance indicator (1 MPa for instance). Damineli et al. [78] have evidenced that all mixes with a compressive strength of 100 MPa or more presents a binder intensity of about 5 kg.m -3 .MPa -1 . In other words, there are few ways to make ultra high strength concretes. But for strengths between 50 and 80 MPa, there is a great scatter in the binder intensity indexes which means there is a lot of freedom in terms of concrete mix design to reach those strengths. The most efficient way to reduce binder dosage is to optimise the granular skeleton in order to reduce the void spaces to be filled by the binder [273]. This is what mass allocation will promote by giving high impacts to both cement and SCMs, thus fostering methods other than the use of large quantities of binder to increase the strength of concrete.

It should be noted that all this discussion is based solely on considerations regarding the impact on climate change. It would be relevant to account for other factors such as durability of the elements. The less porous the concrete, the better the durability. Enhancing durability, i.e. the lifespan of structural element, is likely to involve the use of concrete mixes with high binder contents. To some extent, this could call into question the conclusions set out above.

COMPARISON OF MASS AND ECONOMIC ALLOCATION METHODS

To sum up, in current scientific literature, LCAs of concrete mixes containing SCMs are generally done using both allocation methods but, arguments in favour of one or the other method stop at the comparison of the results obtained at the scale of the concrete mixes. When a preference is expressed, it is systematically in favour of economic allocation, which is the only one to promote the use of SCMs as long as other arguments are not put forward. However, as proved in the previous paragraphs, economic allocation presents important drawbacks at both the project scale (in terms of applicability and of comparison between SCMs), and the macroscopic scale (in terms of overall implications for the use of resources). However, mass allocation alone does not address all these issues as its basic use would just prevent the use of SCMs.

Therefore, and in order to satisfy the advantages of each allocation method, we propose a new method to assess and compare the environmental impacts of several concrete mixes. The objective of this method is to hinder the use of binder (whatever its constitution) as much as possible and, to promote the use of SCMs to replace Portland cement whenever possible and within their respective fields of effectiveness. And, porosity being related to granular packing, higher performance concrete, are often considered as more efficient with respect to durability. But, to the extent of our knowledge, the consideration of these elements in an LCA approach remains unstudied to date.

MULTI-CRITERIA ENVIRONMENTAL ASSESSMENT OF CONCRETE MIXES

For the selection of the SCC and OC mixes from the collection presented in Appendix C, and more generally for the comparison of the environmental performance of concrete mixes, we propose an environmental assessment method based on the comparison of multiple indicators. It enables to take advantage of the relevance of the mass allocation while valorising the use of co-products (or secondary products) instead of clinker cement. On the basis of all the available mixes, we construct a Pareto front, i.e. a family of optimal mixes with respect to the chosen indicators. The mixes used in the life cycle assessment of the two manufacturing processes are then chosen within the Pareto front. This choice is made arbitrarily according to the importance that one wishes to give to each criterion but, it is of course necessary to apply the same methodology in the choice of both mixes.

Thereafter, we give general definitions of domination (in the Pareto sense) and of the Pareto front [72]. After that, we recall the methods that can be used to construct the Pareto front. Finally, we detail the application of this method to our case study.

DOMINATION IN THE PARETO SENSE AND PARETO FRONT

Let S be a set of solutions, (u, v) ∈ S 2 two solutions of this set, and I 1 , I 2 , ..., I n a set of objective functions to maximise. The domination relation of a solution u by a solution v, denoted u ≺ v, is defined as follows:

u ≺ v ⇐⇒ (∀i ∈ [[1, n]], I i (v) ≥ I i (u) ∧ ∃j ∈ [[1, n]], I j (v) > I j (u)) 6.8
In other words, solution v dominates u if v is strictly superior for at least one indicator and, if v has at least equal performance for all indicators. The Pareto front P is then defined as the set of solutions that are not dominated [133]: 

P = {u ∈ S | v ∈ S, u ≺ v}

RESEARCH OF THE PARETO FRONT

The construction of the Pareto front is not the object of this section but we give a brief overview of the methods that can be used. On the one hand, there exist deterministic methods, the simplest of which consists in optimising each objective successively. It is also possible to weight and aggregate those objectives in order to transform the problem in a single-objective optimisation problem. However, this method has several limitations, the main one being that there is no direct relationship between the choice of coefficients and the compromise solution obtained due to the diversity of behaviour of the functions that are aggregated [166]. On the other hand, when the size of S and the number of indicators increase, it becomes complex to compute P. Multi-criteria metaheuristics need to be leveraged in order to find an approximate set of P. The limitations of these approaches are however well known: they are generally bespoke algorithms that require appropriate "tuning". And, it is not possible to estimate the deviation of the solutions found from the exact Pareto front.

APPLICATION TO CONCRETE MIXES Definition of the objective functions

In our case, S represents a set of n m concrete mixes which are made of n c constituents (cement, additions, sand, gravels, etc.) such that a concrete mix u is defined by a vector {m 1 , ..., m nc } ∈ R nc where m i represents the mass of constituent i in 1 m 3 of the mix. The set of functions (or indicators) to maximise only comprises two: I GWP and I CC which are defined as follows.

The first indicator I GWP represents the impact of concrete production on the climate change indicator.

I GWP (u) = 1 I CC,st (u) 6.10
where I CC,st is the impact of concrete production on the short term climate change indicator [CC, st], calculated using mass allocation. The reason we look at the inverse of I CC,st is that we want to minimise its value but, for the optimisation, we prefer to apply the same procedure to each indicator (here, a maximisation).

The second indicator accounts for the amount of cement substituted and weights the efficiency of each SCM by its own k-factor.

I CS (u) = i∈Ω SCMs k i min (m i , λ i m c ) 6.11
where Ω SCMs represents all the mineral additions to be taken into account, k i is the k-factor of addition i, m i its mass in the mix, λ i the maximum quantity of addition i which can be taken into account in the calculation of the equivalent binder according to EN 206 [233], and m c the mass of cement in the mix. In our case, we limit ourselves to four SCMs but others (such as metakaolin) could be taken into account by this indicator.

With this configuration (rather limited size of the set of solutions and small number of indicators), it is easy to manually build the Pareto front.

Note that other indicators could be added, either to enrich the environmental analysis -for instance with indicators of toxicity, resources depletion, etc. but also with information such as the estimated lifespan -, or to take into account some properties of the mixes at the fresh or hardened states. In such a case, a proper algorithm would have to be implemented in order to find the Pareto front.

In the next paragraph, we apply this methodology to the forty SCC mixes and one hundred and twelve OC mixes. Figures 6.11 and 6.12 present simultaneously the values of both I GWP and I CS for each ordinary and self-compacting concrete (OC and SCC) mixes respectively. The Pareto fronts for all mixes of each group are represented by the red solid lines. In the context of this study, to ease the comparison between the fabrication of prismatic solid and truss-like beams, we decided on the one hand to impose a priori the compressive strength of the concrete for the two beams, and on the other hand to take two concretes with similar strengths. Thus, in the process of selection of concrete mixes, we add the constraint that the compressive strength measured on 150×300 cylinders must be comprised between 30 and 37 MPa. With such a constraint, a new Pareto front can be drawn; which is of course dominated by the global Pareto front.

For the global LCA, that is the comparison of the two design and fabrication processes from an environmental point of view, we decide to use mixes 'B' (OC) and 'A-6' (SCC) which both belong to the Pareto fronts of their respective concrete mix groups. This choice, which contains an element of arbitrariness, corresponds to a compromise between maximising the two indicators, at least for the OC mix. Regarding the SCC mix, only one mix both fits the strength constraint and belongs to the Pareto front. In the next paragraph, we present in greater details those two mixes.

6.7 PRESENTATION OF MIXES 'B' AND 'A-6' 6.7.1 FORMULATION, PROPERTIES AT FRESH STATE, AND MECHANICAL PERFORMANCES Table 6.10 presents the formulation of both concrete mixes while Tables 6.11 and 6.12 present some properties at fresh and hardened stated of the OC and SCC mix respectively. In both mixes, the binder is composed of Portland cement and GBFS, in equal or almost equal proportions. The SCC mix also contains an important quantity of FL. Thus, the overall proportion of binder as well as the share of SCMs is greater in the SCC mix. As expected, the SCC mix also contains a greater proportion of small aggregates.

Both mixes present typical slump (or slump flow) values [82] which should enable a proper setting of the concrete and good durability performances. In terms of strength, the two mixes display very similar performances at 28 days (less than 6% of difference) though the strength gain of the ordinary concrete continues in a non-negligible way as witnessed by its strength at 90 days which is 41% higher than the strength at 28 days. The strength gain of the SCC mix seems more limited even though its value at 90 days is not known. -1

× 10 Tables 6.13 and 6.14 presents the complete LCIs of the two concrete mixes. As presented earlier in this chapter, slag is co-produced with pig iron and, about 3.6 kg of pig iron is produced for 1 kg of slag. Let us specify that 21.87% of the impacts of the pig iron production are then allocated to the production of slag. From these inventories, the impacts for the production of a unit volume of both mixes are measured with the IMPACT World+ method.

Figure 6.13 presents, for both mixes, the contribution of each constituent to the climate change, short term indicator (it includes the impacts of transport for each constituent). It confirms that the impact on climate change is dominated by the production of Portland cement and GBFS which, for mixes, contribute to more than 95% of the impact. It is worth noting that, with mass allocation, the impact of slag per unit mass is significantly higher than the impact of Portland cement. The difference is about 70%. For almost all indicators the SCC mix displays higher impacts (of about 20% for most of them). A greater difference is observed for the ionising radiations indicator, even though we assumed that the mixing energy was the same for both mixes (which is undoubtedly false because the rheology of self-compacting concretes often requires Ecoinvent processes used for the production of 1 m 3 of self-compacting concrete.

*Following the mass application method, only 21.87% of the impacts due to this process are allocated (see Table 6.8).

higher mixing energies). But this comparison need to be put in perspective with the concrete savings made possible by the Recy(clay)ble Formwork process. This is the subject of the following chapter. Furthermore, it would be interesting to compare the environmental impacts of those two mixes with common or 'average' mixes. The plural nature of concrete makes it difficult. Nevertheless, one can refer to the data collected by Damineli et al. [78]. They collected data regarding the binder content of more than 1500 concrete mixes and reported total binder contents ranging from approximately 250 kg.m -3 and 600 kg.m -3 for mixes with a strength of 35 MPa. With a total binder content of 336 kg.m -3 , the ordinary concrete we selected is thus rather in the low range of typical concrete mixes. It is the contrary for the self-compacting concrete, but this is related to the particular requirements in terms of fluidity at fresh state.

CONCLUSION

In this chapter, we have briefly reviewed four existing methods to deal with multi-functional systems in life cycle assessment: subdivision, system expansion, substitution and allocation. We then focused on the allocation method and some of its different application models: enthalpy, mass or economic allocation. Through a critical review of the latter two methods, and by combining argu- ments and data at the macroscopic and project scales -i.e. at the scale of a concrete mix on the one hand and at the scale of structural elements on the other hand -we demonstrate the value of applying a mass allocation to measure the environmental burden of common supplementary cementitious materials.

Following this discussion, we propose a new multi-criteria analysis method for the selection of optimal concrete formulations with respect to a number of criteria, which are here of an environmental nature. This method is based on the construction of a Pareto front comprising two indicators: one related to climate change impacts, and the other related to the amount of Portland cement avoided in the mix; and which is used to rank a collection of available concrete mixes. It should be noted that other indicators (relating to durability, strength, etc.) could also be included to provide additional information on the mixes.

Finally, this selection method is applied to a collection of a hundred and forty-two concrete mixes, in order to select two formulations (corresponding to an ordinary concrete and a self-compacting concrete respectively) which allows us to complete the LCIs of the two reinforced concrete beam production systems presented in Chapter 5. Shifting from conventional on-site construction to off-site manufacturing is often presented as one of the best way to tackle the construction industry's lack of productivity [START_REF] Barbosa | Reinventing Construction: A Route to Higher Productivity[END_REF]. However, since the 1950s and the beginnings of prefabrication, this production system has never been able to reach a wide adoption level for reasons that are as much related to economic or technical issues as to political and social ones [203,248]. Sustainability is sometimes presented as a potential trigger for the larger use of construction automation [201,249,322]. Often, this statement is only justified by the better wastes or resources management offered by prefabrication in particular [203] that some authors highlighted [153,167]. But, studies which effectively address the environmental benefits of prefabrication through life cycle analysis (LCA) are very limited: some only deals with carbon emissions [91], others only give results on endpoint indicators [201]. Besides very few studies analyse the benefits of digital fabrication and mass-customisation (whether as part of off-site or in-situ production systems). And these few studies are not very representative because they compare modern fabrication processes with dated conventional processesthat are particularly non-optimal from a resource economy point of view [START_REF] Agustí-Juan | Potential Benefits of Digital Fabrication for Complex Structures: Environmental Assessment of a Robotically Fabricated Concrete Wall[END_REF]. Therefore, comprehensive LCA which compare the environmental impacts of automated and/or precast production systems with those of the 'best' conventional processes are missing. This chapter intends to be part of this necessary effort. To this end, it provides a detailed comparative analysis between the impacts of the Recy(clay)ble Formwork process, a digital fabrication process for the production of optimised truss-like reinforced concrete (RC) beams, and the impacts of a conventional on-site production system for traditional solid prismatic beams.

OVERVIEW

This chapter comprises four main sections. In Section 7.2, a preliminary analysis of the environmental impacts of a reference scenario is lead in order to determine the main midpoint contributors which impact pathway models are further described. These descriptions allow a more detailed understanding of the analyses to be carried out, but also to detect potential modelling biases. Then, Section 7.3 presents a comparative analysis of the impacts of the off-site (OS) and in-situ (IS) production system. These impacts are presented in the Booklet which follows this chapter. This analysis is done in two stages: first, it is done through the prism of the model categories (e.g. concrete, steel, manufacturing, ...) and then per impact categories. Only those categories that were declared as main contributors during the preliminary study are analysed. A sensitivity analysis is lead in Section 7.4 in order to highlight the most influential parameters of the model. Finally, Section 7.5 underlines some limitations of the LCA and provides insights on potential improvements.

PRELIMINARY ANALYSIS ON A TYPICAL CASE STUDY

MOTIVATIONS

As already stated in Chapter 5, one of IMPACT World+'s interests is to provide indicators at both 'problem' and 'damage' levels. In particular, impacts can be measured through intermediate endpoint indicators, which enables to rank midpoint indicators according to their contribution to endpoint ones, as proposed by Mam [210]. This approach is particularly interesting for highlighting priority action levers for improving or even optimising the process or the product studied in terms of environmental impacts.

Besides, environmental challenges are numerous, and many actors (especially companies) currently focus on a few impact categories which they consider a priority regarding their field of action. For instance, the VINCI group has declared three priority areas: climate change, economy of natural resources through circular economy, and the preservation of natural environments. On reading the universal registration document [310] in which these three areas are declared and which presents avenues for action, we could, for example, highlight some midpoint indicators of interest on which to focus: climate change, mineral resources use and water scarcity, as well as the endpoint indicator ecosystem quality. Nonetheless, impact assessment results can sometimes be counter-intuitive and, in this chapter, we strive to present environmental impact measurements for each midpoint indicator provided by IMPACT World+, in order to retain the richness and finesse of the analysis they allow. However, in this section, we conduct a brief preliminary study on a typical scenario -that is, for a given trio of meta-parameters -in order to highlight the most important midpoint contributors, that we define as the midpoint indicators which have a contribution of more than 1% to at least one of the two endpoint indicators. We will then present in greater detail the methodology behind the calculation of those indicators, in order to underline key methodological elements for the analysis that are presented in the next sections.

PRESENTATION OF THE CASE STUDY

For this preliminary analysis, we measure the environmental impacts of a reference scenario which corresponds to a typical element of an office building. By considering a beam with a cross-section (A c ) of 0.21 m 2 (0.6 m × 0.35 m), a reinforcement ratio (R reinf ) of 190 kg.m -3 and 35% of concrete savings in the case of the optimised beam (C av ), we model in a simplified way the case of a beam with a span of approximately 6 m, and which can support a concrete slab -which would carry in the direction orthogonal to the beam over a span of approximately 6 metres also -and live loads of about 250 kg 2 .m -1 . All the other parameters which have been defined in Chapter 5 are set to their reference values. Midpoint and endpoint impact values as well as midpoint indicators contributions to endpoint indicators are presented in Figure 7.1 for both production systems.

Intermediate indicator HH Contributions (%)

In-situ Off-site > 10%

Human toxicity cancer, short term 6.3×10 1 6.7×10 ) and ecosystem quality (EQ) impact categories for both the traditional in-situ production system and the off-site one.

Only the indicators which contribution is higher than 0.1% are presented.

icals in the three media or, in other words, the effective human intake through inhalation and ingestion. USEtox uses models that seek to explain how the chemicals emitted in some medium end up in food or water for instance. Determination of an effect factor (EF). It is expressed in cases/kg intake for human toxicity and in PAF.m 3 /kg for ecotoxicity where PAF is the acronym for potentially affected fraction of species. For human toxicity, this effect factor translates the change in lifetime disease probability due to the change in intake of chemicals. Note that carcinogenic and non-carcinogenic effects are separated. Regarding ecotoxicity, the effect factor measures the number of potentially affected aquatic species over the exposed water volume per kilogram of chemical available. These effects may be, for example, an increase in mortality.

Characterisation factors are thus calculated from Equation 7.1 and the units are then converted in comparative toxic units (CTU), to better express the comparative nature of the characterisation factors. With this last step, the characterisation factors in the midpoint step are defined.

CF = FF × XF × EF 7.1
To extend the definition of the characterisation factors at the endpoint level, another step is necessary to express toxic impacts as disability adjusted life years (DALY) and potentially disappeared fraction of species (PDF). For human toxicity, the process includes a weighting step which enables to account for variable impact magnitudes in terms of years of life disabled between carcinogenic and non-carcinogenic effects. Regarding ecosystem quality, the potentially affected fraction of species must be converted into potentially disappeared fraction of species, which is done by a simple linear relation between both (PDF = 0.5 × PAF).

It is also important to bear in mind the limitations of the USEtox model for a proper analysis of the LCA results. Some of them are listed thereafter. One important limitation is related to the number of organic and inorganic substances for which the model proposed characterisation factors. When officially published in 2008 [264], the model proposed 991 characterisation factors for human health effects (plus 260 interim factors) and 1299 factors for ecotoxicity (plus 1247 interim factors), while it is estimated that around a hundred thousand organic and inorganic substances might have an industrial role [START_REF] Bijster | USEtox® 2.0 Documentation (Version 1)[END_REF]. Another limitation is due to the large uncertainties (of about three orders of magnitude) to which the characterisation factors for toxicity are subjected to. Then, terrestrial and marine ecotoxicity are still considered as interim categories and are therefore not included in IMPACT World+. Finally, there is a last important limitation due to the combination of an assumption made in the LCIs of metals in ecoinvent and the calculation methodology for the fate factors. On the one hand, ecoinvent considers that all landfill long-term emissions end in groundwater [START_REF] Doka | Waste Treatment and Assessment of Long-Term Emissions (8pp)[END_REF]. On the other hand, inorganic chemicals such as metals are not removed from media through biodegradation and can only be eliminated though advection. They thus stay in a given medium during very long periods of time [START_REF] Bijster | USEtox® 2.0 Documentation (Version 1)[END_REF]. As fate factors are calculated from an integration over an infinite time, landfilled metals tend to be responsible for very high impacts as compared to other chemicals emitted through the life cycle.

