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The construction industry plays a major role in the high levels of greenhouse gas emissions, resource consumption, and waste generation observed nowadays. Key to the circular economy, structural component reuse arises as a promising solution to divert construction waste from landfilling and avoid the production of new components. In this context, this paper presents the conceptual design of a new slab-and-column system called “Re:Slab”, optimized for disassembly and open-ended reassembly over multiple building lifespans. Beyond conventional considerations of modular sizing and reversible connections, the proposed system provides designers with a minimum kit of parts that is capable of exceptionally diverse building layouts–e.g., related to floor geometry, span between supports, applied loads, and spatial transformations. Attention is given to easily operable assembly and disassembly techniques, embodied environmental impacts, and manufacturing costs. As a result, the proposed system reaches unprecedented high levels of versatility, making it capable of adapting to future functional design requirements that are hard to predict over long-term social developments. Options for increased economic viability are identified, which are necessary to promote widespread adoption of the system.
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1 INTRODUCTION
Across all knowledge fields, humankind has experienced unprecedented industrial and technological development during the last decades. Most research efforts worldwide have focused on developing technological means for broader accessibility to higher life quality standards. Interestingly, this has led to most of the population’s day-to-day running on autopilot, fueling a widespread lack of awareness regarding the actual resources required for daily activities. Recent data show that humankind has a current resource deficit of 1.7 times the Earth’s regenerative capacity (Grooten et al., 2018), posing a significant threat to the welfare of forthcoming generations and the planet’s stability (Steffen et al., 2015; O’Neill et al., 2018), and with the trend expected to increase as high as 2.6 times by 2050 (Moore et al., 2012). Even though regulation policies at several levels have been enforced during the last years to slow down this tendency (Kinzig et al., 2013), 30 billion tons of materials are produced annually across different industries, reaching in the year 2020 that global human-made mass exceeds all living biomass on Earth (Elhacham et al., 2020).
The construction industry is a major player in this increasing resource consumption trend. It is responsible for 30%–50% of natural resource exploitation worldwide (WST, 2012; Herczeg et al., 2014), 36% of global energy use (United Nations, 2017), and 16% of annual water intake (Cheng et al., 2006). By the year 2020, the construction industry accounted for a gross global mass of 1,100 gigatons, the equivalent of 94% of all human-made production up to date, where concrete manufacturing amounted to 549 gigatons out of the total toll (Elhacham et al., 2020). Not only consumption, but the construction industry is also responsible for 39% of the world’s greenhouse emissions (United Nations, 2017) and accounts for a significant percentage of the global waste stream, with numbers going from one-third in Europe (European Commission, 2018) to two-thirds in developing economies such as Brazil (ABRELPE, 2018). With an urban population expected to increase up to 70% by 2050 (United Nations, 2017) and the inevitable rise of global resource deficiency during the upcoming years (Chen et al., 2010; Ellen MacArthur Foundation, 2013), several governments have turned towards running resource-efficient economies by introducing waste upcycling hierarchies (Ellen MacArthur Foundation, 2013) that aim at enhancing material efficiency through all economic sectors, the construction industry being the prime focus of the campaign.
Current construction practices conventionally follow a linear economic model of “take-make-dispose” (Ellen MacArthur Foundation, 2015), preventing any further reuse of components after the buildings’ lifespan. In this way, most of the waste stream produced by the industry (up to 50% (Kibert, 2016)) takes place at the end-of-life phase since a vast majority of current materials do not have a reuse potential and end up in landfill sites. In contrast, economic models based on Circular Economy (CE) principles aim to keep materials and components in a closed loop at their highest value (Ellen MacArthur Foundation, 2015), delaying obsolescence by stretching their lifespan across several uses before disposal. Nowadays, recycling is the most common CE strategy in the industry, being the primary means of diverting construction waste from permanent disposal. For instance, about 90% of the non-hazardous construction and demolition waste in the UK is recovered by recycling (DEFRA, 2019). However, the processes involved in recycling are resource- and energy-intensive (Rakhshan et al., 2020), have significant environmental impacts in terms of greenhouse gas emissions (Addis, 2012), and often lead to downgraded materials, thus decreasing the quality of subsequent products (Braungart et al., 2007). Besides adaptive reuse, i.e., the in situ adaptation of existing systems (Remøy and van der Voordt, 2014), another CE strategy that has gained traction during the last few years is component reuse, which directs materials and elements back to the supply chain after the end-of-life phase. With the development of new design methods such as Design for Deconstruction (DfD) (Akinade et al., 2017) and Design for Manufacture and Assembly (DfMA) (Kalyun and Wodajo, 2012), component reuse aims at decoupling economic growth from resource consumption by slowing, closing, and narrowing material loops in the construction industry (López Ruiz et al., 2020).