Climate change

Regarding climate change, IMPACT World+ focuses on a single impact pathway related to the increase of temperature, and do not consider other types of climate change effects [160]. However, short and long term climate change categories are differentiated at both 'problem' and 'damage' levels. This allows for addressing two different notions: the rate of temperature change (short-term indicators) and the long-term temperature increase. For climate change, both midpoint indicators are proxies which means that the characterisation factors used at midpoint and endpoint levels are different.

At 'problem' level, two different time-integration functions are used to measure the effects of greenhouse gases emissions (GHG) in the atmosphere. The short-term indicator corresponds to the global warming potential for a 100-year-long time horizon (GWP100) which has the advantage of taking into account the radiative forcing coming from quickly decaying elements such as CH 4 [195]. It represents the cumulative radiative forcing per kilogram of GHG emitted and expresses impacts related to a rapid increase in temperatures to which humans and species need to adapt in the short term. The long-term indicator corresponds to the global temperature potential for a 100-year-long time horizon (GTP100). It assesses the rise in global mean surface temperature in one century due to GHG emissions. This indicator thus goes further than the GWP in the cause-effect chain.

At the 'damage' level, IMPACT World+ methodology aims at capturing the cumulative effects of climate change over a given time span. The metric used is the absolute GTP (aGTP), as proposed by the IPPC [228]. Global mean temperature change per unit emission is thus estimated thanks to a time-integration of the unit emission of a GHG multiplied by its aGTP. Then, effect factors on human health are estimated from the increased risk of dying due to a temperature increase in time. It is worth noting that human health indicator is measured as a lower bound of damages caused by climate change, as only causes for which we dispose of relevant models are included (namely cardiovascular diseases, malaria, diarrhoea, floods and malnutrition) and because a single impact pathway is taken into account, as already mentioned above. Effect factors for ecosystem quality are estimated based on regional studies that link the extinction risk of various species with temperature increase in these regions [START_REF] Schryver | Characterization Factors for Global Warming in Life Cycle Assessment Based on Damages to Humans and Ecosystems[END_REF].

Water availability

Water availability is one of the three endpoint indicators of IMPACT World+ related to water consumption, the only one which is used for measuring impacts on human health. This paragraph focuses on this indicator as well as on the midpoint proxy: water scarcity.

The water scarcity characterisation factor (CF AWARE ) at midpoint level aims at assessing the impacts of water consumption based on available water remaining -hence the acronym AWARE -, as proposed by Boulay et al. [42]. It assesses the potential deprivation of water for other users. To this end, the characterisation factor is estimated from the amount of water consumed through a proportionality relationship, and from the available water (corrected for human consumption and environment requirements) to which it is inversely proportional. The water available is measured from regionalised available minus demand (AMD) indices.

At the 'damage' level, another model, built on Boulay et al. [41], is used. It does not only account for water quantitative deprivation, but also for qualitative losses, in order to account for a potential deterioration in water quality, in the case of pollution for example. Both direct human health impacts and indirect effects on several impact categories are taken into account. Firstly, fate and exposure factors respectively express the level of competition between water users and the affected users (domestic, agriculture, etc.). Then, effect factors are only estimated for the direct pathway. They describe the type of effects due to a water deficit depending on the type of user. These effects are of two kinds: malnutrition (caused by a lower food availability) and a lack of hygiene and sanitation (for domestic users). On the other hand, the 'compensation' impact pathway intends to model the capacity of some countries to adapt to water depletion depending on their national incomes. While low-income countries are assumed to not be able to adapt and will entirely suffer from direct human health impacts, higher-income countries might set up adaptation scenarios using backup technologies.

Finally, as midpoint and endpoint indicators do not follow the same models, it is worth noting that impacts on both categories are not necessarily proportional. Indeed, damages to human health is due to water scarcity (otherwise well represented by the AWARE characterisation factor at the midpoint level) but are also related to the adaptive capacity. Therefore, midpoint and endpoint indicators might not be proportional.

Particulate matter formation

The IMPACT World+ impact pathway model addressing the effects of particulate matter (PM) emissions, that is particulates with a diameter less than 10 µm, is partially based on the USEtox model. However, this model does not consider what is called secondary PM. Primary PM are particulates that are directly emitted in the atmosphere while secondary PM forms in the atmosphere through chemical reactions from various pollutants. PM are traditionally separated into two groups depending on their diameter: PM 10 for particulates with a diameter less than 10 µm and PM 2.5 for particulates with a diameter less than 2.5 µm. Toxic effects of both types of PM at midpoint and endpoint levels are reduced to a common unit in IMPACT World+, considering that the smaller ones are 1.67 times more toxic than the larger ones.

At both 'problem' and 'damage' levels, the characterisation factors translate the fate, exposure, effect cause-effect chain. The intake fractions for primary PM 2.5 are estimated using USEtox model for population density archetypes for remote, rural and urban outdoor environments. For secondary PM 2.5 , the intake fraction is the inhaled mass of PM 2.5 which is formed from a specific pollutant (per mass emitted of this pollutant). Then, effect factors are derived from the epidemiological studies of Humbert et al. [157] and Gronlund et al. [137] who measured dose-response (in cases/kg in ), and severity (in DALY/case) factors to estimate disease incidence (in number of cases) and the burden of disease (in DALY) respectively. At endpoint level, the characterisation factors are thus estimated by multiplying the intake fractions with the effect factors, taken as the burden of disease by unit mass of inhaled PM 2.5 (in DALY/kg in ). At midpoint level, the characterisation factors express a number of deaths per kilogram of particulate emitted (normalised to PM 2.5 ).

Marine acidification

Oceans capture some of the carbon dioxide present in the atmosphere. It reacts with water and forms carbonic acid which dissolves into bicarbonate and hydronium ions (H + ), thus increasing the ocean's acidity. One of the effects of marine acidification is the weakening of organisms such as coral and some plankton, which are necessary for marine biodiversity.

Causes of marine acidification are therefore similar to those of climate change. Hence, there is no need for a midpoint indicator and IMPACT World+ only propose endpoint indicators regarding marine acidification. Besides, for the sake of consistency, the same fate factors are used for marine acidification as for climate change in IMPACT World+. As per climate change, short-term and long-term impacts are thus differentiated. It also takes into account CH 4 and CO to account for the effect of carbon dioxides molecules formed from their oxidation. Then, the exposure factor expresses the decrease in pH due to an increase of CO 2 in the atmosphere. Finally, the effect factors are estimated through species sensitivity distributions (SSD) proposed by [START_REF] Azevedo | Calcifying Species Sensitivity Distributions for Ocean Acidification[END_REF] which describe the potentially affected fraction of species depending on the ocean's pH. In IMPACT World+, the effect factors are measured for the HC50 EC50 point, which correspond to the H + concentration affecting 50% of the population of 50% of the considered species.

DETAILED ANALYSIS OF THE TOXIC AND ECOTOXIC IMPACTS OF REBARS

The major contribution of toxic and ecotoxic intermediate impact categories to both endpoint categories has been highlighted in the previous paragraphs. The largest contributor to the corresponding midpoint indicators is the 'Steel' category. There is a direct relationship between midpoint and in-termediate indicators in this case as the impact pathway models are the same. Therefore, 'Steel' is also the main contributor to the toxic and ecotoxic intermediate impact categories. In the light of the elements we highlighted above regarding the limitations of metals toxic and ecotoxic impacts measurement, we will analyse in greater detail the contribution of the 'Steel' category. Let us briefly recall that the inventory for the 'Steel' category includes all subprocess for the production of rebar cages (steel production, bending, cutting, welding, etc.). Figures 7.3 and 7.4 detail the contributions of the subprocesses and flows of the inventory of the 'Steel' category to the 'human toxicity cancer, short term' (HTC,ST) and 'freshwater ecotoxicity, long term' (FEc,LT) indicators, which are responsible for approximately 65% and 85% of the impact on human health and ecosystem quality respectively. Each figure is composed of two parts. A pie chart which presents the distribution of the impacts between the four processes from which the 'Steel' category is modelled (the reader is invited to refer to Table 5.7 of Chapter 5 to find the details of the model corresponding to this category). Then, bar charts details the contribution of subprocesses and flows from three different perspectives, for each of the subprocesses which contribution is greater than 5%. The three perspectives correspond to:

(D) Another decomposition (like in the pie chart) which is done at the first subprocess level. Using the 'Contribution tree' feature in OpenLCA (SP) A subprocess aggregation. Using the 'Impact analysis' feature in OpenLCA (F) A flow decomposition of the impact. Using the 'Impact analysis' feature in OpenLCA

The principle of the decomposition presented above is shown in Figure 7.2. In OpenLCA, the contribution tree feature allows to find the contribution of any subprocess contained in the environmental model to a given impact category. The first perspective thus corresponds to a decomposition at the first subprocess level. A given subprocess can be found in several branches. The (SP) decomposition corresponds to an aggregation of these identical subprocesses. Similarly, one can look at the various flows of substances that are actually responsible for the measured impacts. The (F) perspective presents the impacts of these flows once the identical ones have been aggregated.

Human toxicity cancer, short term

As shown in Figure 7.3, the impact of the 'Steel' category on the HTC,ST indicator is almost entirely caused by two subprocesses related to the production of steel through the electric arc furnace (EAF) route: market for electric arc furnace slag (85% of the impact) and market for ferromanganese, high-coal, 74.5% (9%). Ferromanganese is an alloying element which can be reduced both with blast furnace or electric arc technologies. In both cases, it is co-produced with important quantities of slag [START_REF] Classen | Life Cycle Inventories of Metals[END_REF] which are modelled in ecoinvent v3.7.1 database with the 'electric arc furnace slag' flow used as a proxy, and represented by the market for electric arc furnace slag process [99]. This last process is itself responsible for 98% of the impact on the HTC,ST category for the production of ferromanganese. It should be noted that the ecoinvent market data for electric arc furnace slag assumes that 59% of the slag is disposed of in landfills [START_REF] Classen | Life Cycle Inventories of Metals[END_REF] while only 4% is recovered, either internally or externally [99].

From another perspective, the impact analysis shows that 94% of the overall HTC,ST impact directly comes from the treatment of electric arc furnace slag, residual material landfill subprocess (used by several subprocesses which contributes to the production of electric steel) which short term im- pact on human toxicity cancer category is entirely dominated by the emission of chromium (Cr) to surface water. This element, which represents approximately 3% of the slag content as modelled in ecoinvent [302] is one of the few compounds of slag to be emitted in significant quantities into water at short term. More specifically, chromium is present in slag both as chromite (Cr III , 75%) and under its hexavalent form (Cr VI , 25%) which is almost the only form found in leachates [START_REF] Doka | Life Cycle Inventories of Waste Treatment Services. Part II: "Landfills -Underground Deposits -Landfarming[END_REF] and of which 25% is assumed to be emitted in surface water at short term.

One could possibly question ecoinvent's assumption that 96% of EAF slag is disposed of in landfills, as Worldsteel data estimate that it is fully recovered [197] for instance. But most of it (91%) is used as roadstone and can thus be subject to the same leaching issues as in landfills.

Finally, the results obtained in terms of impact on the HTC,ST indicator do not seem to be due to a modelling bias -although Cr VI slag content, landfill transfer coefficients, etc. can be subject to large uncertainties -but do reflect an important challenge in terms of human health, at a time when the steel industry is pushing for an increased use of recycled steel (which however has other interests as we shall see later in this chapter).

Freshwater ecotoxicity, long term

As shown in Figure 7.4, the impact of the 'Steel' category on the FEc,LT indicator is a bit more distributed, as both the production of steel through the blast furnace (BF) route and the hot rolling of steel are responsible for about 10% of the impact (in fact 13% and 8% respectively). Only the processes, subprocesses or flows which contribution exceeds 5% are represented. The pie chart gives the distribution between the four subprocesses of the 'Steel' category. The bar chart shows the distribution of impacts by sub-processes at the next level of decomposition (D) and at the highest possible level of decomposition (SP), as well as by flow (F).

Regarding the production of secondary steel, again, we observe the large influence of processes modelling the supply of EAF slag (primary but also secondary metallurgical slag) as well as the reduction of ferromanganese (which we know is in fact related to the co-production of large quantities of slag). These processes alone explain 49% of the global impact. We will return to that point later. Besides, 13% of the impact is related to the process market for iron scrap, sorted, pressed. By digging deeper to understand what is behind this impact, we find that it is in fact associated with the depreciation of the scrap preparation facility which is in particular modelled from the subprocess building construction, multi-storey. This process contains a relatively important quantity of copper (market for copper, cathode). With the (SP) perspective, the impact of this last process can be mainly related to the subprocess named treatment of sulfidic tailings, from copper mine operation, tailings impoundment (about Only the processes, subprocesses or flows which contribution exceeds 5% are represented. The pie chart gives the distribution between the four subprocesses of the 'Steel' category. The bar charts show the distribution of impacts by sub-processes at the next level of decomposition (D) and at the highest possible level of decomposition (SP), as well as by flow (F).

5% of the total impact). In fact, sulfidic tailings are produced during the beneficiation of minerals (including copper) and are generally stored behind dammed impoundments which pose long-term pollution issues as metals can leach [99]. About 5% of the global impact of the 'Steel category' on the FEc,LT indicator is thus due to the emission of copper (Copper, ion) to groundwater. It may however seem surprising that such a large contribution can be attributed to the depreciation of a building (approximately 4% of the impact on ecosystem quality). Obviously, copper is found in lots of building components (plumbing, etc.) but the ecoinvent inventory reports more than 8 kg.m -3 of copper per m 3 of multi-storey building which probably is a very high value. For more details regarding the model of the building, the reader is referred to Kellenberger et al. [171].

Only one subprocess of the production of primary steel contributes to more than 5% of the overall impact of the 'Steel' category to the FEc,LT indicator. This process (market for molybdenite) models the use of a compound (molybdenum, Mo) which is used in steel making to harden it. Molybdenite is mainly found in copper mines and is thus a by-product of copper mining with which it shares the impacts associated to the treatment of sulfidic tailings.

However, from a flow perspective (F) the majority of the long-term ecotoxic impacts (and this also applies to the impacts coming from hot rolling and from the production of secondary steel) are due to the emission of aluminium to groundwater. It is not possible to single out one or a few particular processes responsible for the majority of these emissions, apart for the production of secondary steel production for which we already mentioned the role played by the production of primary and secondary slags. Nonetheless, it is possible to analyse those results from a more methodological point of view. Here, the large impacts attributed to aluminium are probably, at least partially, due to methodological bias. In ecoinvent, it is assumed that after 100 years, collection system fails thus enabling the leachate to enter the ground below the landfill [START_REF] Doka | Life Cycle Inventories of Waste Treatment Services. Part II: "Landfills -Underground Deposits -Landfarming[END_REF]. The long-term emissions (after 100 years) are therefore entirely inventoried as emissions to groundwater. Besides, as explained previously, the long-term impacts of pollutants are integrated on an infinite time. In the case of metals, this mathematically leads to very large contributions to long-term ecotoxic impacts as the USEtox model do not account for their speciation and distribution [111] whereas several physical and chemical phenomenon can progressively change their bioavailability. In the particular case of aluminium, the inclusion of these time-dependent changes is in any case subject to the integration of specific characterisation factors for the various forms of aluminium found in the different media (soil, water, etc.) which is currently not the case [124].

Finally, the impact of the 'Steel' category to the FEc,LT indicator is fraught with significant uncertainties that are nevertheless difficult to estimate. However, the contribution of other categories such as the 'Concrete' one (about 20%) and the 'Manufacturing' one (about 5%) are not hidden by the contribution of 'Steel' so we decide not to separate them. The analysis of the LCA overall results will nevertheless be made with great caution with regard to these elements.

Aside on slag management

Through the last two paragraphs, we highlighted the high toxic and ecotoxic impacts related to the production of the various types of slags. In the ecoinvent database, blast furnace slag is supposed to be entirely recycled, and the inventory is built so that no impact related to blast furnace slag production is attributed to pig iron production process, whatever the impact category. In practice, it is not exactly the case. Worldsteel [20] states that 97% of blast furnace slag is recycled. The remaining 3% is likely to be disposed in landfills and to be responsible for toxic and ecotoxic impacts due in particular to leaching. A high share of the recovered blast furnace slag is used to replace Portland cement (78%) to build concrete elements. To the extent of our knowledge, there is little research on the ecotoxic impact of slag-based concrete. The use of slag to produce concrete is likely to prevent the leaching of toxic substances as long as the element is not in contact with water. However, slight ecotoxic effects have been reported for slag-based concretes in contact with water [START_REF] Couvidat | Greening Effect of Slag Cement-Based Concrete: Environmental and Ecotoxicological Impact[END_REF].

Regarding electric arc furnace slag, ecoinvent assumes that 59% of the slag obtained during the production of low-alloyed electric steel is landfilled [START_REF] Classen | Life Cycle Inventories of Metals[END_REF]. This number is much lower than the estimations of Worldsteel. Worldsteel considers that 86% of EAF slag is recovered in average, mainly to be used as roadstone [20]. In any case, it is clear that an important quantity of electric arc furnace slag still lacks relevant outlets. They continue to be disposed in open dumps in large proportions and these later have traditionally been left bare without protection and are thus exposed to both weather and leach. However, it is worth noting that research projects are being set up to reduce the toxic and exotoxic impacts of open dumps. In particular, plant-based approach including phytostabilisation [268] are being investigated to slow down the erosion of slag heaps, and to limit the leaching of pollutants towards groundwater thanks to the interception of water by plants for their own growth.

COMPARATIVE ANALYSIS OF THE TWO RC BEAM PRODUCTION SYSTEMS

The analysis of the LCA outcomes is done in two steps: a detailed comparative analysis of the two RC beam production systems and a sensitivity analysis. Firstly, the environmental impacts of several reference scenarios are measured and compared. To this end, four values of meta-parameter A c are used: 0.21, 0.32, 0.45, and 0.6 m 2 . It allows addressing four ranges of spans (although there is no direct link): from 5 to 7 m, 7 to 9 m, 9 to 11 m and 11 to 13 m. Then, for each value of A c , nine scenarios are studied, for a total of thirty-six scenarios. These scenarios tend to tackle various loading conditions regarding both shear and bending. For shear (respectively bending), we consider three levels of stress: low, middle and high which are modelled using the following values for the meta-parameter C av (resp. R reinf ): 60%, 35% and 10% (resp. 120, 190 and 240 kg/m 3 ). It should be kept in mind that these models can indeed represent extended span and load ranges, but the link between a model and a real beam (i.e. a load level and an exact span) is not at all direct.

The results are presented in the Booklet which follows this chapter, through Figures 7.11and7 In all the figures, the impacts of both production systems are compared and, the impacts shown in the bar plots are always normalised by the impacts of the scenario for the in-situ production process.

The first observation that can be made is that, even in the case of the solid prismatic beam, the endpoint impacts are always dominated by the 'Steel' category, through either the toxic or ecotoxic impact categories. For both endpoint indicators, it represents more than 50% of the impacts, for the whole range of scenarios. Of course, we discussed the validity and uncertainties related to the impacts on the freshwater ecotoxic impact category in the previous section which tends to qualify this finding, at least for the ecosystem quality (EQ) indicator. However, in the remaining of the section, we will mainly focus on the midpoint indicators which allow for a finer analysis of the respective contributions of the various categories.

ANALYSIS PER MODEL CATEGORY

Concrete

For a majority of impact categories, concrete production is the primary contributor, with the sole exception of scenarios modelling beams subjected to low shear loads and high bending ones. These are however theoretical scenarios which are rather rare in practice. The only indicators for which this finding do not apply are the freshwater eutrophication (FEu), freshwater toxic (FEc) and human toxic (cancer -HTC and non cancer -HTnC) ones as well as the ionizing radiations (IR) indicator and, for some scenarios, the particulate matter formation (PMF) indicators. This simply indicates that concrete might not be the best lever to reduce the environmental impact of RC beams on those categories.

For some indicators (in fact those found at both the midpoint and endpoint levels), this information can be cross-referenced with data on the contribution of the intermediate indicators to the endpoint indicators for the production of a cubic metre of concrete. This information is represented in Figure 7.5. It confirms that climate change is one of the most impacted category by concrete production, but more surprisingly, we note the major impact of concrete production on the FEc indicator. This finding does not appear clearly on the figures of the Booklet as it is mostly impacted by the 'Steel' category. It is worth noting that a significant part of the impact attributed to concrete is in fact due to ground granulated blast furnace slag (GBFS), probably for all indicators (this is true for both climate change indicators). This is obviously a consequence of the mass allocation method we applied in Chapter 6. To witness this, we present the contribution of each constituent of both concrete mixes to the FEc indicator in Figure 7.6. We note that, for the self-compacting concrete (SCC), 67% and 23% of the impact on FEc are respectively attributed to slag and Portland cement, while they are present in equivalent quantities in the mix. The impact of Portland cement on the FEc indicator is therefore non-negligible but, is likely to be fraught with the same methodological issues as that of steel. Indeed, an analysis of the origin of this impact shows that it is also dominated by the emission of aluminium and copper to groundwater due to potential metal leaks from tailings ponds. As per steel, such subprocesses are in particular (but not only) present in the modelling chain of the cement factory (which uses the process building construction, multi-storey). A similar analysis can be lead for other impact categories for which concrete contributes significantly. Figures 7.7 and 7.8 hence present the contribution of each constituent of both concrete mixes to the PMF and water scarcity (WS) indicators respectively. For PMF, GBFS is once again the main contributor (we will come back to the origin of this impact in the next part) but Portland cement also is an important contributor (nearly 40% for the OC mix). Several steps in the production of clinker are responsible for the emissions of PM such as quarrying, grinding, blending but the largest source is the pyroprocessing system (which includes the kiln and clinker cooler exhaust stacks). Further information can be found in the ecoinvent report from Kellenberger [171].

The analysis of the contribution of the constituents to the WS indicator is interesting though conclusions might not be extrapolated to the contribution of the constituents to the endpoint indicators, as WS is used as a proxy. Contrary to what one may think, water (as a constituent) contribution is rather low (between 6% and 8% for both mixes) whereas sand and aggregates contributions ranges from 27% to 48% depending on the mix. Large amounts of water are used to wash and screen sand and aggregates as well as to classify them. The other impact categories are of less interest either because they do not contribute significantly to the impact on endpoint categories (at the 'Concrete' category level or at the global model scale or at both) or because concrete is not a major contributor to this category at the scale of the global model.

Steel

Steel reinforcements are generally the second largest contributors to the environmental impacts for most of the midpoint impact categories to the exception of the FEu category, the IR one, and of course the ecotoxic and toxic impact categories for which it is the primary contributor. We will not comment those two categories as it has already been thoroughly discussed earlier in this chapter. If we look at the contribution of the intermediate indicators to the endpoint indicators for the production of a kilogram of rebar cage (see Figure 7.9), five other impact categories can be noticed: CC,LT and CC,ST, PMF, water availability (WA) and marine acidification, long term (MA,LT). It is in particular interesting to note that, although the 'Steel' category is mainly modelled from secondary steel in the reference scenarios, the climate change indicators contribute to 8% and 5% of the impacts on the HH and EQ indicators respectively (and probably more as the ecotoxic impacts are overestimated). MA shares the same impact pathway model as both CC categories so the origins of the impacts on those categories are the same. The sources of greenhouse gas emissions are fairly shared between the different sub-processes which model the production of primary and secondary steel as well as the hot rolling process. Only two sub-processes account for more than 5% of the overall impact of the 'Steel' category on the CC,LT indicator. The first one corresponds to the production of pig iron in blast furnaces (we recall the reader that mass allocation has been applied to this process) and is responsible for 7% of the global impact. The second one corresponds to the production of quicklime which is accompanied by the release of large quantities of carbon dioxide. The use of lime is necessary in the EAF route, in particular for the formation of slag, the removal of phosphorus and that of sulphur. Note that 57% of the impact on CC,LT comes from the production of secondary steel (which represent 90% of the mass of rebars in the model), 20% comes from the production of primary steel, and 23% comes from the hot rolling process (which is a kind of marginal cost).

The impacts of the 'Steel' category on the PMF indicator are distributed between the production of primary (59%) and secondary steel (21%) as well as hot rolling (18%). About a third of the impact of secondary steel is attributed to the production of ferrosilicon within the EAF route. PM are produced during the combustion of escaping SiO gas from the furnace [172]. For steel production, ferrosilicon is in particular used as an alloy for the production of stainless steel. Besides, about a quarter of the impact of primary steel is attributed to the coal-based production of electricity which is used in coal mines. Indeed, large quantities of coke (and thus of coal) are required to produce steel with through the BF route. The reader can refer to Mam's contribution analysis [210] for more details on the impacts of primary and secondary steel on CC,LT and PMF indicators.

Eventually, the impacts on the WA category are equally shared (47%) between the production of secondary steel and the hot rolling step. The production of primary steel -which represents 10% of the steel mass in the reference scenarios -accounts for the remaining of the impacts (6%). These processes all require a lot of water for cooling the installations.

Transport

Although the impact of the 'Transport' category (which only models road transport in between factories) never exceeds 5% on the endpoint indicators (in fact its impact on the toxic and ecotoxic intermediate indicators is negligible), it can have a significant impact on some midpoint indicators such as the fossil and nuclear use (FNEU), FEu, land occupation (LO), land transformation (LT) and ozone layer depletion (OLD) indicators. However, except for the LT indicator which contribution to endpoint indicator is around one percent, these indicators are either not represented at the 'damage' level or their contribution is negligible (actually less than 0.1%). In fact, as illustrated in Figure 7.10, the contribution of road transport to both endpoint categories is mainly explained by the long-term ecotoxic impacts on fresh water, the emission of greenhouse gases (GHG) and of PM. The freshwater ecotoxic impacts are entirely attached to the depreciation of the trucks. The formation of PM is induced by several phenomena such as the abrasion of the tyres and the brakes, the combustion of diesel (which all emit primary PM2.5) but also by emissions of PM2.5 and sulfur dioxide during the refining process. The impact of transport on both climate change indicator is essentially attributed to the emissions of GHG as a result of fuel combustion during transport.

What is most interesting to note about transport is that it is a category that can be described as differentiating for a number of scenarios. Indeed, for all scenarios modelling beams subjected to high shear load, and for which only low concrete savings can be achieved (10% here), impacts level for both production systems are very similar on most midpoint indicators, without taking transport into account. This can simply be explained by the greater impacts associated with the SCC mix (as compared to the OC one) and which therefore tend to counterbalance the positive effects of the concrete savings, which is too low here. As impacts associated with manufacturing and clay are negligible for most indicators, the longer transport distances imposed by the use of prefabrication mean that the off-site process is ultimately of no environmental benefit. Here, prefabrication is disadvantaged by the fact that precast factories have a much lower coverage of the French territory than concrete plants and rebar factories. This is a key observation of this thesis but not a definitive conclusion. These aspects should be explored with other hypotheses, such as the use of river transport for long distances (for example in the case of the scenario based on a project in Bordeaux).

Manufacturing

The impacts of the 'Manufacturing' category are relatively low as compared to those of concrete and steel. But they are comparable to those of the 'Transport' category, at least at the endpoint level. They are even negligible in the in-situ manufacturing process which is a very low-tech process that simply requires a steel formwork (that can easily be depreciated during as long as ten years) and some energy to power the crane that will lift the concrete bucket. For most projects, except for fairly short, small-scale projects, the crane can be connected to the electricity grid and thus, in France, benefit from low-carbon energy.

However, for the off-site manufacturing process, more machines and energy are needed and this step of the life cycle can contribute from 5% to 10% on some midpoint categories, essentially the FNEU and FEc indicators. Of course, it also massively contributes to IR (because of the energy consumption which is modelled with the French mix, dominated by a nuclear-based electricity production) but this impact category contributes to less than 0.1% of the impacts on the HH endpoint indicator. It is therefore not significant. A more detailed analysis of the sub-processes contribution to the FEc indicator shows that almost half of it (45%) is attributed to the robot, and in particular to the electric components, while a quarter (25%) is related to the electricity consumption. Ecotoxic impacts are once again caused by potential metal leaks from ponds where tailing of mining or uranium milling operations are disposed of. It can be noted that although the energy consumption increases with the weight (and thus with both A c and C av ), the overall impact on the FEc indicator is rather constant over the scenarios because the factory depreciation (i.e. the main contributor) is assumed to be the same for each scenario. This implies that the production rate does not depend on the section and on the size of the cavities of the beams, which is a simplifying assumption.

Besides, it is worth noting that the main contributor here is the one for which we dispose of the most detailed model. It is the clay extruder which model is derived from the robot model proposed by Kuzmenko [181]. It is not surprising as a common observation in LCA is that the more detailed a model, the greater the impact (although there is no causal link in itself). But, this finding points to the need to define a much more comprehensive and representative model of a prefabrication plant.

Freshwater ecotoxicity

Let us start by recalling that it is the long-term impacts -obviously not differentiated from the short-term ones at the 'damage' level -that contribute most to the ecosystem quality endpoint indicator. And that, following the elements presented in §7.2.5, the analysis of the results obtained on this category of impact must be conducted with caution given the methodological biases to which it is subject. To this end, the shares of categories other than the 'Steel' category in the total impact are given separately.

The 'Steel' category contributes from 65% (respectively 56%) to 78% (resp. 83%) in the case of the IS (resp. OS) production system, depending on the scenario. The largest contributions of the 'Steel' category obviously occur for high concrete savings and reinforcement ratios. If only the other categories are taken into account, the distribution of impacts is very different in both production systems. With in-situ fabrication, impacts of transport and fabrication are rather limited while at least 93% of the impacts are attributed to concrete production. On the contrary, in a prefabrication context, concrete production is responsible for 60% to 72% of the impacts while manufacturing contributes for 20 -28% of the impacts, and transport for the remaining 10 -12%.

While the impact of transport can therefore be considered as relatively low, and quite independent of the manufacturing process as such, the same cannot be said for the prefabrication process itself. It should be remembered that its ecotoxic impact is mainly linked to the metals needed to manufacture the components of the various machines required. Hence, it would be interesting to consider more low-tech processes that could achieve similar concrete gains. Indeed, with the process and machines considered here, and overall reduction (including the 'Steel' category) of the FEc impacts of only 10% is estimated in the best case (concrete savings of 60%) while an increase of 15% is estimated in the worst case. While, in the hypothetical scenario of a fully labour-based prefabrication process (that is, without taking the 'Manufacturing' category into account), a reduction of up to 16% could be achieved.

Land transformation

The land transformation indicator is an indicator of second order importance in our study: the contribution of this intermediate indicator to the ecosystem quality endpoint indicator is of the order of 1% (even under as long as concrete savings are of 35% or more). We will therefore not analyse the results in detail, but it is important to note that the modelling does not take into account the transformation (and occupation) of any space into an industrial hall as well as the possible saving of space on the construction site due to the use of prefabrication rather than in-situ manufacturing.

If we stick to the categories taken into account in the model, we note once again the differentiating role played by transport, because of which the OS process has a greater impact than the IS process in the case of low concrete gains.

Particulate matter formation

Distribution of impacts between model categories for the PMF indicator is very similar to that of the climate change categories with a slightly higher share for the 'Steel' category. Hence, 53% to 68% of the impacts are attributed to concrete in the case of IS manufacturing while it ranges between 49% and 74% in the case of an OS fabrication. However, it is important to bear in mind that the share of the contribution coming from GBFS is greater than in the case of the climate change indicators. To some extent, the impact of concrete on this category can thus be put into perspective, in particular because the GBFS content of the concrete mixes that have been selected is rather optimised with respect to the Portland cement (the ratio is close to one in both mixes). Hence, we can consider that GBFS is used at its maximum potential and that, here, it primarily avoids the impacts of producing a certain amount of Portland cement.

This remark makes us say that a perspective of this study (and more precisely of the reflection started in Chapter 6) would be to think about a methodology allocating impacts to slag (as well as to other SCMs) only from a threshold quantity beyond which their use could be considered as nonoptimal. This is a fairly substantial methodological task that is not addressed in this thesis.

However, if we stick to the impact values measured from the model as is and with the methods defined in Chapter 5, a reduction of 32% of the impact can be achieved in the case of a beam subjected to low shear and bending stresses, while an increase of 14% is observed for low concrete savings.

Water scarcity

Water scarcity (WS) is a proxy indicator at the 'damage' level for the water availability impact category. The intermediate WA indicator contributes for 7-8% of the impact on human health. This category is therefore of primary order. WS is one of the few indicators for which the 'Steel' category is the first contributor (although it does not apply to all scenarios). Indeed, for high shear stresses and low bending stresses, concrete contributes to 51% (respectively 59%) in the OS (resp. IS) production system while steel contributes to 41% (resp. 40%). And, for low shear stresses and high bending ones, concrete contributes to 21% (resp. 42%) in the OS (resp. IS) system while steel contributes to 75% (resp. 57%). As the impact of other categories (and in particular transport and manufacturing) is very limited, one can expect an important reduction of the impact thanks to the use of prefabrication and this is borne out by the fact that there is a reduction in the order of 34% in the best case (low shear and bending stresses). It is worth reminding that, regarding concrete, sand and aggregates are the two main contributors to water scarcity. Furthermore, counter-intuitively, aggregates consume more water than sand. Thus, in the particular case of water scarcity, the SCC mix impact per unit volume is lower than that of the OC mix (of about 6%). However, this difference between sand and aggregates must be looked at in perspective as it might be essentially explained by the limits of the ecoinvent inventories. Indeed, no difference is made in terms of particles size between the market data of sand and aggregates used in our model. The main difference lies in the fact that the inventory for sand includes a small portion of sand excavated from riverbeds.

SENSITIVITY ANALYSIS ON CRITICAL VARIABLES

The second step for the analysis of the LCA outcomes is a sensitivity analysis. In LCA, sensitivity analysis -which is sometimes confused or combined with uncertainty analysis -aims at assessing the robustness of the results and their sensitivity to input, assumptions and models [168]. An important added value is the highlighting of so-called influential or important parameters, that are parameters which respectively have the largest effect on the model output or that explain most the output variance.

As we will see later, the sensitivity analysis conducted in this thesis is a necessary first step which though needs to be completed. In order to understand the conclusions that can be drawn from it, as well as its limitations, we begin by briefly recalling some principles and methods of uncertainty propagation and sensitivity analysis. For a more in-depth description of these methodological as-

Local sensitivity analysis

Local sensitivity analysis (LSA) are used to tackle the sensitivity of a model output to the variation of an input parameter. LSA is suitable in studies for which only point values are known. The most common LSA method is the one-at-a-time (OAT) approach which consists in varying an input parameter with fixed values (e.g. 5% or 10%) that are chosen by the practitioner. With such a method, the actual uncertainty ranges of the input parameters are ignored.

Screening analysis

Screening analysis (SA) allow to quantify the effect on a model output of the variation of an input parameter according to its uncertainty range. Hence, contrary to LSA for which the variation of the input parameter is fixed by the practitioner (e.g. 5% or 10% usually), with SA, variations of several hundred percent can typically be addressed for particularly uncertain data. However, when only the ranges of the input parameters are used, the uncertainty of the model output cannot be analysed.

Global sensitivity analysis

In both LSA and SA, input parameter variations are usually dealt with separately from a reference scenario. Global sensitivity analysis (GSA) consider the actual variation over all input parameters simultaneously. To perform such methods, greater knowledge concerning the potential variations of the input parameters are needed. More precisely, this means that the distribution function, mean and a parameter of dispersion should be known. This last family of methods allows pointing out the most important parameters of a model, those that change the model output most and for which great attention should be paid during data collection. These methods sometimes make it difficult to explain and analyse clearly the results obtained, especially when two scenarios are compared (as in this study).

The best approach is generally to combine these methods, and in particular LSA and GSA, as it allow to highlight the most influential parameters -those which have the largest effect on the model output -on the one hand, and the most important ones -those which contribute the most to the output uncertainty -on the other hand.

SENSITIVITY ANALYSIS ON THE FOUR PRODUCTION SYSTEM PARAMETERS

For the sake of clarity, one reference scenario is picked in order to run a one-at-a-time (OAT) screening analysis on the variables that have been selected and presented in Section 5.6: the rate of secondary steel from which the rebars are produced, the percentage of clay recycled per production loop, the energy required to run the machines for the OS production system, as well as the transport distances for the rebars. As only the ranges of the input parameters are known here, screening analysis is the most appropriate sensitivity analysis which can be driven here.

The reference scenario corresponds to the following trio of meta-parameters: A c = 0.21m 2 -C av = 35% -R reinf = 190kg/m 3 . This choice, necessarily arbitrary, yet allows to analyse the sensitivity of the model for a scenario which is likely to be the most frequent use case of prefabricated optimised beams. Indeed, it is meant to represent the case of beams of typical office buildings. Sensitivity analysis are presented through the Figures 7.47and7.51 which can be found in the Booklet. Each figure presents the global impacts of the scenarios on both the midpoint and endpoint indicators (not separated per category though). For each impact category, three bars are plotted: the left one represents the impact value of the model which takes the lower bound of the parameter range into account, the middle one corresponds to the reference scenario, and the right one represents the impact value of the model which takes the upper bound of the parameter range into account. All the impact values are normalised, either with the reference scenario for the OS production system, or with the reference scenario for the IS production system (red line).

Rate of secondary steel

The sensitivity of the model to the rate of secondary steel is only measured for the OS production system. In Figure 7.47, the impacts measured for three scenarios of the OS production system (normalised by those of the reference scenario) are presented. In the first scenario, the rate of secondary steel is set at 44%, the second one is the reference scenario (90%) and, in the last one, it is set as 100%. Before any other consideration, it should also be borne in mind that our study is based on a cut-off inventory, so no impact is attributed here to the production of scrap.