In pre-industrial times, reuse has been a common habit for construction practitioners due to time and cost advantages compared to new production (Fivet and Brütting, 2020). With the advent of industrial developments and decreased production costs, reuse became occasional and feasible just for specific boundary conditions. Nevertheless, several component reuse applications and case studies can be found in the current literature in projects of different natures (Addis, 2012; Ellen MacArthur Foundation, 2016; Benachio et al., 2020; Fivet and Brütting, 2020; Rakhshan et al., 2020). Present-day reuse techniques rely on hunting and the procurement of components from to-be-demolished structures so as to develop a material stock for designers to work with. Recently, this task has been partially facilitated by the creation of material banks and passports (BAMB, 2017b; BAMB, 2017a) aiming at generating a continuous offer/demand for reusable components with guaranteed properties. However, there are still a number of barriers of different nature that hinder the widespread adoption of component reuse.
As identified by previous investigations (Fivet and Brütting, 2020; Rakhshan et al., 2020), uncertainties about deconstruction times, scarce know-how of reuse techniques, and limited stocks of reusable components might threaten the tight schedules of the construction industry. Besides, the lack of standard components designed for deconstruction leads to increased cost overheads during disassembly and reassembly phases. Moreover, although new computational tools have recently been developed to assist practitioners during the design stage (Brütting et al., 2019; Brütting et al., 2020), limitations in element length, cross-section, and allowable load, along with uncertainties in the mechanical properties and availability of reusable components, poses new challenges of engineering and architecture.
Component reuse will have a relevant role in reducing the construction industry’s emissions and consumption only if it reaches widespread implementation on an industrial scale. In order to do so, the barriers and drawbacks described above must be acknowledged, understood, and overcome. Stemming from this thought development, this paper presents a new slab-and-column structural system called Re:Slab, designed for deconstruction and open-ended reuse over several lifespans, aiming at maximizing the reuse potential of building components. By employing reversible connections and modular elements, the Re:Slab system enhances the efficiency of assembling/disassembling processes, simultaneously allowing a large spectrum of feasible configurations. Moreover, it provides designers with a versatile framework regarding floor geometries, spans, load conditions, and element distribution, paving the way for an open-ended reuse framework, resulting in buildings being deconstructed and reassembled in different configurations as required by users over several life cycles, as Figure 1 schematically shows. Finally, the system has been conceived to have a high prefabrication level so as to expedite its market entry and use among practitioners and construction companies. It is expected that an extensive implementation of the solution herein proposed will contribute to reducing the resource consumption of the construction industry and decreasing its overall environmental footprint.
[image: Figure 1]FIGURE 1 | Open-ended reuse of building components over several life cycles.
2 LITERATURE REVIEW: CURRENT PARADIGMS IN THE CONSTRUCTION INDUSTRY
Designing for deconstruction and open-ended reuse requires a throughout disruption of the status quo in structural engineering and the construction industry, so as to make room for new CE paradigms in the short and long term. Following the principle of “form follows function”, strategies such as long-term adaptability, modularity, or reversibility, are considered key factors to turn current structural practices towards sustainable reuse scenarios. Interestingly, such strategies have already been on the discussion table among researchers and practitioners, paving the path for new developments in the field.
2.1 Long term-adaptability
Designing for long-term adaptability has been studied by previous researchers as a concept that allows buildings to meet future unforeseen spatial, technical, or functional requirements (Fivet, 2019). Its origins date back to the early 70s and the work of Dutch architects Frans van der Werf and John Habraken, with the development of the Open Building concept (Habraken, 2003). As an attempt to take into account the building’s permanent need to change and adapt during its lifetime, the Open Building philosophy makes a clear distinction between the base building and the fit-out, where the base building exerts as a collective facility, and the fit-out is specific for each spatial unit (Habraken, 2003; John Habraken, 2008). In this way, subsystems can be modified to adapt to future social and technological changes as required by the final user while the main system’s lifespan is extended. Several successful implementations of this design concept have been observed worldwide during the last decades (Kendall and Teicher, 2010).
Further developments of the Open Building idea have led to the advent of the Shearing Layers concept. Coined by Frank Duffy and later elaborated by Stewart Brand, the Shearing Layers concept regards buildings as a set of subsystems that evolve in different timescales, proposing a hierarchical organization based on their life expectancy (Brand, 1995). Six layers are identified by Brand (Brand, 1995): site, structure, skin, services, space plan, and stuff. In this way, fast-changing components or spaces can be easily replaced/modified within a layer without affecting others, allowing flexible buildings that adapt over time according to user needs, technological developments, or social needs (Leupen, 2006; Karimah and Paramita, 2020). This is consistent with the requirements of designing for deconstruction and reuse, where buildings should be conceived to suit a wide spectrum of possible unknown scenarios. However, although the adaptability of shallow layers (services or space plan) is greatly facilitated (Schneider and Till, 2007), modifications to long-lasting layers (structure or skin) might not be straightforward or even possible. Therefore, significant changes to the building’s main skeleton are currently only carried out through partial or complete demolition.