Although the secondary steel rate does not really influence the comparison of the two production systems, it obviously has a strong influence on the impact values. Of course, it is the contributions of the individual categories that vary greatly and therefore the conclusions drawn in Section 7.3 are no longer valid, or at least partially so. For instance, on midpoint categories that have been shown to contribute significantly to the impacts measured at the 'damage' level, a drop of almost half of the secondary steel rate generate an increase of the impacts of around 20% (CC,LT and ST, FEc, LT) or even more (PMF, +30%), or a decrease of about 40% (HTC). It is worth noting that, at the 'damage' level, the effects of a variation of the secondary steel rate on both indicators are opposite. This can be explained quite well by the fact that the HTC,ST intermediate indicator is the primary contributor to the impact on human health. Thus, a drop of almost half of the secondary steel rate results in a decrease of 20% of the impact on human health but in an increase of almost 20% of the impact on ecosystem quality. However, it should also be noted that the HTC indicator is the only one for which the reduction of the secondary steel rate is accompanied by a decrease of the impact.

The main conclusions that can be drawn here are that:

The rate of secondary steel is an influential parameter of the model. Currently, there is no available data regarding the rate of primary and secondary steel from which the rebars consumed by the French construction section are produced. Such a data is of primary importance to increase the reliability of our model. The influence of the secondary steel rate on the human toxic cancer indicator, and thus on the impact on human health, shows how important it is to find appropriate uses to metallurgical slag.

Recycling rate of clay

The recycling rate of clay is an input parameter for the OS production system only. However, the results of the sensitivity analysis of the OS model are compared with (and thus normalised by) the impacts of the IS reference scenario. Indeed, the goal is to assess the importance of the recycling rate in the environmental optimisation which is sought in this thesis. Those results are plotted in Figure 7.48.

Nonetheless, as more precise data were available regarding the transport distances between concrete plants, precast plants and construction site, no sensitivity analysis were performed on these parameters. As highlighted above, the weight is an important parameter of the transport impacts. And concrete is responsible for at least 90% of the mass of reinforced concrete per unit volume. Transport distances of concrete or of the precast beam are arguably influential parameters, but this remains to be measured.

LIMITATIONS OF THE ANALYSIS

A strong assumption was made in Chapter 5 regarding the boundaries of both production systems: the study consists in a cradle-to-site LCA which thus stops with the implementation of the beams in the final structure and do not consider the usage and end-of-life stages. Moreover, the functional unit is centred on the beam and thus do not allow taking into account some effects at the building scale. As such, several important steps or phenomena are not taken into account. In particular, this includes the carbonation of concrete, the potential gains in terms of structural height which can be leveraged by pulling ducts through the cavities of the optimised beam, the energy required from dismantling the beams, as well as the several scenarios imaginable for the end of life of beams (reuse, recycling, etc.). This section aims at providing an overview of what could or should have been considered if the analysis had been cradle-to-gate.

CONCRETE CARBONATION

Concrete carbonation is the name given to a chemical reaction, occurring in concrete, in which the calcium hydroxides ()Ca(OH) 2 ), also known as Portlandite react with acids to form calcium carbonate (CaCO 3 ) and water. Acids result from the dissolution of carbon dioxide ()CO 2 ) originally contained in a gaseous form in the atmosphere and which diffuses into the pores of concrete. With this mechanism, some carbon dioxide is sequestrated. In most LCA studies, even cradle-to-gate, carbon dioxide sequestration is neglected [287] although some studies reported levels of sequestration which represent one to several tens of percent of initial carbon dioxide emissions coming from concrete production [START_REF] Collins | Inclusion of Carbonation during the Life Cycle of Built and Recycled Concrete: Influence on Their Carbon Footprint[END_REF]126]. Quantities of carbon dioxide that can be stocked into the concrete through the lifespan of the beams depend on several parameters such as the calcium oxide CaO content of the cementitious material and the degree of carbonation (DoC). The latter is defined as the ratio between the carbon dioxide which is actually absorbed in the carbonated zone of a concrete element, and the theoretical limit to the quantity of carbonation [START_REF] Derousseau | Statistical Variation in the Embodied Carbon of Concrete Mixtures[END_REF]. The model of the European standard NF EN 16757 [232] suggest that the DoC is influenced by the exposition type of the element: is it covered ? Is it subjected to rain ? ... To realise a proper estimation of the sequestration rate, key assumptions should be made regarding the implementation of the beams in a building which would reduce the generality of our study, or to collect averaged data which are not yet available.

In any case, carbonation is a surface phenomenon so the concrete volume has little importance here. One could even argue that the optimised beams present higher surfaces thanks to the cavities and are thus likely to allow greater sequestration. Not taking carbonation into account therefore seems to be rather conservative in the perspective to compare the two production systems. But this remains to be studied.

REDUCTION OF STRUCTURAL HEIGHT

In steel construction, it is common to efficiently use the voids of steel girders for the different electrical, plumbing and ventilation works instead of having them run behind the structure. Important gains of height can then be obtained at each floor of a building. The same happens for truss-like RC beams. The gains strongly depend on the typology of the project: for short-span beams, it is likely that the cavities are not tall enough. Likewise, the size of the ventilation ducts (usually the most voluminous elements) is very variable.

Let's take an example, which does not have the value of generality. In an office building which structure consist of a reinforced concrete frame with beams spanning over approximately 8 m. Supposing ordinary load cases, we can assume that 40 cm of technical spaces can be saved at each floor. Thus, the equivalent height of an entire floor (3.2 m) can be saved every height floor. In other words, in a building of given height, one floor can be added by leveraging the space offered by the cavities of the beams. This has economic advantages. Or, if environmental benefits are rather emphasized, the same office area can be provided within a smaller building. Several environmental benefits can then be expected thanks to lower heat losses, lesser quantities of materials in the facades, etc.

DECONSTRUCTION AND END-OF-LIFE

Several deconstruction and end-of-life (EoL) scenarios could be imagined. Regarding deconstruction, the whole building could be blown up, or the beams could be dismantled either by being crushed into small pieces, or by being cut at their extremities. The deconstruction technique is a priori related to the EoL scenario. In any case, a large proportion of the rebars would be recovered and sent to scrap treatment facilities. But, as our model follows a cut-off approach, no environmental benefit or burden would be allocated to this recycling. Regarding concrete, the picture is somewhat different. Crushed concrete could be sent to landfills, or valued into the form of recycled aggregates. Another option, if the beams are spared, is to reuse them. This last option, though not yet implemented in practice, is gaining momentum in the research field, as evidenced by the work of Bertin et al. [START_REF] Bertin | A BIM-Based Framework and Databank for Reusing Load-Bearing Structural Elements[END_REF] for instance. It is likely that some structural parts of building currently under construction will be reused at least once.

However, not taking the deconstruction and EoL phases into account is not very problematic in the context of this study. Indeed, most cradle-to-gate LCA studies of building RC components assessed negligible environmental burdens for the deconstruction phase (e.g. [START_REF]Analyse du cycle de vie d'un pont en béton[END_REF]113,143]). Besides, as per carbonation, not taking the deconstruction phase into account is rather conservative with respect to the comparison of the two production systems. The optimised beams are lighter and contain less material so processes like their dismantling or crushing will require less energy.

Moreover, the two beams fill the same functions and, as such, similar end-of-life scenarios can be assumed for the optimised and solid prismatic beams. Therefore, in most cases the EoL phase should not be differentiating in terms of environmental impacts. That said, it is legitimate to think that optimised beams are less robust, less durable, and that therefore a smaller proportion of them can actually be reused for other projects. Indeed, in Chapter 3, early damages were evidenced by the presence of irreversible deformations at low load levels. Causes of these damages remains to be clarified even though they might be related to cracks caused by early shrinkage as the beams were not covered until the day after concrete was poured.

UNDIRECT CONCRETE SAVINGS

Finally, it is also worth noting that extra concrete savings could be expected thanks to the minimisation of the weight of the beams: the sizing of vertical parts (walls, columns or piles) and foundations could indeed be optimised. However, such concrete savings are complex to estimate as they are project-dependent: some important parameters are for instance the type of foundations, the structural typology of the building or of the infrastructure, etc.

CONCLUSION

In this chapter, we have presented, described and compared the environmental impacts of two production systems for reinforced concrete beams. The Recy(clay)ble Formworks process: a digital system which allows the fabrication of optimised reinforced concrete beams in precast plants, and a more traditional system to manufacture solid prismatic beams directly on the construction site.

A preliminary study enabled to point out the impact categories which contribute the most to the impacts on the following areas of protection: the human health and the quality of ecosystems. Regarding human health, the main contributors are: the climate change (both short and long term impacts), short-term human carcinogenic toxic impacts, the impacts of particulate matter formation and of the lack of water availability. Regarding ecosystem quality, there are four main contributors: the climate change (both short and long term impacts), the long-term effects of marine acidification, and above all the long-term ecotoxic impacts on freshwater. However, the preliminary study also enabled to highlight some LCA methodological bias in the measurement of ecotoxic impacts on freshwater.

Then, thanks to the combined analysis of the impacts of both production systems and of the sensitivity of the models to input parameters, we were able to highlight some important elements for optimising the Recy(clay)ble Formworks process with respect to environmental impacts, but not only. More precisely:

The distribution of the impacts between the various steps or materials required for the production, as well as the difference between the impacts of the two production system, do not vary significantly with the concrete cross-section (and thus indirectly with the span), but do with the reinforcement ratio and the percentage of concrete savings. As expected, the two main contributors to the impacts measured at the 'problem' level are concrete and steel. Concretes savings, the reinforcement ratio and the rate of secondary steel are the most influential parameters of the model but, with the assumptions made here, the last two do not enable to differentiate the two production systems. The contribution of steel is, on a majority of midpoint indicators, of the same order of magnitude as that of concrete. The optimisation of reinforcement cages is therefore the next big area of improvement. Besides, the contribution of clay, whatever its recycling rate, and that of implementation are negligible whereas transports and, to a lesser extent, manufacturing are differentiating. That is to say that, in a context which does not allow sufficient concrete savings, the Recy(clay)ble Formworks process is more impactful because of these stages. An immediate consequence of this finding is that prefabrication is of no interest if it does not come with material optimisation.

Going further, we can even say that, with the model assumptions, only savings of 60% make it possible to significantly reduce the environmental impacts of the off-site production system as compared to the traditional one. There is still a lot of room for improvement and in particular several other production systems remains to be explored, including some based on in-situ manufacturing and/or more low-tech processes.

Furthermore, some limitations and perspectives of this study have also been pointed out:

A more detailed model of the precast plant is needed to increase the reliability of the study. This concerns both machines depreciation, the type of energy consumed and the consumption level. Currently, the conclusions of the LCA are limited to the French context. The sensitivity analysis lead here is a screening analysis where input parameters are explored separately. A global sensitivity analysis, based on the knowledge of input distribution functions, would provide a more comprehensive understanding of the model, in particular with respect to transports. The LCA is cradle-to-site and the functional unit only takes the beams into account. This does not allow taking into account some important benefits provided by the use of optimised beams, especially at the building scale. Each bar represent the impact value of the off-site process for R reinf lower or upper bounds, normalised by the impact value for R reinf reference value. T reb is assumed to evolve proportionally for both production systems. Therefore, each bar represent the ratio between the impact value for the off-site process and the in-situ one, modelled with T reb,off-site and T reb,in-situ values respectively.

Figure 7.51

Sensitivity of the model of the off-site production system to T reb.

Each bar represent the impact value of the off-site process for T reb,off-site lower or upper bounds, normalised by the impact value for T reb,off-site reference value.

Conclusion and perspectives

Chapter 8

Conclusion and perspectives

The design and the fabrication of structures are often considered as separate disciplinary fields. In the industrial sector, there is little to no dialogue between the worksite or method engineers (which we can consider as the builders) and the architects or structural engineers (the designers), at least in early design stages. In France, this separation is, for instance, profoundly characterised by the positioning of the two 'historic' schools in the field of construction. The École Spéciale des Travaux Publics, du Bâtiment et de l'Industrie -ESTP was founded in 1891 by Léon Eyrolles to help some colleagues preparing the competition to become a Ponts et Chaussées' worksite engineer (conducteur de travaux in French). On the contrary the École Nationale des Ponts et Chaussées mainly aims to train designers now. Over time, these differences have faded but remain present though. However, it is obvious that the finest structures are the work of people who have been able to connect these two skills and ensure that one feeds on the other. Lebelle, a disciple of Freyssinet wrote about him1 that:

In addition to being a remarkable engineer, he did not hesitate to behave as a worksite manager, being in turn a carpenter, a rebar manufacturer or a cement worker. This pronounced taste of Freyssinet for practical things, which he himself regularly put forward, obviously contributed to make him a great engineer. And it is undoubtedly the combination of a fine understanding of the physical behaviour of materials, and a strong appetite for technology, that led him to the invention of pre-stressed concrete. This multidisciplinary approach, or at least the will to mix theory and experimentation, has guided, at our humble level, the work presented in this dissertation. Since the beginning of the project, we believe that it is the most efficient way to develop viable solutions to meet the challenges exposed in the introduction of this manuscript.

MAIN RESULTS AND CONTRIBUTIONS Review

In both parts of this dissertation, we wished to give the reader a comprehensive view of the theoretical framework which the work presented is based upon. Chapter 2 thus starts with a review of the flexural and shear calculation models for reinforced concrete members currently used in the industrial and academic fields. Concerning the shear calculation models, given the lack of scientific consensus, we decided to adopt a 'historian's' approach in order to show how current knowledge was based. An emphasis was finally placed on the Variable Strut Inclination Method which serves as a basis for the Eurocode 2.

With respect to the second part, we did not recall the basic principles of life cycle assessment (LCA) but, in Chapter 5, we sought to highlight the methodological choices faced by an analyst in terms of database, impact measurement, etc. We have paid particular attention to the presentation of the physical underpinnings of the different impact categories used in LCA as we believe that their understanding is necessary for the greater adoption of the multi-criteria LCA philosophy by the industrial sector.

Computational workflow for design and fabrication

The first part of this project focused on the joint implementation of a calculation method for designing truss-like reinforced concrete beams (Chapter 2), and an associated fabrication method which we called the Recy(clay)ble Formwork process (Chapter 4). The originality of the design method comes from its compliance with the European building codes which makes it theoretically applicable in the industrial sector now. It is also interesting because of its simplicity of understanding -related to the geometric approach we have taken -on the one hand, and of implementation on the other. With regard to the fabrication process, we decided to go against the current prevailing approach which consists in using additive manufacturing (and more specifically 3D printing of concrete elements) to manufacture structurally optimised elements. In this project, additive manufacturing is rather used as a way to manufacture custom moulds which themselves serve as formworks for casting truss-like elements. In this situation, there is no point in printing single-use items, and we replaced the printing of concrete moulds with that of clay ones. While printing clay is not new, printing it as a formwork for structural elements and in the perspective of recycling it is a novel idea.

The added value of this part of the project comes also, and maybe even more, from the digital continuity between the design and manufacturing stages. Although much work remains to be done to improve the interactivity of the workflow, and in particular to pursue its integration into the Rhino3D -Grasshopper environment, this continuity allows considerable time savings in the management of information, reduces the risk of errors being made in the transmission of information between project stakeholders, etc. It is however worth noting that, the implementation of such a workflow is not very complex from a technical point of view, but its implementation is more likely to run into organisational management issues. Precast factories and manufacturers generally have their own in-house numerical tools and do not use typical BIM file formats such as International Foundation Class (ifc).

Experimental implementations

Experimentation has played an important role in this thesis. First, we believe that this large place given to experimentation is a great asset in the framework of a doctoral thesis financed by an industrial player, precisely to arouse its interest and involvement in the project. Here, it allowed bridges to be built between the project actors, and generated emulation and enthusiasm. Of course, this is not an intellectual contribution in the strict sense of the word, but we believe it is worth noting that the prototypes, tests, etc. presented in this dissertation played a significant role in the continuation of the collaboration between the Navier laboratory and ISC.

From a scientific point of view, the experimental campaign presented in Chapter 3 led to a number of original results. The first of them is the validation of the strut optimisation method introduced in Chapter 2. A series of four points bending tests driven on 3.2-meter-long beams presenting concrete savings of 30% demonstrated their ability to sustain the same ultimate load as solid prismatic beams. Beams designed with the strut optimisation method were shown to have a plastic-fragile behaviour with an important plastic plateau. Besides, the stiffness behaviour of the truss-like beams was assessed, and an important damage mechanism was found, as compared to the reference solid prismatic beam. The cause of this mechanism has not yet been clearly identified, but we assume that it is mainly related to the existence of shrinkage cracks on the optimised beams. Finally, thanks to the measurements made with a motion capture system, we have been able to finely describe the global displacement mode of the truss-like beams and show the influence of the struts. A model to predict the maximum displacement has yet to be developed and, when it is, further tests are likely to be needed to validate it.

The manufacturing of the two 3.2-meter-long prototypes, object of Chapter 4, demonstrated the feasibility of the Recy(clay)ble Formwork process, as well as the relevance of the digital workflow developed to manage the whole fabrication process. The critical review of the fabrication of the two prototypes allowed showing how the manufacturing complexity can, and should, be managed in order to ensure a proper pouring of the concrete, in the context of an automated process. It also confirmed the importance to align the tolerances of each 'element': the formwork, the moulds, the reinforcement cage, etc. In this context, the fabrication pointed out the limits of the conventional design and assembly process of reinforcement cages and, an innovative self-stable shape of shear rebars was imagined to address this issue by providing stability to the cage during its assembly.

On a way out of the low-carbon concrete debate

In the perspective where digital manufacturing methods, by essence more energy intensive than manual ones, are implemented in particular (but not only) to answer environmental issues, it is necessary to qualify and quantify the environmental credits or the additional burdens related to their use. This was the objective of the second part of the dissertation, in which we led a comparative life cycle assessment between the Recy(clay)ble Formwork process and a conventional on-site prefabrication method. Since one of the main purpose of this project is to develop environmentally optimal solutions, it is more relevant to conduct the LCA based on life cycle inventories of low impact concretes. The lack of a rational method to select concrete mixes based not only on technical but also on environmental considerations led us to propose a novel multi-criteria selection method (Chapter 6). This latter consists in building a family of Pareto-optimal solutions where the objective functions are meant to lead to the selection of environmentally optimal mixes (from a global point of view rather than from a project point of view), and where the constraints are related to technical constraints (strength, slump, ...) and are therefore adaptable to the needs of the project. We believe that this method, which can undoubtedly be improved (for instance by accounting for other environmental indicators than the impact on climate change), can help to overcome the debate around the use of low-carbon concrete which currently agitates the construction sector, at least in France.

The position we defend in this dissertation is that the measurement of environmental impacts should not be used as an end in itself, but rather as a mean: to highlight the levers for environmental optimisation in the first instance, then to promote their application. In the context of the partial replacement of cement with industrial by-products, we thus evidenced the shortcomings of the economic impact allocation method which allocates almost negligible impacts to cement substitution materials. Indeed, it does not promote their parsimonious use whereas most of them are known to be available in very limited quantities. On the contrary, we think that the proposed method, based on a mass allocation, pushes the concomitant use of a reasoned consumption of industrial by-products with the implementation of formulation methods based on the optimisation of the granular skeleton.