2.2 Modularity
Modular construction is re-emerging as an alternative methodology to boost prefabrication and reduce costs and timelines. By manufacturing 1D, 2D, and 3D components offsite and assembling them on-site, modular construction processes are estimated to accelerate project schedules by 20%–50% (Bertram et al., 2019), realize budget savings of 20% (Bertram et al., 2019), and reduce the on-site waste generation to as low as 1% (Generalova et al., 2016). The adoption of new materials, digital technologies, and manufacturing procedures, along with the increasing population growth and housing deficit, welcomes a fresh wave for the modular industry, with its market value expected to reach $130 billion in Europe and the US by 2030 (Bertram et al., 2019). Besides, it presents an opportunity to tackle the high environmental impact of the construction industry by reducing the emissions caused by construction operations (Gann, 1996; Lu and Liska, 2008).
Modularity has been successfully implemented in construction projects of different natures worldwide (Lawson et al., 2014), and particular applications for specific construction requirements have also been developed (Lawson et al., 2012). Interestingly, modular solutions compatible with the philosophy of design for deconstruction and reuse can also be found in the current literature. For instance, Liberman (Liberman, 2014) presents a methodology for assembling and disassembling modular units made up of concrete columns and slabs. By employing steel receptacles and access ports embedded in concrete, the different elements of the module can be put together to create 3D spatial units. Likewise, components can be easily disassembled to be reused or recycled. Segal (Segall, 2018) presents a methodology for assembling single-level relocatable habitat units. It employs a set of panels, corner posts, horizontal beams, and male/female connectors located at the peripheries. Simple hand-operated tools assemble the units and can be further disassembled for relocation or reuse of single components. Wilson and Wilson (Wilson and Wilson, 2017) developed a multi-story reusable rack for modular housing units. Remarkably, the proposed structural rack also allows for reusing subsystems such as the electrical, water, or wastewater ones. The housing units are fixed to the rack by means of reversible connections, so further replacements or changes to individual units can be carried out. Likewise, the structure of the rack itself can be disassembled and reconstructed in different configurations if required by modifications of the housing units. Modular construction is compatible with deconstruction and reuse as long as reversible connectors join modular units together. If monolithic connections are employed instead (such as welding or grouting), disassembly of modules might require demolition, thus threatening the integrity of components and preventing them from further high-quality reuse.
Three-dimensional volumetric modular systems (i.e., container type) are the market-dominant solution because of their construction advantages and low operational costs. For projects that require a high level of repeatability, 3D systems result in 24% cost savings when compared to traditional construction methodologies (Bertram et al., 2019) and allow up to 95% offsite prefabrication (Chourasia et al., 2023). Besides, they can be manufactured employing different materials and in combination with other structural solutions to meet specific load requirements (Chourasia et al., 2023). However, modular 3D systems are constrained to fixed spans and volumes, making them case-specific and hindering future reuse of components for different applications.
2.3 Reversibility
Reversibility in building design refers to conceiving structural systems and subsystems that can be easily disassembled or deconstructed, and whose parts can be added and removed without damaging the building and its components (Durmisevic, 2006; Donovan et al., 2023). It emphasizes the capability of buildings and components to get back to an earlier or initial status. In this way, buildings can be designed so that their components follow material loops, ease structural changes, allow changing user requirements, and keep high resource efficiency (Durmisevic, 2019a; Durmisevic, 2019b). Durmisevic (Durmisevic, 2006) proposes several principles to bring this philosophy into practice, such as the generality of spaces, upgradability and adaptability of assemblies, durability and compatibility of building components, and the reversibility of connections.
From a technical point of view, reversibility is accomplished through careful design of demountable connections between systems, subsystems, and components. Steel structures with bolted joints are reversible by default, and several successful case studies of deconstruction and reuse of steel structures are present in the current literature (Ellen MacArthur Foundation, 2016; Fivet and Brütting, 2020; Rakhshan et al., 2020). Bolted connections are usually employed with mass timber solutions as well, allowing easy disassembly of walls, columns, beams, and slabs (Erman, 2002; Hairstans et al., 2018; Estrella et al., 2021a; Orellana et al., 2021). Reversible connections have also been developed for concrete and hybrid structures. For instance, Kozma et al. (Kozma et al., 2019) proposed a novel shear connector for demountable composite beams. The solution employs standard M20 bolts, steel plates, and L-shaped steel beams cast into concrete. For easy assembly and disassembly, bolts are accessible through concrete pockets from the top of the slab. Uy et al. (Uy et al., 2017) developed a set of demountable solutions for beam-to-beam, column-to-column, and beam-to-slab joints. The designs use high-strength bolts steel plates, and were validated through non-linear finite element models. Similar developments have been proposed for seismic-resistant structures under cyclic loads, such as those presented by Aninthaneni and Dhakal (Aninthaneni, et al. 2017) or Cia et al. (Cai et al., 2019). Under this load condition, reversible connections must meet the ductility requirements of building codes (Estrella et al., 2020; Estrella et al., 2021b).
2.4 Design for disassembly
Designing for deconstruction and reuse requires the successful implementation of the concepts described above (i.e., long-term adaptability, modularity, and reversibility) so as to guarantee efficient assembly/disassembly procedures and component adaptability through several reuses. However, since the requirements of future life cycles are unknown at the time of design, reusable structures should also be devised under open-ended principles and criteria. Designing for open-ended reusability implies that structures can adapt to future unforeseen needs not only at the fit-out level, but the main building skeleton can be modified to make room for new load conditions, spans, inter-story heights, support layouts, among others. In this way, the possibilities for future reuse scenarios become limitless. Likewise, the lack of open-ended design criteria might hinder the reuse potential of structures even if they were initially conceived for long-term adaptability, modularity, and reversibility, as reported by previous investigations (Fivet, 2019). The open-ended design philosophy is yet to be embraced by the construction industry since its adoption is mainly restrained by the deterministic design approach that assumes that future user needs will be the same as current ones. Although this latter might be true for short timespans, structures that seek to be reused over several life cycles should be projected for long-term, hard-to-anticipate timelines (∼200 years). Bringing this concept into a novel structural system is the primary purpose of the investigation presented in this paper.
3 MATERIALS AND METHODS
This investigation employs a Research-through-Design (RtD) approach as a methodological tool for the development of the Re:Slab system. In this way, new knowledge is generated by systematic and iterative evaluations of design results and feedback (Zimmerman and Forlizzi, 2014). By mixing theoretical concepts with design and development, RtD methods allow exploratory ideas and status quo disruption under a scientific controlled environment. The RtD framework for the investigation in this paper is shown in Figure 2. As part of the workflow, six main stages are identified (Grooten et al., 2018): goals and functional requirements definition (O’Neill et al., 2018), iterative design sessions (Steffen et al., 2015), conceptual design (Moore et al., 2012), structural implementation (Kinzig et al., 2013), feasibility analysis, and (Elhacham et al., 2020) full-scale validation.
[image: Figure 2]FIGURE 2 | Methodological workflow for the development of the Re:Slab system.
The decision-making methodology along the workflow is here based on a three-scale hierarchy (Grooten et al., 2018): open-ended reuse (O’Neill et al., 2018), environmental footprint, and (Steffen et al., 2015) economic cost. Therefore, although environmental impacts or construction costs are not left behind, decisions are, in priority, made to favour open-ended reusability. This strategy fosters originality compared to conventional design approaches and allows for meeting the system goals and requirements outlined in Sections 3.1 and 3.2 more straightforwardly.
3.1 System goals
A set of goals was defined early in the development of the Re:Slab system so as to lay down its guiding design principles and soundly define the overall requirements to meet. Following a downstream component reuse philosophy (Fivet and Brütting, 2020) of designing structures for easy repair, replacement, disassembly, transport, and reassembly, the system’s goals aim at closing the gap between reusability and its widespread application. Furthermore, they intend to account for the inherent uncertainty of future scenarios and maximize the open-ended reuse potential of structures by including CE principles during the design phase. The system goal is to maximize open-ended reuse potential through:
• Reversibility of elements, connections, and assembling procedures.
• Transformability and adaptability to different scenarios and boundary conditions.
• Prefabrication and modularity as means to optimize manufacture, storage, and transportation.
3.2 Functional requirements
Designing for deconstruction and reuse (DfDR) is not a common habit among practitioners nowadays; therefore, current design guidelines and principles might not be suitable for structures aimed at being disassembled and reused. The main challenge upon DfDR relies on foreseeing all possible future scenarios for the to-be-deconstructed structure, such as changes in building purpose, engineering and architectural variations, different market interests, and further technological development. Since typical building lifespans are about 30–40 years (Liu et al., 2014; Muresan et al., 2020), the variables mentioned above are difficult to anticipate during early design stages, hindering a wide application of DfDR due to high uncertainty levels. Therefore, prior to developing the Re:Slab system, a set of functional requirements was established to provide a well-defined research framework. By looking into past, present, and future reuse practices, the requirements were put forward aiming at defining the niche and boundary conditions for the newly proposed system, guaranteeing the reuse appeal (both technical and economic) of the structure under several future scenarios, and allowing open-ended reusability of the structural system and its components. Because of its originality when compared to the functional features of existing conventional and less-conventional structural systems, the chosen set of functional requirements also guaranteed that any system fulfilling them all would have unprecedented features.
As described in the following subsections, functional requirements were sorted out into three groups so as to have a better implementation along the conceptual design phase (Grooten et al., 2018): structural (O’Neill et al., 2018), assembly and disassembly, and (Steffen et al., 2015) versatility and modularity.
3.2.1 Structural requirements
Structural requirements determine the intended scope of the proposed system in terms of its applications, expected performance, and inherent potential market. Structural requirements are to:
• To provide a load-bearing structural system for low-to mid-rise office or residential buildings.
• To transfer vertical loads down to the foundation system. The system is not intended to resist horizontal loads and should be designed along with a lateral-resistant system (e.g., core walls, bracing system, among others).
• To comply with variable spans and different load levels.
• To employ robust and durable materials for components and connections.