Validating the intuitions through environmental impacts measurements

We presented the results of the comparative LCA in Chapter 7. In order not to limit the scope of the study to a very specific case, three meta-parameters have been defined in Chapter 5. They are related to the cross-sectional area of the beams, the percentage of concrete savings in the truss-like beams and the amount of steel reinforcement. In this way, even if the results are presented for fixed values of meta-parameters, the model is adaptable to any beam configuration.

The presentation of the results is done in two steps. A preliminary study allowed pointing out the most important midpoint contributors to the impacts measured at a 'damage' level. Seven mid-point indicators out of eighteen indicators were retained and the impact pathway models of these seven indicators were reviewed with the same pedagogical objective as in Chapter 5. We also highlighted the methodological bias related to the measurement of the impacts of steel products, a phenomenon well known by LCA theorists but much less so by practitioners, and we believe that our study will help to bridge this 'gap' between these two communities.

Finally, the complete results for thirty-six scenarios were presented and analysed through two different prisms: that of the model categories, and that of the midpoint impact categories. Important findings of this study are that: although concrete is the main contributor for most impact categories, the impact of steel is far from being negligible, contrary to what is sometimes claimed in the profession; the contribution of clay is negligible even if it is not recycled. Even if it would be nonsensical not to try to recycle it, this means that the original idea of the Recy(clay)ble Formwork process is relevant, and its relevance does not necessarily depend on the implementation of a complex industrial level system of recovery and treatment of the clay. Furthermore, an intuitive but no less important conclusion, which goes beyond the sole scope of this study, is that prefabrication in a factory is of no interest from an environmental optimisation perspective if it does not come with significant concrete savings, at least of the order of 40%.

PERSPECTIVES

We have already presented in this dissertation what should be some of the logical next steps of this project: improving the user-friendliness of the computational workflow, proposing solutions to get rid of the concrete used only to cover the rebars, going further in the analysis of the test results, going further in the characterisation of the clay to make the manufacturing process more reliable and optimise it, adapting the life cycle assessment to other national contexts, etc. But this project has also opened wider doors on various themes. These avenues for research are briefly described below.

Integration of environmental and fabrication criteria to the optimisation procedure

The optimisation workflow is, in its current states, only based on the strut optimisation method. A more complete procedure, which would allow going further in the relation between design, manufacturing and environmental optimisation, should also include fabrication criteria (e.g. number of rebars, number of connections between shear and longitudinal rebars, etc.) and environmental ones. Obviously, the eighteen midpoint indicators could not be used simultaneously. An idea would rather be to apply one of the methods for selecting a limited number of indicators outlined by Mam [210].

Integration of social and organisational aspects

In the introduction of the dissertation (Chapter 1), we recalled four of the ten roots which the McKinsey Global Institute cite to explain the lack of productivity of the construction sector [START_REF] Barbosa | Reinventing Construction: A Route to Higher Productivity[END_REF]. One of them is related to the ageing and low-skilled labour pool of the sector which prevents the adoption of more productive digital and innovative construction techniques. The conditions for the adoption of technologies in organisations is an abundant field of research, and although our knowledge in this field is very limited, these conditions appear to be far more complex than a pure question of age or of skills [35]. Taking this human component into account is both an exiting and crucially important project for the industrial implementation of digital fabrication processes.

Towards rebar-free structural elements

In the second part of the dissertation, the major impact of shear reinforcements on a number of environmental indicators was highlighted. Combined with its negative impact on the durability of reinforced concrete structures -a phenomenon that caused a wave of concern in the population following the collapse of the Morandi bridge in 2018 [51] -it is obvious that an important field of research for the community of structural engineers is the design of rebar-free structural elements. This line of research, very well presented by Van Damme [304], is already studied by numerous research groups (e.g. [147,196]) but we are still far from having explored all the avenues. An approach based on a builder's point of view rather than a designer's point of view (which is not the case of the current researches) could in particular bring refreshing ideas.

Teaching of reinforced concrete structures behaviour

Reinforced concrete is a material which behaviour has long resisted the analytical capacity of engineers and scientists. Although our understanding of this material allows us to confidently build the main infrastructures of our modern societies, we must recognise that there is no consensus on any model. Having also encountered this difficulty, it seems natural to us that future engineers and builders may encounter difficulties in understanding the truss analogy model that is now taught in engineering schools to explain the shear behaviour of reinforced concrete beams. It is always difficult to conceive something that we do not see, and solid beams do not allow to visualise the truss. Thus, we are convinced that the tangible implementation of this centenary model in the practical courses of reinforced concrete can be a great educational tool. What could be better than an instrumented bending test of a concrete truss to understand the principle of the truss analogy, through the direct visualisation of displacements and deformations ? Moreover, it is high time to get future engineers used to working with structurally efficient elements.

A.1 PRESENTATION OF THE TRUSS MODEL

In the VSIM, the beam is modelled as a plane truss. The concrete in the top chord and the longitudinal reinforcements constitute the chords of the truss while the shear reinforcements constitute the posts or diagonals of the truss (whether they are placed vertically or inclined), and the concrete in the web constitute the struts. Nielsen et al. recall the precise formulation of the truss analogy through three assumptions:

[H1] The reinforcing bars are unable to resist lateral forces. Therefore, the dowel action is neglected.

The compression zone and the longitudinal reinforcement act as stringers which only transmit axial forces (a compressive force C and a tensile force T , respectively). The steel stress in the shear reinforcements is noted σ s .

[H2] The action of the shear reinforcements is described by an equivalent stress ρσ s per unit area perpendicular to the stirrup direction, where ρ is the geometrical ratio of shear reinforcement and is defined as follows:

ρ = A sw b w s sin α
[H3] The concrete of the web is in a state of uniaxial compression, the compressive stress σ b being inclined at the angle θ to the beam axis.

Hypothesis [H1] and [H2] allow to consider that both the steel and the concrete parts are continuous elements, contrary to usual truss beams. However, for being valid, [H1] requires that the longitudinal distance between two sections reinforced in shear be sufficiently small. [START_REF] Boulay | The WULCA Consensus Characterization Model for Water Scarcity Footprints: Assessing Impacts of Water Consumption Based on Available Water Remaining (AWARE)[END_REF]8 41,8 C175GGBS125 27,0 20,4 LS15 36,5 28,0 27,1 B 35,3 34,5 C175GGBS175 27,8 21,3 LS25 30,5 21,7 5%SF30%FA 29,0 28,1 C 40,9 39,9 C175GGBS225 27,2 20,6 LS35 23,5 14 Estimations of GBFS production are based on Worldsteel figures for the production [321] of pig iron in 2018 and assuming an average BFS slag production rate of 0.28 t/t-pig iron [198]. The potential replacement rate of hydraulic cement with GBFS (CRR GBFS ) by region is measured using a k-factor of 1.0 as in Equation D.2: *Global potential replacement rate (not the sum of regional percentages). 

A.2 EQUILIBRIUM ANALYSIS

CRR GBFS =
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 11 Figure 1.1 Examples of a housing build (left) and a bridge (right) in reinforced concrete. Credits: 11h45, Arnaud Buissou/Terra.
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 12 Figure 1.2 Diversity of the first reinforced concrete construction systems. Illustration from the book by Paul Christophe [65].
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 13 Figure 1.3 Illustrations of the Victor Hugo high school (1896) and photographs from the construction of the church of Saint Jean de Montmartre (1896) and from its current state.
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 14 Figure 1.4Reinforced concrete systems of the 19 th and early 20 th centuries from which the current system is inherited.
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 15 Figure 1.5 Examples of reinforced concrete bridges from the beginning of the 19 th century. (Left) Mescla bridge, 1909. Credit: Frédéric Pauvarel. (Middle) Boutiron bridge, 1912. Credit: Creuzier-le-Vieux Town Hall. (Right) Salginatobel bridge, 1930. Credit: Nicolas Janberg.
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 19 Figure 1.9 Construction of the Bagneux station for Grand Paris underground line 15 (2018).
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 110 Figure 1.10 Precast factory of the Fehr group (2018).
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 21 Figure 2.1 Linear strain diagram of a reinforced concrete section.
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 22 Figure 2.2 Admissible steel stress-strain laws according to EC2 [101].
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 23 Figure 2.3 Example of admissible concrete stress-strain laws according to EC2 [101].
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 24 Figure 2.4 Schematic representation of stress-axial strain and transverse strain relationships for concrete cylinders under uniaxial compression. Adapted from figures of [179] and [176].
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 25 Figure 2.5 Concrete teeth model from Kani [170].
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 26 Figure adapted from Kani's paper. The dashed line represents what Kani calls the thrust line. It gives the direction of the resultant force along the beam. This direction changes along the beam because of the uneven tensile forces.
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 2828 Figure 2.7 Dowelling action. a | Deformation of the flexural reinforcement at the level of the dowelling crack and splitting of concrete. b | Deformation of the stirrup at the level of the inclined crack.

  Figure 2.9 Influence of a/d on shear strength.
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 2210 Figure 2.10 Load transfer at the supports through a change in direction of compressive forces. Adapted from [178].
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 2211 Figure 2.11 Development of tensile forces on the crack-free portion of a simply-supported beam.
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 2 Figure 2.12 Eurocode 2 strut-and-tie model for RC elements with shear reinforcements.Elements in red represent the longitudinal and shear reinforcements, elements in blue represent the direction of the struts, and the position of the compressive forces resultant. Notations introduced in the figure are defined in the remainder of the paragraph.
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 213 Figure 2.13 Principle for the curtailment of longitudinal reinforcement. The figure illustrates how the additional tensile force caused by the truss-like behaviour, as well the anchorage of the rebars, are taken into account. Figure adapted from [101].

Figure 2 . 5 c
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  cd Design value of the axial force in the concrete part. F st Design value of the axial force in the longitudinal rebars.
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 214 Figure 2.14 Concrete stress-strain laws.

  Figure 2.15Reinforced concrete beam section equilibrium under pure bending moment.
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 216 Figure 2.16 Shear force diagram for uniform loads with struts inclined at 45°(left) and 21.8°(right).
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 217 Figure 2.17 Dimensions of a concrete strut.
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  Figure adapted from[START_REF] Boeraeve | Chapitre 6: Effort Tranchant[END_REF] 

  Figure 2.19 Schematic representation of a beam designed with the strut optimisation approach. (Top) Representation of the full beam. Only the concrete distribution is shown. (Bottom) Close-up view with the representation of the placement of rebars in red.
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 2 Figure 2.20 Comparison of truss models. (Top) EC2-compliant truss-like beam. (Bottom) Howe truss beam.
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 221 Figure 2.21Flow chart for the design process of EC2-compliant traditional and optimised beams.

  Figure 2.22Examples of preliminary optimisation results.
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 223 Figure 2.23 Examples of longitudinal reinforcement layouts.
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 224 Figure 2.24 Estimation of the depth of the compressive chord for optimised beams.
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 2 Figure 2.25 presents the shape of the curve representing f θ for various values of θ, and highlights the maximum values of f θ . 6. [Calculation of the minimum shear reinforcements required]The minimum quantity of shear reinforcements to provide in the portion is estimated by multiplying the value of (A sw /s) min (calculated from Equation2.22) and the length of the portion l:
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 2 [START_REF] Baker | The Ultimate-Load Theory Applied to the Design of Reinforced & Prestressed Concrete Frames[END_REF] presents some examples of admissible layouts.
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 226 Figure 2.26Schematic example of a beam with an inefficient use of concrete due to concrete cover (top) and of beam with a better optimised design (bottom).
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 227 Figure 2.27 Evolution of gα with θ.
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 2229 Figure 2.28 Evolution of the weight gain with the span and the slenderness. Mo: Mass of the beam designed with the SOM Mtr: Mass of their solid prismatic equivalent. γ = 1.00
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  Figure 2.29 shows ratios between 36 to 76% and thus demonstrates potential weight gains in the range of 24 to 64%, while the average gain is estimated to 48%. In reinforced concrete buildings, beams commonly have a slenderness of about L/10 to L/12 and a span of 6 to 9 m, a range for which our approach leads to considerable savings of about 33 to 57%. Those values of slenderness are generally not considered to be optimised from a mechanical point of view, but they provide an important lever arm. This enables to have low ratios of steel which tends to ease the fabrication process both in terms of assembly of the rebars and pouring of the concrete. Such values of slenderness are therefore very common in practice. But even for lower slenderness, the savings remain important. For instance for
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 230 Figure 2.30 Shop drawing of the 12-meter-long beams designed with the automated workflow (with a weight γ equal to 1.0).
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 231 Figure 2.31 Classification of the concrete distribution per utility categories.
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 2 Figure 2.32 Evolution of the concrete distribution in the optimised beams with the slenderness. Mstrut: Mass of concrete in the struts. Mup: Mass of concrete in the upper chord. Mcomp: Mass of concrete in the compression zones (upper chord and struts). Mt: Mass of concrete in the tensile zones (bottom chord and ties). Mo: Overall mass of the beam designed with the SOM Mtr: Mass of the solid prismatic beam.
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 2 Figure 2.33 presents the evolution of the concrete savings with the span per 'usage' category, and for four values of slenderness. The colour code is the same as in the previous figure.
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 233 Figure 2.33 Evolution of the concrete distribution in the optimised beams with the span. Mstrut: Mass of concrete in the struts. Mup: Mass of concrete in the upper chord. Mcomp: Mass of concrete in the compression zones (upper chord and struts). Mt: Mass of concrete in the tensile zones (bottom chord and ties). Mo: Overall mass of the beam designed with the SOM Mtr: Mass of the solid prismatic beam.
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 234 Figure 2.34 Evolution of the mass ratio of the concrete in the compression chord and of the longitudinal steel section. The left axis corresponds to the value of the Mcomp/Mtr ratio while the right axis gives the steel section area.
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 31 Figure 3.1 Formwork and reinforcement plans for the seven prototypes (dimensions in mm).
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 32 Figure 3.2 Test setup (dimensions in mm).
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 34 Figure 3.4 Loading cycles
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 35 clearly shows the segregation difference between the 16×32 and the 11×22 specimens.
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  Figure 3.5 Segregation on compressive test specimens a Bottom side of a 16×32 cylinder | b Top side of a 16×32 cylinder c Bottom side of a 11×22 cylinder | d Top side of a 11×22 cylinder

  Figure 3.6 Concrete compressive strength measurements and estimations according to EC2.

Figure 3 . 7

 37 illustrates the fabrication steps while Figure 3.8
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  Figure 3.7 Prototypes manufacturing steps a Formwork assembly | b Moulds positioning | c Rebar cage insertion | d Concrete pouring

Figure 3 . 9

 39 Figure 3.8 Close-up on manufacturing details a Reinforcement anchoring | b & c Relative positioning of moulds and rebars
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 310 Figure 3.10 Example of motion capture markers positioning on P7

  Figure 3.11 Speckled patterns for digital image correlation a Rounded speckles | b Sprayed speckles
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 3 Figure 3.12 Displacement values given by LVDTs vs. displacement values given by the OptiTrack system

  Figure 3.13 Mechanical behaviour of prototypes P1 to P4 under four point bending. a Force -Displacement curves | b Reconstructed images of specimens P1 to P4 after failure
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 3 Figure 3.16 presents the force -displacement curves of P1, P3, and P4 where the displacements are measured with data acquired either from LVDTs or the motion capture system. Only displacements

  Figure 3.16 Linear elastic behaviour and damage phenomenon
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 317 Figure 3.17 Global displacement pattern for P3.
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  Figures 3.18, 3.19 and 3.22 present the force -displacement curves of P5, P6 and P7 along with the design ultimate load P Ed for each prototype. As a reminder, P5 was designed to fail due to the compressive stress in the upper chord, P6 was designed to fail due to the tensile stress in the longitudinal rebars, and P7 was designed to fail due to the compressive stress in the struts. As it can be seen on the photographs(Figures 3.18b, 3.19b and 3.22b), the three specimens present a compression failure which is evidenced by the crushing of the concrete in the upper chord and the subsequent buckling of the construction rebars. Detailed explanations for these discrepancies between the expected and actual behaviours of the beams are given in the next three sections.

  Figure 3.18 Mechanical behaviour of prototype P5 under four point bending. a Force -Displacement curve | b Reconstructed image of P5 after failure

  Figure 3.19 Mechanical behaviour of prototype P6 under four point bending. a Force -Displacement curve b Reconstructed image of P6 once the limit of the jack stroke was reached.

  Figure 3.20 Tensile failure of a solid prismatic beam. The beam was tested within the framework of the CCMAT course at École des Ponts ParisTech. Credit: Jim Vende.

  Figure 3.21 Images of P6 before and after the failure. a Flexural cracks of P6 before the compression failure. b State of the prototype after the tests. Concrete in the lower part was manually removed, in particular to measure the actual cover.

  Figure 3.22 Mechanical behaviour of prototype P7 under four point bending. a Force -Displacement curve | b Reconstructed image of P7 after failure

Figure 3 . 23

 323 Figure 3.23 Shear crack along a strut of P7

  Figure 4.1 Examples of reinforced concrete truss structures. a Lafayette bridge, Paris, 1928 (credit: Structurae -Nicolas Janberg) b Dalvazza bridge, Luzein, 1925 (credit: Structurae -Nicolas Janberg) c Alfenz bridge, Lorüns, 2010 (credit: börhinger friedrich)

Figure 4 . 2

 42 Figure 4.2 Conventional methods for casting concrete truss beams. (Top) Wooden formworks. Project: Munich airport academy. (credit: Structurae -PERI) (Bottom) Polystyrene formworks. Project: Peter Samir MSc thesis [266]. (credit: Peter Samir)

Figure 4 . 3

 43 Figure 4.3 Schematic representation of the printing process for custom formwork moulds.

Figure 4 . 4

 44 Figure 4.4 Flow chart for the digital fabrication process of truss-like RC beams.

Figure 4 . 5

 45 Figure 4.5 Design of the first prototype.

  Figure 4.6 Fabrication of the first prototype. a Preparation of the formwork b Printing setup ad Printing of the moulds ef Placement of the rebars g Preparation of the concrete h Pouring of the concrete ij Beam demoulding

Figure 4 . 7

 47 Figure 4.7 Schematic representation of the printing setup, with a focus on the cartridge extruder.

Figure

  Figure adapted from[14].

Figure 4 . 8

 48 Figure 4.8 Design of the second prototype.

  Figure 4.9 Schematic representation of the printing process for writing the conservation of mass.

Figure

  Figure adapted from[START_REF] Carneau | Characterisation of the Layer Pressing Strategy for Concrete 3D Printing[END_REF].

Figure 4 . 10

 410 Figure 4.10 Samples printed with controlled pressing (left) and without pressing (right).

Figure 4 . 11

 411 Figure 4.11 Measurement of the extrusion flow for clay.

Figure 4 .

 4 Figure 4.12 Process for the measurement of the layers' settlement.

Figure 4 . 16 .

 416 Figure 4.13 Measurement of the settlement.

Figure 4 . 14

 414 Figure 4.14 Tests of resistance to concrete lateral pressure.a Collapse of a mould printed without stiffeners and not filled with sand. b Test of two mould configurations, one without stiffener but filled with sand and another one with a stiffener and not supposed to be filled with sand. b Shape of the first mould after demoulding displaying a proper resistance to the concrete lateral pressure. d Shape of the second mould after demoulding displaying curved walls that show the pressure exerted by the concrete. Sand was filled into the mould right after the pouring to prevent its collapse.