• To provide an effortless installation/removal of vertical shafts, pipes, and other non-structural elements.
3.2.2 Assembly and disassembly requirements
Assembly and disassembly requirements intend to establish a set of design constraints in order to maximize the structure’s reuse potential under unknown future scenarios. By defining simple design requirements, effortless assembly and disassembly procedures can be guaranteed. The requirements are:
• To employ reversible and readily accessible mechanical connections upon assembling elements and components.
• To maximize the use of standard connections across different system levels (substructure, superstructure, flooring, and non-structural components).
• To employ low-tech tools and procedures for assembling and disassembling. Likewise, to provide means for easy handling and transportation of components.
• To favour dry construction procedures.
3.2.3 Versatility and adaptability requirements
Versatility and adaptability requirements aim at providing the basis to secure open-ended reusability of the proposed system. In this way, the solution and its detailing allow high flexibility in designing new architectural layouts and structural configurations for unknown reuse scenarios, further expanding the functional and technical properties of the system. The requirements are:
• To allow open-ended configurations and solutions by allowing a wide range of feasible (re-)arrangements of structural and non-structural components.
• To employ interchangeable modular elements and connections, facilitating any further reorganization and replacement of system components.
• To allow inclusion and removal of openings across the floor layout, providing room for new staircases, elevators, shafts, technical installations, or extensions.
• Not to restrict the inner partitioning layout and to facilitate parallel disassembly if modifications are required.
The requirements above act as conceptual design rules during the development of the Re:Slab system; therefore, the component reuse principles of durability, versatility, reversibility, modularity, and transformability proposed by previous investigations (Fivet and Brütting, 2020) are fully met by the proposed system. On the other hand, even though some of the discussed requirements are specific for the purpose and scope of the project described in this paper, they can be adapted and employed for developing other structural systems intended for deconstruction and reuse. If different construction niches are pursued, such requirements are meant to act as reference benchmarks in order to maximize the reuse potential of structural solutions at early design stages.
4 RESULTS: CONCEPTUAL DEVELOPMENT OF THE RE:SLAB SYSTEM
This section presents the load-bearing structural system conceived for deconstruction and reuse employing the design guidelines outlined in Sections 3.1 and 3.2. The following subsections discuss the conceptual development of the system and its components, as well as the technical and engineering features that allow its open-ended reuse over several lifespans.
4.1 Re:Slab system: overall description
Figure 3 shows a schematic representation of the Re:Slab system. As observed, the system comprises discrete slab modules arranged horizontally to form a lateral surface and column elements to transfer vertical loads to the foundations. Slab elements are horizontally connected by in-plane slab-to-slab connections to create a lateral tessellation, allow easy assembly and disassembly, and enable multiple floor plan configurations. Slab elements can also be vertically superimposed by employing out-of-plane slab-to-slab connections to increase structural depth, stiffness, and strength locally, allowing larger spans and higher vertical loads without oversizing base elements.
[image: Figure 3]FIGURE 3 | Overview of the Re:Slab system and its components.
Floor tiles are installed on slab elements to create a finishing surface and provide non-structural functions. Column elements are attached to slab elements using column-to-slab connectors and can be placed at any required location throughout the floor plan in discrete positions, e.g., through slab openings or at beam crossings. Short column elements might also be employed to compensate for differences between column lengths and slab thicknesses. This arrangement of structural components enables a versatile spectrum of possible architectural and engineering configurations, enhances the system’s reuse capability, and favours industrialized and modular construction processes. Besides, parallel construction and deconstruction are possible; in other words, any sequence of element disassembly is feasible. This allows further local changes in the floor plan, e.g., for the creation of new large vertical shafts for technical ducts, stairs or lifts, or repairs of malfunctioning components.
4.2 Slab elements
Slab elements are made up of an arrangement of orthogonally intersecting beams that transfer vertical loads to adjacent slabs or columns. The beams’ discrete location leads to a uniform distribution of slab openings that make room for columns and small technical shafts, resulting in a low-weight solution compared to traditional continuous flooring systems. Slab elements can be laterally connected to one another at any position, and perimeter faces are not required to coincide; therefore, floor plans with multiple configurations and patterns can be designed and constructed with minimum additional complexity. Besides, the dense distribution of beams and openings allows for a straightforward installation of floor finishes and non-structural components. Slab elements can be designed and developed employing any long-lasting structural material (steel, timber, concrete, among others); however, low-impact solutions should be preferred so as to reduce the environmental footprint of the system.
By way of example, Figures 4A,B depict Re:Slab slab elements employing conventional IPE steel beams and glue-laminated timber (GLT) beams, respectively. Early pre-designs have defined the slab elements’ dimensions as 2,400 × 2,400 mm so as to allow easy handling, transportation, and storage, and to provide a versatile element for designers upon devising floor plans. Moreover, a beam spacing of 400 mm has been defined to develop a dense grid of openings and a reduced slab thickness. For instance, 120-mm-high steel beams (IPE 120) or 240-mm-high GLT beams are required for spans of up to 6 m under the loading conditions defined by the Swiss SIA 261 standard (Swiss Society of Engineers and Architects, 2003) for office and residential structures. If required by design, slab elements of different materiality might be employed across the same floor in order to satisfy the requirements of high-stress areas. Besides, slab elements are required to have a plane of symmetry at half thickness to provide uniform capacities for both positive and negative bending moments, with the aim of coping with the uncertainty of future reuses and loading conditions of the element.