Figure 4 .

 4 Figure 4.15 Slump flow measurement with a traditional Abrams' cone test.

  Figure 4.16 Fabrication of the second prototype. ac Printing of the moulds b Refilling of the cartridge d Protection of the moulds with a plastic film e Placement of the rebars f Pouring of the concrete gh Beam demoulding

Figure 4 . 17

 417 Figure 4.17 Prototype manufactured with the Recy(clay)ble Formworks process.

Figure 4 .

 4 Figure 4.18 Curved shapes at the level of the cavities due to the lateral pressure exerted by the self-compacting concrete at fresh state on the moulds.

Figure 4 .

 4 Figure 4.19 Setup for the calibration of the forwork base with optic measurement systems.

Figure 4 .Figure 4

 44 Figure 4.20 Examples of EC2-compliant shear reinforcement shapes.

Figure

  Figure adapted from [183].

Figure 4 . 21

 421 Figure 4.21 Traditional assembly process for reinforcement cages.

Figure 4 . 22

 422 Figure 4.22 Assembly-aware optimised shear reinforcement shapes.

Figure 4 . 23

 423 Figure 4.23 Example of a split W-shaped shear rebar produced at the Navier laboratory.

Figure 4 . 24

 424 Figure 4.24 Concept for the assembly of reinforcement cages using comb-shaped shear reinforcements.

Figure 5 . 1

 51 Figure 5.1 Simplified example of the impact pathway of fluorinated gases and their environmental impact measurement from 'problem' and 'damage' oriented point of views.

Figure 5 . 2

 52 Figure 5.2 Manufacturing steps for the conventional in-situ prefabrication of reinforced concrete beams.

-

  More precisely, following the classification provided by NF EN 15804 standard [231], the following stages are included: Production phase: It includes: The extraction of raw materials. -Their transport to the factories (concrete plant, rebar factory or precast factory) where they are transformed into intermediate products (e.g. ground granlulated blast furnace slag, concrete, rebar cage, ...). -It also includes these transformation stages. Construction stage: This stage includes: -The transport of intermediate products (unfinished beam or rebar cage and fresh concrete) to the construction site. -The construction stage.

Figure 5 . 3

 53 Figure 5.3 Global simplified scheme of the life cycle of the beam manufactured off-site.Elements in red are the main parameters of the model.

Figure 5 . 4

 54 Figure 5.4 Global simplified scheme of the life cycle of the beam manufactured in-situ.

Figure 5 . 5

 55 Figure 5.5 Rebars production and processing sites for two project scenarios, in Paris (top) and Bordeaux (bottom)

  Figure 6.1 Location of production sites for cement and mineral additions in France.

Figure 6 . 3

 63 Figure 6.3 Average shares of each constituent in the environmental impact of the concrete mixes.

Figure 6 . 4

 64 Figure 6.4 Economic and mass allocation vs. "zero" allocation.

Figure 6 . 5

 65 Figure 6.5 Environmental impact distribution of OC and SCC mixes depending on the allocation method.

Figure 6. 6

 6 Figure 6.6 Potential replacement rate of hydraulic cement with FA, by region.

  Figure 6.9 Comparison of cement, crude steel and coal consumption since 1950. Graphic adapted from Scrivener et al. [273]. Data for steel and cement are given in mass units and are taken from [273] and various activity reports from Cembureau [6]. Data for coal is given in energetic units and is taken from BP [288].

  Figure 6.10 Example of a convex Pareto front.

FigureFigure 6

 6 Figure 6.11 Bi-criteria evaluation of ordinary concrete mixes.

Figure 6 .

 6 Figure6.14 presents a comparison of the impacts of both mixes, normalised by those of the OC mix, at the 'problem' level on all eighteen midpoint indicators. For almost all indicators the SCC mix displays higher impacts (of about 20% for most of them). A greater difference is observed for the ionising radiations indicator, even though we assumed that the mixing energy was the same for both mixes (which is undoubtedly false because the rheology of self-compacting concretes often requires

Figure 6. 13

 13 Figure 6.13 Share of each constituent in the environmental impact of the mixes for the climate change indicator.

Figure 6. 14

 14 Figure 6.14 Environmental impacts comparison of mixes 'B' and 'A-6'.
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  Yi, Seong-Tae, Yang, Eun-Ik, and Choi, Joong-Cheol. "Effect of Specimen Sizes, Specimen Shapes, and Placement Directions on Compressive Strength of Concrete". In: Nuclear Engineering and Design 236.2 (Jan.1, 2006), pp. 115-127. 

Figure 7 . 2

 72 Figure 7.2 Schematic representation of the contribution tree of each subprocess contained in the 'Steel category' for a given impact category.

Figure 7 . 3

 73 Figure 7.3 Contribution of the subprocess and flows of the 'Steel' category to the HTC,ST intermediate impact category.

Figure 7 . 4

 74 Figure 7.4 Contribution of the subprocess and flows of the 'Steel' category to the FEc,LT intermediate impact category.

. 46 .

 46 Each figure follows the same layout as Figure 7.1 (which is no other than Figure 7.15) and therefore allows three analysis spectra: A study of the contribution of model categories to midpoint indicators. A presentation of the contribution of intermediate indicators to endpoint indicators. A study of the contribution of model categories to endpoint indicators.

Figure 7 . 5

 75 Figure 7.5 Contribution of intermediate impact indicators to both endpoint indicators for the production of 1 m 3 of concrete.

Figure 7 . 9

 79 Figure 7.9 Contribution of intermediate impact indicators to both endpoint indicators for the production of 1 kg of rebar cage.

Figure 7 .

 7 Figure 7.12 Comparison of the environmental impacts of both production systems. Span : 5 -7 m -Bending stresses : Medium -Shear stresses : High. (Top) Results on midpoint indicators, normalized by the impacts of the traditional process. (Middle) Contribution of midpoint indicators to both endpoint indicators. (Bottom) Results on endpoint indicators normalized by the impacts of the traditional process.

Figure 7 .

 7 Figure 7.47Sensitivity of the model of the off-site production system to R reinf .

Figure 7 .

 7 Figure 7.49 Sensitivity of the model to Eman.

Figure 7 . 50

 750 Figure 7.50 Sensitivity of the model to T reb .

Figure A. 1 Figure A. 1

 11 Figure A.1 presents the mathematical model used to write the equilibrium equations for section Σ which is subjected to the shear force V Ed and the bending moment M Ed .

  hydraulic cement with FA (CRR FA ) by region is measured using a k-factor of 0.6 as in Equation D.1:
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Table 2 .

 2 1. Cc,env. kg CO 2 eq./m 3 Impact of the production of one cubic meter of concrete on climate change Steel impact d Cs,env. kg CO 2 eq./kg Impact of the production of one kilogram of steel on climate change

	Input	Code	Unit	Description
	Geometry			
	Effective span	L	m	Span of the beam measured from the centre of consecutive supports
	Width	b	m	Width of the cross-section
	Height	h	m	Height of the cross-section
	Support width	t	m	Width of the supports
	Material			
	Concrete grade	-	-	Type of concrete (e.g. C30/37)
	σc -c d	-	-	The stress-strain law for the concrete (e.g. parabola-rectangle)
	Steel grade	-	-	Ductility class and yield strength of steel (e.g. B500B)
	σs -s d	-	-	The stress-strain law for the steel (e.g. horizontal branch)
	Cost			
	Concrete cost d	Cc,eco.	€/m 3	Cost of a cubic meter of concrete
	Steel cost d	Cs,eco.	€/kg 3	Cost of a kilogram of steel (cut, bent and assembled)
	Concrete impact d Load			
	Permanent load	g	kN/m	A list of uniform permanent loads
	Live load	q	kN/m	A list of live loads with each type being specified (e.g. housing)
	Miscellaneous			
	Exposure class d	-	-	The exposure class of the member (e.g. XC1)
	Diameter d	Dagg	mm	Maximum diameter of the aggregates (e.g. 20 mm)

Table 2 .1

 2 Input data required for the design process.

  The performance indicator C is estimated either from the steel and concrete prices per unit mass or volume (C c,eco. and C s,eco. ) or, from their environmental impact on climate change per unit mass or volume (C c,env. and C s,env. ), as shown in Equation 2.34. • (bh -A st,min ) + C s,eco. • (ρ s A st,min ) or, C c,env. • (bh -A st,min ) + C s,env. • (ρ s A st,min )

	C(b, h, A st,min ) =	C c,eco. 2.34

  SIA. Code 262 for Concrete Structures. Zürich: Swiss Society of Engineers and Architects, 2013. Sigrist, Viktor et al. "Background to the Fib Model Code 2010 Shear Provisions -Part I: Beams and Slabs". In: Structural Concrete 14.3 (2013), pp. 195-203. Stratford, Tim and Burgoyne, Chris. "Shear Analysis of Concrete with Brittle Reinforcement". In: Journal of Composites for Construction 7.4 (Nov. 1, 2003), pp. 323-330. Talbot, Arthur Newell. Tests of Reinforced Concrete Beams: Resistance to Web Stresses. University of Illinois at Urbana Champaign, College of Engineering …, 1909. Vecchio, Frank J and Collins, Michael P. "The Modified Compression-Field Theory for Reinforced Concrete Elements Subjected to Shear." In: ACI J. 83.2 (1986), pp. 219-231. Withey, Morton Owen. "Tests on Plain and Reinforced Concrete: Series of 1906". 175. University of Wisconsin, 1908.

Table 3 . 1

 31 Self-compacting concrete formulation for the prototypes.

Table 3 . 3

 33 Concrete compressive strength of the prototypes.The number of days between the tests and the fabrication are indicated in brackets.

	Beam	Test date	fc (MPa)
	P1	17-03-2021 (91)	50.3
	P2	22-03-2021 (96)	50.5
	P3	06-05-2021 (141)	51.5
	P4	03-05-2021 (138)	51.4
	P5	16-04-2021 (121)	51.1
	P6	20-04-2021 (125)	51.2
	P7	29-04-2021 (134)	51.3

Table 3 . 5

 35 Outputs of the shear design of the prototypes.

Table 3 .

 3 [START_REF] Agustí-Juan | Potential Benefits of Digital Fabrication for Complex Structures: Environmental Assessment of a Robotically Fabricated Concrete Wall[END_REF] gives the failure loads

	Displacement (mm)	OptiTrack

Table 3

 3 

	.6
	Total energy dissipation.

Table 3 . 7

 37 Failure load and displacement values

	Beam		P1	P2	P3	P4
	Pu (kN)		98.9	101.2	102.2	100.6
	P i u -P 1 u u P 1	× 100	-	+ 2.3%	+ 3.3%	+ 1.7%
	δu (mm)		42	53	53	46
	δu		L 71.4	L 56.6	L 56.6	L 65.2

Table 3 . 8

 38 Displacement values (in mm) 

	Beam	10 kN	20 kN	40 kN	60 kN	80 kN
	P1	0.8	1.8	3.9	7.2	12.1
	P3	1.4	3.2	6.7	10.3	15.2
		+ 75%	+ 78%	+ 72%	+ 43%	+ 26%
	P4	1.2	3.1	6.8	10.4	15.5
		+ 50%	+ 72%	+ 74%	+ 44%	+ 28%

Table 4 . 1

 41 Ordinary concrete formulation for the first prototype.

	Material	Quantity (kg/m 3 )
	Gravels 5/20	890
	Sand 0/5	876
	CEM II 32.5	395
	Water	191.5

Table 4 . 2

 42 Self-compacting concrete formulation for the second prototype.

Table 4 . 3

 43 Bill of materials.

e -Estimation.

Table 5 .

 5 

1 Midpoint impact categories for the default IMPACT World+ method implemented in OpenLCA.

Table 5 .2 Intermediate

 5 

	Abbreviation	Intermediate impact category	Unit	Area of protection
	CC,LT	Climate change, ecosystem quality, long term	PDF.m 2 .yr	EQ
	CC,ST	Climate change, ecosystem quality, short term c PDF.m 2 .yr	EQ
	CC,LT	Climate change, human health, long term	DALY	HH
	CC,ST	Climate change, human health, short term	DALY	HH
	FA	Freshwater acidification	PDF.m 2 .yr	EQ
	FEc,LT	Freshwater ecotoxicity, long term	PDF.m 2 .yr	EQ
	FEc,ST	Freshwater ecotoxicity, short term	PDF.m 2 .yr	EQ
	FEu	Freshwater eutrophication	PDF.m 2 .yr	EQ
	HTC,LT	Human toxicity cancer, long term	DALY	HH
	HTC,ST	Human toxicity cancer, short term	DALY	HH
	HTnC,LT	Human toxicity non cancer, long term	DALY	HH
	HTnC,ST	Human toxicity non cancer, short term	DALY	HH
	IR	Ionizing radiation, ecosystem quality	PDF.m 2 .yr	EQ
	IR	Ionizing radiation, human health	DALY	HH
	LO	Land occupation, biodiversity	PDF.m 2 .yr	EQ
	LT	Land transformation, biodiversity	PDF.m 2 .yr	EQ
	MA,LT	Marine acidification, long term	PDF.m 2 .yr	EQ
	MA,ST	Marine acidification, short term	PDF.m 2 .yr	EQ
	ME	Marine eutrophication	PDF.m 2 .yr	EQ
	OLD	Ozone layer depletion	DALY	HH
	PMF	Particulate matter formation	DALY	HH
	POF	Photochemical oxidant formation	DALY	HH
	TA	Terrestrial acidification	PDF.m 2 .yr	EQ
	TPW	Thermally polluted water	PDF.m 2 .yr	EQ
	WA	Water availability, human health	DALY	HH
	WA,FE	Water availability, freshwater ecosystem	PDF.m 2 .yr	EQ
	WA,TE	Water availability, terrestrial ecosystem	PDF.m 2 .yr	EQ
	Abbreviation	Endpoint impact category	Unit	
	EQ	Ecosystem quality	PDF.m 2 .yr	
	HH	Human health	DALY	

and endpoint indicators provided for the endpoint impact categories in the default IMPACT World+ method implemented in OpenLCA.

Table 5 . 3

 53 . Lower and upper bounds of the LCA model parameters.

	Parameter	Name	Lower bound	Upper bound
	Height × Width	Ac	0.1 m 2 (0.5 × 0.2) 0.60 m 2 (1.2 × 0.5)
	Concrete avoided	Cav	10%	60%
	Reinforcement ratio	R reinf	120 kg.m -3	240 kg.m -3

  .4).

	Constituent	OC Mix	SCC Mix	
		Type	Quantity	Type	Quantity
			(kg/m 3 )		(kg/m 3 )
	Cement	CEM I 52.5 N	175	CEM I 42.5 R	200
	GBFS		161		200
	FL		-		120
	Sand	0/4 mm	843		807.5
	Gravel type 1	6/10 mm	210	8 mm	597.6
	Gravel type 2	10/14 mm	860	14 mm	209.9
	Water		199		240
	Admixture		-	Superplasticiser (PCE)	1.2

Table 5 .

 5 

4

OC and SCC mixes formulations.

Table 5 . 5

 55 Share of secondary steel in the production of rebars.

	Reference	Scrap (%)	Region
	reinforcing steel production, Ecoinvent v3.7.1 database [99]	74	World
	FDES: Plancher Dalle Bois-Béton de 20cm d'épaisseur [115]	100	-
	LCI -Steel Rebar [320]	44.0	Europe
		34.8	World
		23.1	Asia

Table 5 . 7

 57 

		Process	Ecoinvent process	Region	Quantity	Unit
		Secondary steel production	steel production, electric, low-alloyed	RER	0.9 * R reinf	kg.m -2
		Primary steel production	steel production, converter, low-alloyed	RER	0.1 * R reinf	kg.m -2
		Hot rolling	hot rolling, steel	RER	R reinf	kg.m -2
		Welding	welding, arc, steel	RER	0.42	m
	Rebars	Steel rebar			R reinf	kg.m -2

Table 5 . 8

 58 Ecoinvent processes used for the production of 1 kg of material for printing moulds.

		Material	Ecoinvent process	Region Quantity Unit
		Clay production	clay pit operation	RoW	0.63	kg
		Water	market group for tap water	RER	0.37	kg
	PrMix	Printed mix			1	kg

  Vollert transborder: https://www.vollert.de/fr/actualites/detail-franzoesisch/prochain-arret-centre-de-peinture5 Sparksbelting: http://www.sparksbelting.com/conveyor-belt-faq 6 Cluma gantry cranes: http://www.cluma.com

	1 De Boer single shaft mixers: https://www.deboermachines.nl/files/2013/5952/8316/SingleShaftMixer.pdf 2 3D Potterbot Scara v4: https://3dpotter.com/printers/scara 3 3D Potter continuous flow pump (3.5GPM): https://3dpotter.com/extruders/3-gph-volume-pump Process/Machine Ecoinvent process Region Quantity Formwork 1 market for steel, low-alloyed GLO 5090 market for hot rolling, steel GLO 5090 market for zinc coat, pieces GLO 48 Lubricating oil market for lubricating oil RER 0.015 Clay mixer market for industrial machine, heavy, unspecified RER 7500 Pump 2 market for brass RoW 37.8 market for synthetic rubber GLO 22.2 market for electronic component, active, unspecified GLO 4 market for motor scooter, 50 cubic cm engine GLO 1 market for steel, low-alloyed GLO 5 Scara robot Model adapted from [181] -1 Conveyor belt market for conveyor belt GLO 100 Gantry crane 2T market for steel, low-alloyed GLO 1560 Gantry crane 10T market for steel, low-alloyed GLO 3140 Energy consumption market for electricity, medium voltage FR 27 4 Name OSFab Off-site beam fabrication 1	Unit kg kg m 2 kg kg kg kg kg item kg item m kg kg kWh item

Table 5 .

 5 17 presents the ecoinvent processes from which the model of the work site handling is built.

	Name	Process/Machine	Ecoinvent process	Region Quantity	Unit
		Crane	market for steel, low-alloyed	GLO	90	t
		Energy consumption	market for electricity, medium voltage	FR	0.16	kWh
	WsHandl	Handling of the beam			1	item

Table 5 .

 5 18Parameters for the models of both production systems

  .1 are valid for the XC1 exposure class considered in this study.

	SCM	k-factor	a a + c	λ	a c
	GBFS	{0.6; 0.9}	0.50		1.00
	FA	{0.4; 0.5; 0.6}	0.30		0.43
	SF	{1.0; 2.0}	0.10		0.11
	FL	0.25	0.25		0.33

Table 6 .

 6 

1 k-factor values and maximum addition to cement ratios

Table 6 . 2

 62 Collection of physical data on common by-products used as SCMs and their related primary products.

	Chen et al. [63]	0.24	0.052		0.367	
	Chen [64]	0.34	0.052	0.014		0.15
	Worldsteel [19]	0.28				
	Ecoinvent [89]		0.046 1		0.424	
	Sokka et al. [286] & Tsyplenkov [301]		x	x/10		
	Fidjestol et al. [118]					0.40 -0.50 2 / 0.20 -0.25 3
	ACI Committee 234 [1]					0.3
	Malhotra et al.[209]					0.6 2 / 0.2 -0.45 3
	MineralInfo [186]					0.4
	Condensil [43]					0.3
	Selected values	0.28	0.046	-	0.424	0.35

  .4. 

					Distance (km)			
	Reference	Mode	CEM	GBFS	FA	SF	FL	G	S
		Road	123.8 500 -700 500 -700	70 -150*	22	22
	N. Decousser 1	Rail	18.2						
		Waterway	26					22.25 22.25
	J.-M. Potier 2	Road		200	200	200	200		
		Road	123.8	600	600	600	100	22	22
	Selected values	Rail	18.2						
		Waterway	26					22.25 22.25

Table 6 . 4

 64 Collection of data on transport modes and distances for common concrete constituents in France.

Table 6 .6

 6 

	Name Material	Ecoinvent process	Region Quantity Unit
		Energy for mixing concrete market for electricity, medium voltage	FR	4.6	kWh
			diesel, burned in building machine	GLO	0.02	MJ
	E	Concrete mixing			1	item

Table 6 . 7

 67 Collection of economic data on common by-products used as SCMs and their related primary products.Part of the data were already gathered in[255]. *Data in the Year column correspond, whenever possible, to the periods for which the prices in the next columns have been observed.

	Reference	Year*	GBFS	Steel	FA	Electricity	SF	Silicon metal
			(€/t)	(€/t)	(€/t)	(€/kWh)	(€/t)	(€/t)
	Collepardi et al. [71]	2004			20 -30		250 -500	
	Habert et al. [138]	2006 -2010	45	450	25	0.12		
	Teixera et al. [295]	2015			21			
	Chen et al. [63]	2006 -2010	40	400	20	0.1		
	Chen [64]	2007 -2008	80	370	35	0.07	400	1200
	Van den Heede [306]	2009 -2014					400-750	1200 -1729
	US Geological Survey [290] 2016 -2020	48					2100 1,2
	Dreveton [93]	2020	95 -150 400 -500				
	Henan Superior [283]	2021					160 -650 2	
	Argus [284]	2021						1520 -2250
	Arcelor Mittal [224]	2016 -2020		591 1,2				
	Kelwatt [293]	2021				0.16		
	Selected values		50	590	25	0.16	500	2000
	Product	Massic allocation Economic allocation		
	Steel	78.13 %	97.68 %		
	GBFS	21.87 %		2.32 %		
	Electricity	90.22 %	99.28 %		
	FA		9.78 %		0.72 %		
	Silicon metal	74.07 %	91.95 %		
	SF		25.93 %		8.05 %		
	Table 6.8							
	Massic and economic allocation coefficients.						

  Evolution of the impact of SCMs on climate change with prices variations.

						FA	GBFS	SF
			3.75			(40 €/t -1200 €/t)
			3.25		
	I* CC, st	2 eq./kg CEM)	1.75 2.25 2.75		
		(kg CO	1.25	(35 €/t -0.07 €/kWh)	(160 €/t -1520€/t)	Cement (0.878)
						(150 €/t -500 €/t)
				(20 €/t -0.16 €/kWh)	(40 €/t -590 €/t)
	Figure 6.2				
			Product	k	I CC, st (kg CO 2 eq.) I * CC, st (kg CO 2 eq./kg PC)
			GBFS	0.9		2.14 × 10 -1	2.38 × 10 -1
			FA	0.6		1.83 × 10 -1	3.05 × 10 -1
			SF	2.0		3.82 × 10 0	1.91 × 10 0
	Table 6.9				
	Impacts and normalised impacts of by-products used as SCMs on the cli-
	mate change indicator (measured with an economic allocation).

Table 6 .

 6 10 OC and SCC mixes formulations.

	Table 6.11 OC mix properties.	Slump (mm)	f 24h. c (MPa)	f 7d. c (MPa)	f 28d. c (MPa)	f 90d. c (MPa)
		147	3.8	19.7	34.5	48.5
	Table 6.12 SCC mix properties.	Slump flow (mm)	f 7d. c (MPa)	f 28d. c (MPa)	f 56d. c (MPa)
		740		5.6	36.5	36.5
	6.7.2 ENVIRONMENTAL IMPACTS					

Table 6 .13

 6 

Table 6 .

 6 14Ecoinvent processes used for the production of 1 m 3 of ordinary concrete. Following the mass application method, only 21.87% of the impacts due to this process are allocated (see Table6.8).

			100%	Cement	GBFS	LF	Sand	Aggregates	Water	Admixtures	Mixing energy	100%	Cement	GBFS	LF	Sand	Aggregates	Water	Admixtures	Mixing energy
	Climate change, short term	(kg CO 2 eq.)	0.1% 1% 10%									0.1% 1% 10%						
			0.01%									0.01%						
					Ordinary concrete				Self-compacting concrete

*

Table 7 .
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	1
	Classification of intermediate endpoint indicators contributions to the
	human health (HH

  Share of each constituent in the environmental impact of the mixes for the PMF indicator.

	Particulate matter formation	(kg PM2.5 eq.)	0.01% 0.1% 1% 10% 100%	Cement	GBFS	LF Ordinary concrete Sand Aggregates Water	Admixtures	Mixing energy	0.01% 0.1% 1% 10% 100%	Cement	GBFS Self-compacting concrete LF Sand Aggregates Water Admixtures	Mixing energy
	Figure 7.7									
			100%	Cement	GBFS	LF Ordinary concrete Sand Aggregates Water	Admixtures	Mixing energy	100%	Cement	GBFS Self-compacting concrete LF Sand Aggregates Water Admixtures	Mixing energy
	Water scarcity	(m 3 world-eq.)	10%						10%			
			1%						1%			
	Figure 7.8									
	Share of each constituent in the environmental impact of the mixes for		
	the WS indicator.									

  Results of compressive tests on concrete cylinders.The maximum capacity of the testing machine was reached during the tests on 16x32 cylinders at 97 days. Thus, there is no data available for this series. Results of tensile tests on concrete cylinders.The concrete tensile strength was measured by the mean of the Brazilian splitting test (Carneiro).

	Mix	7 days f 28 d.						28 days							ref	Mix	97 days	f 28 d. c	f 28 d. ref
	16×32		11×22 (MPa) (MPa)			16×32 (MPa) (MPa)		11×22	16×32 (MPa) (MPa)	11×22 (MPa) (MPa)
	F Mix 15%LF-M fc		F 27,0 26,1 B-3 fc C FA GBFS SF	F	fc 74,0 69,5 C175GGBS0 F LF S G W	fc	SP 13,0	F AEA VMA 4,1 LS35 fc	F Slump flow f 28days fc c 20,0 10,1
	(kN) (MPa) 15%LF-C		(kN) (MPa) 25,0 24,2 B-4		(kN) (MPa) (kg/m 3 ) 74,0 69,5 C175GGBS37,5 18,1 10,0 LS45 (kN) (MPa) (kN) (MPa)	(mm)	(kN) (MPa) (MPa) 14,0 3,5
	824 797 791 15%LF-M 41.0 39.6 39.3 30%FA (Esmaeilkhanian, B. et al., 2017) 418 43.1 400 41.1 439 40.0 268 -23,0 22,3 Ref. -Max. aggregate size: 20 mm -Specimens for compressive tests: 10×20 cylinders 947 47.1 519 53.5 893 44.4 522 53.8 938 46.7 498 51.4 -40 983 837 199 1.34 46,3 45,2 C175GGBS75 23,5 16,3 PC 1000 N/A 1000 N/A 1000 N/A --5%SF15%LF-M 30,0 29,1 A	610	653 583 614 41,0 33,2 67.3 60.1 27 63.3
	Percentage of failure detection: 20% Loading speed for 16x32 specimens: 10 kN/s 15%LF-C 271 --	-		41	994	846	201			1.47			-	-	620	25
	Loading speed for 11x22 specimens: 5 kN/s 30%FA 220 74 -	-		-	979	834	198			1.32			-	-	640	23
	5%SF15%LF-M	252	-	-	11		40	981	836	199			1.64			-	-	580	30
	5%SF15%LF-C Table B.1 5%SF30%FA	251 206	-75	--	11 11		40 -	978 990	833 843	198 200			1.65 1,67			--	--	610 570	28 29
	15%LF-M-S		267	-	-	-		40	975	830	198			3,32			-	1,41	590	25
	15%LF-C-S		265	-	-	-		40	969	823	197			3,46			-	1,40	590	25
	30%FA-S		223	75	-	-		-	991	845	201			3,27			-	1,44	600	23
	A15%LF-M		256	-	-	-		39	939	800	166			1,79			0,1	-	610	25
	A5%SF15%LF-M 243	-	-	11		39	946	805	168			2,18			0,1	-	600	30
	A5%SF15%LF-C 243	-	-	11		39	944	804	167			2,13			0,1	-	600	28
	A5%SF30%FA	196	71	-	11		-	939	800	166			1,96			-	-	560	27
	(Hüsken, G. et al., 2010)														
	Max. aggregate size: 8 mm -Specimens for compressive tests: 15×15×15 cubes			
	Lab 1		280	-	-	-		215	1270	370	195			5,0			-	-	885	56,0
	Lab 2		300	-	-	-		150	1190	555	176			7,1			-	-	780	58,2
	Cast		286,4	-	-	-		134	1136	524	201			6,4			-	-	580	42,0
	(Long, Guangcheng et al., 2015)*													
	Max. aggregate size: 20 mm -Specimens for compressive tests: 15×15×15 cubes			
	C1		484	-	-	-		-	822	837	316			4,35			-	0,096	595	43,1
	C2		390	130	-	-		-	822	837	256			4,00			-	-	675	38,6
	C3		275	275	-	-		-	822	837	178			5,80			-	-	685	42,4
	C4		370	-	125	-		-	822	837	239			3,25			-	-	680	55,4
	C5		255	-	255	-		-	822	837	166			3,85			-	0,102	630	48,6
	C6		382	77	51	-		-	822	837	250			3,90			-	-	635	48,7
	C7 Figure B.1 C10		260 268	130 107	130 107	--		-54	822 822	837 837	171 185			4,55 16×32 4,20	--	--	595 11×22 580	48,6 56,0
	C11		283	113	113	-		57	795	810	200		F	5,40			fc -	-	F	650	fc	49,3
	C12		254 101,5 101,5	-		51	848	864	180	(kN) 4,80	(MPa) -	-	(kN)	(MPa) 720	38,8
	C13		255	128	127	-		-	822	837	184		239 6,9			3.2 0,05	-	132	710	3.4	42,6
	C14		283	113	113	-		57	795	810	205		280 5,05			3.7 -	0,102	110	680	2.8	42,6
	C15		268	107	107	-		54	822	837	193		273 5,5			3.6 -	0,096	128	640	3.3	45,1
	C16		254 101,5 101,5	-		51	848	864	Percentage of failure detection: 20% 183 4,80 -0,091	600	36,3
	Loading speed for 16x32 specimens: 4 kN/s Loading speed for 11x22 specimens: 1.9 kN/s Max. aggregate size: 14 mm -Specimens for compressive tests: 10×10×10 cubes (Garcia Taengua, Emilio et al., 2015)
	A-1		400	-	-	-		-	867,5 867,5 240			2			-	-	724	48
	A-2		400	-	-	-		120 807,5 807,5 240			2			-	-	815	48
	A-3		400	-	-	-		120 807,5 807,5 240			1,2			-	-	680	48
	A-4		200	-	200	-		-	867,5 867,5 120			2			-	-	730	37
	A-5		200	-	200	-		-	867,5 867,5 120			1,2			-	-	-	41
	A-6		200	-	200	-		120 807,5 807,5 120			1,2			-	-	740	44
																		...

c f 28 d. ref Mix f 28 d. c f 28 d. ref Mix f 28 d. c f 28 d.

Table C . 3

 C3 Estimations of the compressive strength of 150×300 cylinders for SCC and OC mixes.

Table D . 3

 D3 FA and GBFS availability and potential replacement rates of cement.

	1.0 ×	GBFS production Cement consumption					D.2
	Region		Coal	"Useable" FA	CRR FA	Pig iron	GBFS	CRR GBFS	CRR FA +
		Consumption	production		production	production		CRR GBFS
			(kt)	(kt)		(Mt)	(Mt)	
	Africa		200036	5001	1,7%	5,4	1,5	0,9%	2,6%
	Aus. & NZ		139481	3487	17,4%	4,6	1,3	10,7%	28,1%
	Brazil		24771	619	0,5%	28,4	8,0	11,0%	11,5%
	Canada		41628	1041	6,2%	6,7	1,9	18,8%	25,1%
	China	3538821	88471	2,4%	771,1	215,9	9,8%	12,2%
	CIS		421110	10528	6,1%	75,2	21,1	20,4%	26,5%
	Europe		932118	23303	6,0%	12,9	3,6	1,5%	7,5%
	India		675417	16885	3,8%	71,5	20,0	7,5%	10,9%
	Japan		183190	4580	6,0%	77,3	21,6	47,1%	53,1%
	Middle East		20481	512	0,2%	2,4	0,7	0,4%	0,6%
	R. Americas		39243	981	0,5%	7,5	2,1	1,9%	2,4%
	R. Asia & Oceania		401864	10047	1,9%	68,6	19,2	6,0%	7,9%
	US		808156	20204	15,2%	24,1	6,7	8,4%	23,6%
	Total	7426316	185658	2,9%*	1155,7	323,6	8,5%*	11,4%*

  Concrete strain at maximum load (which depends on the concrete stress-strain model)

	POF	Photochemical oxidant formation
	TA	Terrestrial acidification
	WS	Water scarcity
	Impact World+ intermediate impact categories
	CC,LT	Climate change, ecosystem quality or human, long term
	CC,ST	Climate change, ecosystem quality or human, short term
	FA	Feshwater acidification
	Concrete properties FEc,LT Freshwater ecotoxicity, long term
	ci FEc,ST	Freshwater ecotoxicity, short term
	cu FEu	Concrete ultimate strain Freshwater eutrophication
	f ck HTC,LT Human toxicity cancer, long term Concrete characteristic compressive strength
	f cm HTC,ST Human toxicity cancer, short term Concrete mean compressive strength
	f ct HTnC,LT Human toxicity non cancer, long term Concrete tensile strength
	HTnC,ST Human toxicity non cancer, short term
	Steel properties IR Ionizing radiation, ecosystem quality or human health
	uk LO	Characteristic steel strain at maximum load Land occupation, biodiversity
	f yk LT	Steel characteristic yield strength. Land transformation, biodiversity
	f t MA,LT	Steel tensile strength Marine acidification, long term
	k MA,ST	Ductility factor for steel Marine acidification, short term
	E s ME	Modulus of elasticity of steel Marine eutrophication
	OLD	Ozone layer depletion
	Eurocode design PMF Particulate matter formation
	α POF	Angle of inclination of the shear rebars Photochemical oxidant formation
	β TA	Angle of inclination of the concrete struts Terrestrial acidification
	ud TPW	Design value for the steel strain at maximum load Thermally polluted water
	γ c WA	Partial factor for concrete Water availability, human health
	γ s WA,FE	Partial factor for steel Water availability, freshwater ecosystem
	d WA,TE	Effective height of a section Water availability, terrestrial ecosystem
	f cd	Design value of concrete compressive strength
	f yd Impact World+ endpoint impact categories Design value of the yield strength for steel
	l bd EQ	Anchorage length of the rebars Ecosystem quality
	s HH	Distance between two shear reinforced sections Human health
	z	Lever arm of internal forces

Estimate based on internal cost data of the Vinci group.

According to the standard for the labelling of new buildings: https://www.batimentbascarbone.org

 2 Figures presented during the 'Counting carbon' seminar during the 'Sustainable Performance Week' in November 2020.

γs and γc are security coefficients to account for the potential unfavourable difference between the actual material properties and their characteristic values.

This formulation is, in all point, similar to the Variable Strut Inclination Method (VSIM) used by the current European standards [101].

https://www.rdpe.com/fr/dcth.htm

Visits to a factory of the Armatures Industrielles group in Tournan-and-Brie on

21.06.2018, and a factory of the Fehr group in Vernou-la-Celle-sur-Seine on 28.06.2018.

Build'In is an experimental research platform in digital construction at École des Ponts ParisTech (https://www. buildin-enpc.fr/).1 Reference of the clay: Speswhite kaolin clay from Imerys.

4.4

INPI: Institut national de la propriété industrielle (National Institute of Industrial Property): https://www.inpi.fr/fr

http://www.triax.it/fr/machines-pour-le-travail-du-fer-a-beton/cintreuse-fer-a-beton.htm

https://rebartek.com/

Wolfs, Rob J. M. et al. "A Real-Time Height Measurement and Feedback System for 3D Concrete Printing". In: High Tech Concrete: Where Technology and Engineering Meet. Ed. by D.A.Hordijk and M. Luković. Cham: Springer International Publishing, 2018, pp. 2474-2483. 

SNBPE: Syndicat National des Bétons Prêts à l'Emploi (National Union for Ready-Mixed concretes.)

CERIB: Centre d'Études et de Recherches de l'Industrie duBéton (Concrete Industry Study and Research Center.) 

CTICM: Centre Technique Industriel de la Construction Métallique (Industrial Technical Centre for Steel Construction.)

E-mail exchange on 17.04.2020 and 18.04.2020 with an ecoinvent data publisher.

Arcelor Mittal, e-mail exchange on 

29.03.2021. 

Schnell bending machine (Smart Coil 13): https://www.schnellgroup.com/

Schnell bending machine (Bar Wiser

32): https://www.schnellgroup.com/

CERIB, e-mail exchange on13.09.2021. 

CERIB, e-mail exchange on13.09.2021 & 14.09.2021. 

CERIB -e-mail exchange on16.03.2020. 

APA: Association Professionnelle des Armaturiers (Professional Association of Rebar Manufacturers)

APAC: Association Française de Promotion des Aciers pour la Construction (French Association for the Promotion of Steel for Construction)

A good compactness is particularly sought to improve the workability of the concrete in the fresh state or to ensure a good protection of the reinforcements against corrosion.

CERIB, e-mail exchanges on16.03.2020 & 14.09.2021. 

SNBPE, e-mail exchange on 20.09.2021.

Average value calculated on the basis of annual data between

and 2020, weighted as far as possible by the quantities produced in those years.2 Prices converted into euros on the basis of annual exchange rates (source: INSEE).

oral exchange,

According to data fromBP [288] andMiller et al. [220], 43844 TWh of coal-based energy production corresponds to 7,4 Gt of coal combusted. This allows to relate the area under the curve of coal consumption in Figure6.9 between 1950 and

to a total amount of about 300 Gt of coal combusted. By applying Miller's assumptions on the ash content and the percentage of "useable" FA, we obtain a total amount of 0.1 × 0.25 × 300 = 7.5 Gt of FA.

https://evelynegroen.github.io/

Quote from the preface of the book Un amour sans limite which compiles Freyssinet's writings. In order not to distort the original words from the author, we transcribe the French version: 'en plus de l'ingénieur remarquable qu'il était, il n'hésitait pas à se comporter en vrai chef de chantier, se faisant tour à tour charpentier, ferrailleur ou cimentier.'
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List of Figures

Value including all processes within the factory. Won et al. [319] 20. 21 -33.13 -Proposal for an energy-efficient control strategy of an insitu steam curing system.