[image: Figure 4]FIGURE 4 | Re:Slab elements employing (A) IPE 120 steel beams and (B) layered glue-laminated timber (GLT) beams.
4.3 Slab-to-slab connections
Slab elements are assembled together by employing reversible connections for easy construction, deconstruction, and reuse. For instance, in one implemented solution, steel connectors with plates and bolts have been designed along with the Re:Slab system due to their high strength and stiffness, standardization capabilities, and simple assembly by using readily available tools. Slab elements are arranged horizontally by in-plane slab-to-slab connections that transfer axial, bending, and shear loads between elements. In addition, if properly designed, in-plane connections might act as a transfer mechanism of lateral loads to the structure’s stiff core and enable a rigid diaphragm behaviour of the flooring system at each story. Figures 5A,B depict an in-plane slab-to-slab connection for two steel slab elements, where connection plates are fixed to standard steel beams by welding to guarantee force transfer between elements. For solutions employing different materials such as concrete or timber, a complete fixing between beams and connectors shall also be guaranteed. This latter might be achieved by embedding steel bars or bolts into concrete beams or by glueing them into timber ones, as shown in Figure 5C.
[image: Figure 5]FIGURE 5 | In-plane slab-to-slab connections: (A) in-plane arrangement of two steel slab elements, (B) detailing of in-plane connection, and (C) embedded connection for timber slab elements.
Slab elements can be stacked on top of each other by employing out-of-plane slab-to-slab connections in order to increase the structure’s depth and, therefore, its strength and stiffness. This is a convenient and reversible solution to strengthen high-demand zones or allow longer spans. Out-of-plane connections are designed to take the shear and axial loads generated in the slabs’ interface and, at the same time, not to interfere with vertical pipes and shafts being installed through slab openings. The perimeter faces of superimposed slabs are not required to coincide; therefore, the elements’ position can be optimized for each particular load scenario, as developed in (Muresan et al., 2018). The design and detailing of out-of-plane connections are strongly linked to the slab material; for instance, for steel I-beams, bolts and nuts can be installed through the beams’ flanges to fix two slabs and increase their structural depth. For monolithic materials such as timber, out-of-plane connections can be installed on the perimeter faces of the slab elements by employing steel bolts and plates, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Out-of-plane slab-to-slab connections for GLT beams.
4.4 Column elements and column-to-slab connectors
Column elements transfer vertical loads from the slab elements down to the foundation. Columns have a length equal to the floor height and a cross-section that fits within any slab opening or in between adjacent slab openings, as shown in Figure 7A; therefore, the placement of columns across the floor plan is flexible and adaptable to any engineering and architectural requirement. If requested by design, short column elements (spacers) can be employed to counter differences in height between slabs and columns if superimposed slabs are used at a given floor, as Figure 7B shows. Any structural material can be employed for column elements; nevertheless, preference should be given to lightweight and low-impact materials in order to ease the assembling process and reduce the environmental footprint of the structure. Column-to-slab connectors are placed at the end of columns to transfer the vertical loads from the upper slab. Bolts are employed to assemble the different elements of the joint in order to have a reversible and demountable connection; however, column-to-slab connectors can be embedded in the column if monolithic materials such as timber are employed, as shown in Figure 7C. It should be noted that the load-bearing system herein described is not intended to take lateral loads (such as wind or earthquake) and was designed as a gravity frame. However, slab elements must meet the in-plane stiffness requirements to properly transfer lateral loads to the stiff core or other bracing structures.
[image: Figure 7]FIGURE 7 | Different variations of column-to-slab connectors: (A) connector for adjacent slab openings, (B) connector for reinforced concrete columns, and (C) connector for timber columns.
4.5 Floor tiles and non-structural finishes
Floor tiles are installed over slab elements to provide a continuous surface on top of which other finishing layers can be laid out, as shown in Figure 8A. Floor tile dimensions are designed to fit into one or several slab openings at once, with joints of minimum thickness that guarantee complete sealing between elements. This allows tiles to meet the technical requirements and achieve non-structural functions such as compartmentalization (smoke barrier) or acoustic insulation. In order to ease the assembling process, lightweight materials should be preferred; however, tiles can also be devised to provide additional technical purposes such as fireproofing, thermal insulation, or thermal inertia. Tiles are fixed to slab elements and partition walls by employing reversible connections (bolts and nuts) so as to allow future unit replacements and effortless construction/deconstruction processes. Besides, as shown in Figure 8B, further flooring finishes and layers can be installed on top of floor tiles if required for technical or aesthetic purposes, and slab openings can be filled in with insulation materials to improve the non-structural performance of the system.
[image: Figure 8]FIGURE 8 | (A) Floor tiles installed over slab elements, and (B) full-scale steel prototype with non-structural finishing layers.
5 DISCUSSION: OPPORTUNITIES AND THREATS
The increasing interest in reuse among the construction community is explained by the emergence of a series of drivers of different natures in an industry well-known to be reticent to changes. As identified by Rakhshan et al. (Rakhshan et al., 2020), the main drivers encouraging reuse among policymakers and private stakeholders are economic, organizational, environmental, and social, with a growing trend towards multidisciplinary solutions that tackle technical and sustainability issues all at once. However, for reuse to reach an industrial scale and widespread adoption by practitioners and construction companies, two key aspects must be well understood by designers during early planning stages, namely construction feasibility and public engagement. This framework mimics the simplified marketing approach of retail companies when conceiving new products; first, the technological capability to develop the product should be demonstrated, and second, the market purchasing willingness should be guaranteed (or created if it does not exist).
Particular regard was paid to fitting the Re:Slab system within the aforementioned development scheme so as to maximize its market adoption and industry impact. Construction feasibility has been ensured by employing well-known materials and standard connections that do not require high-tech procedures or tools for assembling and disassembling. In this way, designing and deconstructing reusable buildings become easily accessible and less labour-intensive. Besides, deconstruction duration and transportation costs are cut down so as not to interfere with tight project schedules and budgets. Therefore, the proposed system can step smoothly into the real-estate industry without requiring major modifications to current construction procedures and equipment.
As part of the conceptual development of the Re:Slab system, a reduced-scale model (Figure 9), full-scale prototypes in steel and GLT (Figure 8B; Figure 10), and a 5.2 × 4.0 m showroom (Figure 11) were built to validate the hypotheses described above. It was found that manufacturing processes do not require specialized know-how and can be carried out by conventional companies and assembly lines. Besides, construction and deconstruction proved to be effortless, without requiring trained workers nor special tools, favouring prefabrication and dry procedures. However, special attention must be paid to dimensional tolerances to counter additional component deformations due to manufacturing imperfections, thermal effects, and creep/shrinkage. Besides, the advantages of employing standardized elements were also highlighted, whose manufacturing can be fully automated and optimized to reduce waste, costs, and delivery time, increasing the competitiveness of the system while guaranteeing high-quality construction standards.
[image: Figure 9]FIGURE 9 | Reduced-scale model of the Re:Slab system.
[image: Figure 10]FIGURE 10 | Full-scale GLT prototype of the Re:Slab solution and connection details between beams.
[image: Figure 11]FIGURE 11 | Showroom for the Re:Slab system: (A) assembly process, and (B) 5.2 × 4.0 m showroom.
Regarding structural and architectural design, the Re:Slab system has been developed as an alternative solution that easily integrates into traditional design methods during early project phases. By employing standard interchangeable components and connections, the proposed system overcomes reuse barriers related to element uncertainty and tied stock (Gorgolewski, 2008; Gorgolewski et al., 2008), providing a more flexible and straightforward design and resulting in non-overdesigned structures, an issue discussed by previous researchers when traditional reuse methods are employed (Pongiglione and Calderini, 2014; Brütting et al., 2019). Besides, it enables compatibility with conventional lateral load-resisting systems (such as shear walls, moment frames, or diagonal bracing), can be designed along with any foundation solution, and allows integration with conventional structural systems to carry out floor plan expansions or reach high-rise buildings (hybrid construction). Finally, the envelope design remains open and might be enhanced by the system’s components if slab openings or floor tiles are adequately integrated into the building’s ecosystem. In this sense, it provides the means to improve the overall energy performance during the structure’s lifespan.
When it comes to public engagement and market purchasing willingness, the economic and environmental advantages of the Re:Slab system might play a significant role in increasing the market share of buildings with reusable components. From an economic standpoint, employing a reusable structural system increases the equity value of real estate investments since capital conservation is guaranteed at the end-of-life of the building. Therefore, value recapturing through reuse poses a relevant competitive advantage compared to traditional systems, being especially attractive to large-scale real estate developers whose construction cycles last decades. As the growing demand for natural resources is expected to increase construction materials’ costs in the upcoming years, building practices that incorporate circular economy principles become highly attractive to public and private investors.
On the other hand, the system’s capability to reduce construction waste and greenhouse gas emissions is strongly aligned with current government policies and organizational goals of private stakeholders worldwide; therefore, market opportunities are foreseeable at several levels in the short and medium terms. However, it should be noted that the environmental benefits of the Re:Slab concept might only be exploitable in the long term. A preliminary multi-scenario Life Cycle Analysis (LCA) was conducted as part of this research project, comparing a steel Re:Slab floor with a conventional, constant height, concrete slab that fulfils the same structural requirements (Küpfer et al., 2020). Results showed that if only one lifespan is considered, the Re:Slab’s emissions are higher than those of the concrete solution. This is mainly due to the high number of steel connections in the reusable solution, where steel casting processes play a major percentage in overall CO2 emissions. However, if multiple life spans are taken into account or if more standard steel connections are employed, the Re:Slab’s environmental impact per life cycle decreases and is significantly less than that of traditional systems. For instance, in a four-lifespan scenario, emissions caused by the concrete solution were about 80% higher than those of the reusable system. Besides, it should be noted that the emissions of the Re:Slab can be further lowered if different materials are used; for example, if the slab modules are manufactured employing GLT, the upfront embodied carbon of the system can be as low as one-third of those of an equivalent non-reusable concrete slab.