D. San 1 30 -60 -Order-of-magnitude based on data of French precast factories distributed throughout the country and producing various types of reinforced concrete elements.

Table 5. [START_REF] Amir | A Topology Optimization Procedure for Reinforced Concrete Structures[END_REF] Values of energy consumption related to steam curing of concrete elements found in the literature.

energy consumption related to the curing of the beams. Furthermore, without further definition of the type of curing system used (a lot of different systems exist), we consider that electrical energy is involved. Once again, this might be a rough simplification of actual processes which we will take into account when analysing the results. Finally, the total electrical consumption needed for the production of one linear metre of beam is estimated at 31 kWh/t. This estimate is based on strong assumptions that are difficult to verify and is therefore subject to significant uncertainties, which we will take into account in the sensitivity analysis.

To account for the fact that the energy consumption depends, for most stages (transport, steaming, etc.), on the weight of the beam, we propose a simple model to estimate the energy consumption per linear meter, as defined in Equation 5.3:

where the multiplying factor (2.5) correspond to a typical value of concrete density.

Eventually, Table 5.11 presents the ecoinvent processes from which the model of the factory is built.

In-situ fabrication of traditional beams

The in-situ fabrication of traditional beams is much simpler to model. On the one hand, it requires a much smaller number of tasks. On the other hand, it is a widely used technique for which it is easy to find relevant information. There exist two ways to manufacture beams on site. One consists in precasting the beams at ground level and then to lift them up and place them in their final position with a crane. Another method consists in preparing a deck at the final position of the beam and to pour the concrete in place after having positioned the rebar cage. The former is much safer and faster: it is thus preferred whenever possible. It is this method that we model in the following.

All the modelling data presented in this paragraph are the result of discussions with experts from Vinci's methods and equipment departments and from Léon Grosse's construction sites managers as well as from the Polyvert database [253], a reference in the French building sector. It contains data gathered from interviews and cross-checking of information with price study managers, construction Table 5. 14 List of the transport stages.

1. Average data based on consolidated data. 2. Hypothesis made on the basis of expert data.

3. Ecoinvent data included in a 'market' process. 4. Hypothesis made on the basis of our own estimations.

Transport of concrete

All the hypothesis related to the transport of the concrete constituents will be described in §6.4.2 of Chapter 6 to which we refer the reader. According to BETie [START_REF] Betie | Béton et Impacts Environnementaux[END_REF] and N. Decousser 1 , in France, concrete is transported from ready-mixed concrete plants to construction sites by truck mixers over an average distance of 18.5 km. In the case of off-site fabrication, the precast factory is supposed to have its own concrete production facility and intra-factory transport is accounted for in the factory production stage.

Transport of the unprocessed rebars and of the reinforcement cage

Assuming that, in the case of off-site fabrication, the rebar cage is assembled in the precast factory, we only account for the transport of the straight rebars or steel coils from the steel mill to the precast factory. On the contrary, in the case of in-situ fabrication, two steps must be accounted for: the transport of unprocessed rebars from the steel mill to the rebar factory as well as the transport of the rebar cage from the factory to the construction site. However, we do not have any averaged data regarding the distances for all those transport stages. We thus estimate potential distances on the basis of two hypothetical scenarios.

For instance, for a project taking place in the Paris region, precast factories could be found near Amiens, Reims or Orléans. According to APA 2 [218], the closest rebar factories to Paris are in Étréchy 

ANALYSIS OF MIDPOINT IMPACT CONTRIBUTIONS

In this section we focus on the analysis of contributions and do not seek to compare the two production systems. This will be the subject of a later section. However, there is a similar classification of the contributions of midpoint indicators to endpoint indicators for the two production systems, which simplifies the preliminary analysis. In total, seven midpoint indicators contribute to 1% or more of the value of at least one of both endpoint indicators. In Table 7.1, all the midpoints indicators are ranked by their contribution. It should be noted that the exact values of these contributions bear little interest because they represent point values. They do, however, have the merit of giving orders of magnitude. 

IN-DEPTH PRESENTATION OF THE IMPACT PATHWAY MODELS OF THE MAIN CONTRIBUTORS

In the following paragraphs, we extend and detail the presentation of the seven above-mentioned impact categories that has been made in §5.3.3 of Chapter 5. In particular, we recall the models of the impact pathways that are embedded in IMPACT World+, as well as the principles behind the calculation of the intermediate endpoint indicators and the midpoint ones. An important clarification is that there is not always a direct link between the calculation of midpoint (thus considered as proxies) and intermediate endpoint indicators because different environmental models can be used.

Freshwater ecotoxicity & human toxicity

Toxicity and ecotoxicity impact categories are used to measure the toxic effects of the emission of some substances in soil, air or water. Both categories represent rather similar impact pathways, leading to effects on distinct areas of protection: the human health in the case of human toxicity, and the ecosystem quality in the case of freshwater ecotoxicity. They are presented together as they both rely on the characterisation factors proposed by the USEtox model, jointly developed by members of UNEP (United Nations Environment Programme) and SETAC (Society of Environmental Toxicology and Chemistry). The elements presented below are largely based on the USEtox initial publication [264] and the corresponding documentation [START_REF] Bijster | USEtox® 2.0 Documentation (Version 1)[END_REF] to which the reader is referred for further information.

Characterisation factors (CFs) reflect the three-stage chain of cause and effect which includes:

Measurement of an environmental fate, also called a fate factor (FF, measured in day). It reflects the time during which a chemical persists in the environment following its emission and is measured from the integration over an infinite time of the mass increase (in kg/day) of the chemical in air, water or soil following an emission. Calculation of an exposure factor (XF, measured in day -1 ) which basically expresses the increase of human exposure to chemical compounds due to the increase concentration of these chem-

Clay and Implementation

The impact of these two categories are negligible for all the reference scenarios and are therefore not further detailed at this step of the analysis.

ANALYSIS PER MIDPOINT IMPACT CATEGORY

In this section, we focus on the analysis of the impacts measured on the midpoint indicators which corresponding intermediate indicators contributes to more than 1% of the impacts on one of the endpoint categories. We also exclude, the analysis of the HTC indicator. Indeed, the impacts measured on this indicator are largely dominated by those of the 'Steel' category (which contributes for at least 95% of the overall impact) whatever the scenario, and these latter have already been thoroughly detailed in §7.2.5.

Climate change

Between 42% and 76% of the impact on the climate change indicators are attributed to concrete for both production systems. Although the share of concrete contribution to CC,LT and CC,ST is always lower with the OS production system, the contribution (in absolute value) can however be larger than with the IS manufacturing system for the scenarios for which the concrete savings are of 10%. What is interesting in this latter case is that if only the 'Concrete' and 'Steel' categories are considered, the impact of the OS production system exceed that of the IS system from a few percent (approximately 5% to 7%). However, if the other categories are included, and in particular the 'Transport' category, this difference is then of the order of 12% to 15%. This underlines the fact that the use of prefabrication can help reduce the emission of greenhouse gases only if other levers such as material optimisation are used. Indeed, it is a more energy-intensive process and, at least in the French context, it involves greater transport distances than IS manufacturing. This is an important conclusion raised by this study, although it needs to be qualified as it is only based on the analysis of the impact on climate change whereas prefabrication is generally implemented to meet other constraints (e.g. to limit noise from the construction site, etc.) as well.

Besides, it is worth noting that, for the IS production system, 28% of the impact is attributed to the rebars. With the OS production system, this number reaches 40% in the 'worst' case, that is the scenario of a beam subjected to low shear stresses and high bending stresses (e.g. a slender simply supported beam subjected to a uniform load). In any case, this demonstrates that the share of the rebars in the impact on climate change is far from being negligible, even with a high rate of secondary steel. This observation is another point of attention as little importance is generally attached to the optimisation of rebars. On the contrary, and as already stated in the introduction of this thesis, rebar cages are elements that are often oversized in the later stages of projects.

Finally, if we focus on the comparison between the two production systems, impact reduction of up to 36% (respectively 10%) can be achieved for concrete savings of 60% (resp. 35%) while it increases of 13-15% in the case of concrete savings of 10% only. It should be pointed out that concrete savings have a double influence on the impacts (this comment is indeed also valid for other impact categories). It enables a direct reduction of the impacts as less material are produced (although there is a threshold effect due to the greater impacts per unit volume associated with the production of SCC as compared to that of OC). And, the contribution of transport -and to a lesser extent, that of manufacturing -is also indirectly reduced as lighter elements are transported. pects, the reader is referred to the publication of Jolliet et al. [168] or to the thesis of Groen 1 [136]. The first step is to clarify what is generally referred to as uncertainty or variability. We will retain here the descriptions of Mam [210]: variability is associated to the notion of random uncertainty resulting from the variations attached to the real world whereas uncertainty is related to the notion of epistemic uncertainty which refers to the lack of knowledge and the inability to measure and model reality. Of course, there are several types of variabilities and uncertainties, which are commonly classified as follows [155,168]:

Uncertainties:

-

Parameter and input uncertainty. This can for example be characterised at the inventory level by inaccurate emission measurements or at the intermediate or endpoint characterisation level by uncertainties in the life times of substances. -Model uncertainty. These are uncertainties over which a practitioner has less control because they are generally intrinsic to the inventories (linear or non-linear modelling), to the impact assessment method (e.g. characterisation factors are not known or regional differences are not accounted for), etc. -Uncertainty due to choices. They concern the choices made regarding the functional unit, the allocation methods, or about leaving out some impact categories.

Variabilities:

-Temporal variability. They relate to yearly variations of emission factors or to variation of characterisation factors due to seasonal change of temperatures for instance. -Spatial variability. Similar examples apply but with regional variations instead of temporal ones.

-

Variability between objects and sources. At sources level, an example is the technological difference between factories which produce the same output. Inputs and emissions of these factories can thus vary. At objects level, it is rather the differences between humans, and therefore differences in terms of health impacts between individuals, that is at stake.

One can thus understand that there is a fine line between uncertainties and variables, particularly with respect to parameter and input uncertainties, and variability between objects and sources, which are those addressed in this section. The methods recognised as the most effective for analysing them, which we detail below, are similar. In the remainder of this section, both uncertainty and variability analysis will be referred to as sensitivity analysis.

Classification of sensitivity analysis methods

There are three main families of complementary methods to deal with sensitivity analysis, each of which being adapted to a given level of knowledge regarding the uncertainties.

Only one indicator is significantly impacted by a reduction or an increase of the recycling rate: the mineral resources use (MRU) indicator. When no clay is recycled, the impact is almost multiplied by a factor five, while an increase of this rate by 3% generates a reduction of the impact of 13%. As expected, at the scale of this indicator, the parameter is influential.

No essential information is necessarily derived from this observation except that there is little point in attempting to quantify the rate of clay recycling more precisely. However, it is clear that this rate should be maximised in order to best preserve the clay resource.

Energy required for manufacturing

Somewhat more surprisingly, rather similar observations can be done from the analysis of the model sensitivity to the manufacturing energy. Indeed, as shown in Figure 7.49, impact values are stable for most indicators. The only significant differences are observed for the ionising radiation indicator, which contribution to the impact on human health is negligible.

However, it would be wrong to conclude that this parameter is not influential and that there is no need to collect more data (and more precise ones) on the type and consumption of machines in precast plants. Indeed, the lower and upper bound values of the E man parameter, as presented in Section 5.6 are in kWh/t (they are then converted in kWh/ml). They are thus correlated to the linear mass of the products. It is likely that the same parameter will have a greater influence for beam cases with lower concrete savings.

Furthermore, the sensitivity analysis is driven in the very particular French context where the majority of electricity is generated by nuclear power. But the replacement of traditional solid prismatic beams with truss-like ones is not intended to be limited to France. This study should therefore be duplicated to other national contexts by adapting the energy mix. The conclusions could then be completely different.

Transport distances of rebars

The sensitivity of the model to the distances for transporting the rebars is explored in two ways. First, we vary the transport distances for the OS and the IS production schemes simultaneously. Indeed, the lower and upper bounds of the ranges within which the input parameters T reb,off-site and T reb,in-situ are supposed to vary have been defined from two hypothetical scenarios of projects taking place in Paris and Bordeaux respectively. It is therefore logical to make the analysis for the same scenario. One could expect the OS production system to become more advantageous in the case of the Bordeaux scenario as the overall transport distance of rebars is shorter than for the IS production system. However, as clearly illustrated in Figure 7.50, these variations (both the increase and the decrease of the transport distances) have limited to no influence on the normalised impacts of the models. The largest differences observed (for the freshwater eutrophication and ozone layer depletion indicators) are of less than 5%.

However, this first analysis do not give further information on the sensitivity of the output of the OS model alone. In Figure 7.51, the impacts of the OS model that are plotted are normalised by the reference scenario of the OS model. But, the variations are once again marginal, which indicates that the T reb,off-site is not an influential parameter. It should be borne in mind that the calculation of the rebar transport impacts also implies the reinforcement ratio which value in the reference scenario is of 190 kg.m -3 . In a more comprehensive sensitivity analysis, both parameters could be varied simultaneously to derive finer data on the sensitivity of the model to the transports. 

RESULTS BOOKLET

CONCLUSION

The work presented in this dissertation, although promising, is obviously only a modest first step towards a greater integration of digital design and fabrication tools for the efficient and less drudgery construction of more sustainable structures. The remaining work is considerable and multifaceted in nature. However, we strongly believe that the next key step will be to confront this laboratory work with the reality of the worksite. It is obvious that this reality will impose numbers of modification to the development of this thesis.

Appendices

Appendix A

The lower bound plastic analysis behind the variable strut inclination model

In this appendix, we present the principles lying behind the calculation of lower bounds of the shear strength of reinforced concrete (RC) members designed according to the variable strut inclination model (VSIM) of the Eurocode 2 (EC2) [101]. This appendix largely builds on the paper of Nielsen et al. [235] published in 1978. Notations are adapted to the current practice of EC2 for the sake of consistency with Chapter 2.

Analysis of the variable strut inclination model

With a fixed strut inclination θ, the equilibrium conditions write:

Besides, the compressive force dF c in the struts and the tensile force dF t in the ties can be calculated from the compressive and tensile stresses as follows:

Thus, Equations A.1 and A.2 give:

Besides, the condition that the stress be zero in a horizontal section leads to:

So that the system of Equations A.5 and A.6 simplifies into

A.9

Material characteristics

The load-carrying capacity of the section can be derived from the previous equations and the material characteristics, namely, the design yield stress of the stirrups f yd and the crushing strength of the concrete in the web νf cd . The meaning of ν is detailed in §2.2.2 of Chapter 2, but we recall that it accounts for the limited ductility of the concrete.

Lower bound analysis

The shear strength is given by Equation A.8 with σ s = f yd :

as long as the concrete strength of the web is not exceeded, which means that Equation A.11 should be verified:

As mentioned by Nielsen et al. [235], there is no reason that the strut inclination should remain constant. In the theory of plasticity, the lower bound theorem states that the internal forces of a structure accommodate themselves to carry the maximum load. As per Equation A.10, it is clear that higher shear forces can be sustained by the stirrups with very inclined struts. The ductility of the beam must however be sufficient to allow a proper stress redistribution enabling the inclination of the struts with the increase of the shear force.

The upper limit on the shear resistance can also be expressed with the sole a priori known parameters -in other words, without θ. Starting from Equation A.8 and eliminating θ using Equation A.7, we get:

The shear force increases with σ c , and is therefore limited by the concrete crushing which corresponds to σ c = νf cd . Similarly, the shear force is an increasing function of ρ w σ s if:

In this case, the maximum shear force is limited by the yielding of the stirrups. On the contrary, if:

then the stirrups do not yield when the concrete crushes. At last, the shear strength is given by the set of Equations A.15 and A.16 (the second equation can be obtained by manipulating several trigonometric formulas).

It is possible to plot the equations giving the shear capacity of the concrete, and that of the shear reinforcements, as functions of the transverse reinforcement ratio. In the case of vertical stirrups, the web crushing criterion is represented by a quarter-circle with diameter ν and centre at ( ν 2 , 0) and by a horizontal line. Indeed, with α = 90 • , Equation A.15 can be expressed as:

and, the straight line is given by Equation A.16. These relations are plotted in Figure A.2, along with the curves given by Equation A.10 for several values of the angle θ. Thus, and as described by Nielsen et al., the shear strength increases with the ratio of shear reinforcement until it reaches the limit given by the strength of the concrete struts (known as the web crushing criterion). Then, the shear capacity cannot be increased unless the dimensions of the struts, or the concrete compressive strength, are increased.

Mechanical degree of shear reinforcement Figure A.2 also shows the limits given by the EC2 for the inclination of the struts, and thus, the design domain. Additionally, it also presents the shape of the shear strength when a concrete contribution is included, as proposed by some models. The reader is referred to §2.2.2 of Chapter 2 for further details on these two comments.

EC2 design domain

Additional tensile forces

In §2.2.2 of Chapter 2, we highlighted the existence of an additional tensile force due to the truss-like behaviour described in this appendix. Indeed, as per Equation A.9, the longitudinal reinforcements must be able to sustain a total tensile force which is greater than the pure bending term M Ed /z. This additional force is given by Equation A.18:

Appendix B Tensile and compression strength of concrete: test results

This appendix includes two datasets (Table B The dimensions of the specimens for the compressive tests are given in (mm).

As mentioned in Chapter 6, it is necessary to provide consistent compressive strength values between all the mixes, especially for the calculation of the CO 2 intensity indicator (c i ). As discussed in Chapter 3, due to size and shape effects, the compressive strength values of the same concrete measured on two specimens of different sizes and/or shapes may be different. In fact, since we are more interested in the ranking of the compressive strength values than in their absolute values, it is essentially the scale effect that must be corrected. The calculation of consistent compressive strength values consists in the calculation of equivalent values for a reference specimen type that is a 150 mm × 300 mm cylinder. This calculation is based on the work of Yi et al. [323].

When the values found in the literature have been measured on cylinders, the corrective equation writes:

where d is the diameter of the specimen (in cm) and f cyl the compressive strength measured on a cylinder of diameter d.

When the values found in the literature have been measured on cubes, the corrective equations write: 

Appendix D Global availability of fly ash and blast furnace slag

In this appendix, we provide details regarding the data used to construct the three world maps (see Figure 6.6, Figure 6.7, and Figure 6.8) which present the potential replacement rate of hydraulic cement by common SCMs. In particular, this appendix gathers information provided by the supplementary materials of a paper from Miller et al. [220] as well as Worldsteel figures [321].

D.1 REGIONAL MODELLING

All data collected by Miller et al. [220] were classified by regions. We have tried to follow this methodology as much as possible in processing the Worldsteel data. When this was not possible, we precise it in Table D The sum of the consumption share of each region might not be equal to 100% because of the rounding. The same applies to the difference between total cement production and consumption.

D.2.2 FA AND GBFS GLOBAL AVAILABILITY

Table D.3 presents the estimations of FA and GBFS production, as well as the potential replacement rates of cement with these additions taken separately and cumulatively. Estimations of FA production are based on the amount of coal combusted by region in 2015 and assumptions on the quantity of FA obtained during the combustion of coal as well as the share of this FA which presents sufficient qualities to be used as a cementitious material [220]. The same values of both ash content (10%) and percentage of "useable" FA (25%) have been made for each region. The potential replacement rate of