These results highlight the Re:Slab potential to reduce the carbon footprint of the construction industry. Nevertheless, previous investigations have argued that emissions due to disassembly and transportation of recovered components might have adverse effects on construction processes (Huuhka and Hakanen, 2015; Brambilla et al., 2019; Nußholz et al., 2019). This latter is mostly due to the increased greenhouse gases related to longer deconstruction times, heavy machinery use, and long-distance component hauling (>1,000 km) (Brambilla et al., 2019). Future research should investigate the relation between such implications and the emission savings due to reuse and less landfilling, recycling, and new component production.
On the other hand, previous investigations have argued that stringent legislation and policy are key factors required for the success of design for deconstruction and reuse (Akinade et al., 2017). This latter does not come as a surprise, mainly due to the significant role of governments in the current global sustainability agenda (Lu and Yuan, 2010; Oyedele et al., 2014; Ajayi et al., 2015). By setting goals for component reuse and providing supporting legislation and policies to drive such goals, local and national governments can enforce an extended adoption of sustainable customs among practitioners in the construction industry. A good example of such an approach is the recent guidelines set by the French government in 2020, mandating all government-funded structures to be built with at least 50% bio-sourced materials (Crook, 2020). However, indirect measures might also have a positive impact, such as tax reductions for construction projects with reused elements or increased landfilling costs. In this way, governments should take the lead in developing friendly environments for the growth of the component reuse market and a self-sustainable supply/demand chain.
Along the same lines, the lack of technical regulations that support reuse poses a barrier ahead of the required approvals for deconstruction projects, leading regulatory bodies to have a prohibitive approach towards reuse (Rameezdeen et al., 2016). Besides, the scarcity of standard methods to evaluate and certify the residual mechanical properties of deconstructed components (Dunant et al., 2017; Huang et al., 2018) further cut down the reuse rate in the construction industry, mainly due to the uncertainty in the elements’ quality. Tingley et al. (Densley Tingley et al., 2017) highlight that this latter has a negative effect on the building cost since specific testing procedures might be required for certain projects, and higher insurance policies are quoted due to the higher perceived risk when reused components are employed. However, standardization and automatization of control tests and certification procedures for reused elements can play an essential role in lowering the cost associated with quality control while ensuring the same level of reliability of brand-new components. Future investigations should focus on the issues above, aiming at laying down the grounds for an expanded and sustainable adoption of deconstruction and reuse within the construction industry.
6 CONCLUSION
This paper presents the conceptual development of a new load-bearing system called Re:Slab, which was devised for deconstruction and reuse over several lifespans. By employing reversible connections and a set of standard modules, the Re:Slab system presents an alternative solution for new buildings designed for assembly and disassembly, aiming at maximizing the open-ended reuse potential of building components in future unanticipated configurations. The modular nature of the proposed system provides practitioners with a versatile design framework regarding floor geometries, spans, load conditions, and element distribution, allowing a broad spectrum of feasible implementations in terms of architecture and engineering. Furthermore, the system has been conceived to have high prefabrication levels in order to expedite its market entry and use among construction companies and private stakeholders. It is expected that a widespread application of the solution proposed in this investigation contributes to reducing the resource consumption and waste production of the construction industry and decreasing its overall environmental footprint. The main highlights of the Re:Slab system are:
• The system is reversible and can be easily disassembled without damage to its components.
• The system can be transformed into diverse floor plans and layouts since the placement of columns is freed from usual structural and geometric constraints, and the thickness of slab, i.e., its ‘static height’, is reconfigurable.
• The system is adaptable and allows parallel assembly and disassembly, i.e., slab modules and tiles can be installed, removed, or replaced in any sequence without disturbing adjacent components.
• The system allows wide integration with non-structural components and subsystems.
• No high-tech procedures and tools are required for the assembly and disassembly of the system, and only common equipment is necessary.
• Handling, storage, and transportation of deconstructed components are facilitated due to compact dimensions.
• The construction process is dry and produces no waste on-site.
• The system uses standardized elements that can be prefabricated in an automated manner with lower costs and optimal resource consumption for a reduced delivery timeframe.
Future research is still required to develop standard procedures intended to verify and certify the residual properties of deconstructed elements, to benchmark economic costs, and to better understand the environmental implications of the longer deconstruction and transportation times related to disassembly and reuse. Besides, further development of policies and regulations that support reuse is still needed to pave the way for an extended adoption of component reuse in the short term.
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