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Abstract

:

To reduce resource consumption and the carbon footprint of the construction industry, new construction principles that stipulate the minimisation of materials are urgently needed. Floor slabs show high potential for saving materials and CO2 emissions, as they account for around 50% of the total volume of concrete used worldwide. A promising approach is the use of corrosion-resistant carbon fibre-reinforced polymer (CFRP) reinforcement, which requires only a small concrete cover to meet bond requirements. Regarding the component’s topology, material-efficient ribbed or waffle slabs have been built for decades but their execution has declined owing to their labour-intense production, which calls for manual installation of the formwork. A recently proposed extrusion manufacturing process combines both approaches for material-minimised construction and allows the fast and formwork-free production of carbon reinforced concrete (CRC) components. This article describes the concept, the finding of the form, fabrication and experimental testing of an innovative ribbed floor slab composed of precast extruded carbon reinforced concrete (ExCRC) webs. The novel floor slab consists of a conventionally cast thin-walled top slab and shaped, load-adapted ExCRC webs to achieve high utilisaton of the structural member. The ribbed slab provides a lightweight structural system with drastic savings in dead load compared with a conventional steel reinforced slab. In addition, the high durability and service life of the novel floor slabs makes them ideal components to be recovered after an initial life cycle and to be re-used in new construction projects. The paper gives an outlook to the full-scale production of one-way and two-way slab systems made of ExCRC such as ribbed slabs, waffle slabs and sandwich slabs with a honeycomb infill.
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1. Introduction


At present, extensive research is being conducted in the area of construction strategies for a circular economy and for materials with a low-carbon footprint, which can be used to manufacture material-minimised components through innovative construction principles [1,2]. One option for reducing the volume of concrete and the related emissions is to substitute steel reinforcement with textile reinforcement made of carbon fibre-reinforced polymer (CFRP). Due to the corrosion resistance of CFRP, textile grids have great potential for use in thin-walled components with high durability [3,4]. These carbon reinforced concrete (CRC) specimens require only a minimum amount of concrete cover to ensure bond requirements [5,6], resulting in slender constructions and a reduction in the amount of concrete [7,8,9,10]. This type of material enables the realisation of components that require up to 80% less concrete compared to an equivalent steel reinforced concrete (SRC) member with an equal load-bearing capacity [11]. The superior ecological performance of thin-walled CRC elements compared to conventional steel reinforced concrete has been shown in [12].



A new serial production method for CRC components is the extrusion process, as presented in [13,14,15]. Normally, plain concrete elements or fibre-reinforced concrete elements are produced using extrusion processes based on additive manufacturing [16,17,18,19]. For decades, extrusion has been established in the field of ceramic materials, e.g., in the production of bricks and stoneware, ceramic catalysts, plastics and concrete spacers. [20,21]. Kalthoff et al. developed a process to introduce prefabricated textile grids into the extrusion process with concrete, thus enabling the production of extruded CRC (ExCRC) with tensile strengths of up to 4000 MPa [15]. The maximum width is currently 60 mm because of the challenging integration of the textiles. The extrusion process is demanding concerning optimisation of the fresh concrete’s properties. The concrete has to be extrusion-compatible, but sufficient green strength must be reached once it leaves the mouthpiece in order to obtain the desired geometric shape [16,22].



Another approach is the development of material-efficient components. Innovative concepts for lightweight structures with lower consumption of materials must therefore be developed. An efficient load-adjusted design can be identified, e.g., by optimisation of the topology [23,24,25] and by exploiting the “form-follows-force” principle [26,27]. In this context, internally nested structures with internal nodes, struts and ties have great potential. In [28], a thin, vaulted concrete ceiling was created using a form-finding and fabrication technique with unique geometries to carry 2.5 times the factored design load in a more critical asymmetric loading scenario. Currently, researchers are concentrating on the development of novel types of modular slab or wall systems, such as those used in [27,29,30,31,32,33], which are intended to minimise the carbon footprint by reducing the material, for example, by using additive manufacturing.



Even decades ago, material-efficient slabs were designed, for example, by Nervi [34], and are currently the focus of renewed research [34,35]. Pier Luigi Nervi designed material-saving slabs whose structure comprises a thin top slab and ribs aligned in the direction of the principal moments, as shown in Figure 1a. In addition, other components have been developed to increase the material-saving potential (Figure 1b). For example, in the case of filigree slabs, approximately 5 cm thick concrete slab elements with the necessary reinforcement are prefabricated in the precast plant and complemented with an in-situ concrete layer after assembly [36]. Alternatively, slab elements can also be prefabricated and assembled on site with grouted joints. For large spans, one-way prestressed precast concrete slabs are an economical solution [37]. The combination of prestressing tendons and voids in the longitudinal direction of the slab in hollow prestressed concrete slabs significantly reduces the dead weight, allowing much larger spans to be realised. A similar weight-minimising approach is applied to biaxially prestressed hollow-core slabs (e.g., Cobiax slabs [38]), which enable significant weight savings through the targeted arrangement of, for example, spherical hollow bodies. In addition to slabs made of reinforced or prestressed concrete slabs, various composite solutions have also been developed (e.g., [39,40]). For example, prefabricated steel profile sheets serve as both the formwork and the tensile element for reinforced concrete slabs produced on site. The bond between concrete and steel is realised by the profiled geometry of the composite sheets or by additional bonding agents. Other composite solutions, such as the Slim-Floor construction method, which combines prefabricated prestressed concrete slabs with steel girders for the bearers, are well established in practice [41].



However, the construction of components such as ribbed slabs or waffle slabs requires a high effort of manual labour. Therefore, such structures are rarely used in mass construction in Europe. Recently, research has focused on new perspectives for the construction of such structures [29,43]. Almost all approaches have focused on the use of automated formwork, such as 3D-printed formwork [44] with computerised numerical control (CNC)-milled polystyrene inlays [28] or with printed mineral foam inlays [45], but not yet on the additive manufacturing of the slabs themselves.



An effective method for achieving material-minimised slabs with minimal manual labour and formwork-related effort is to use ribbed slabs with webs made of ExCRC. The arrangement of load-adjusted webs in these slabs allows for a tailored design according to the load path. Novel digitally controlled additive manufacturing processes offer great potential for the minimisation of material, as they allow the individual production of highly complex structural geometries. New variations in the production of material-minimised slabs using ExCRC have recently been demonstrated, as exemplified in [15,46].



This article presents the principal design of the efficient ribbed slabs made of CRC with non-corrosive CFRP grids with minimal use of formwork. In addition, the fabrication of the load-adjusted webs using a laboratory mortar extruder with textiles (LabMorTex) and the assembly process are illustrated. Based on the described design, the feasibility and the performance of the slabs are demonstrated in a demonstrator and tested in a three-point bending test. Finally, the opportunities for the realisation of large-scale material-minimised ceilings using this methodology are presented.




2. Materials and Methods


2.1. Design of Ribbed Slabs Made of ExCRC


For the implementation of ribbed slabs made from ExCRC, various types of loading for ribbed slabs must be considered. In the first step, both a concentrated load and a distributed load at mid-span was assumed for a one-way slab. It is known that different stress states are induced in the slabs under these two loading conditions. For concentrated loads, the principal moments are aligned, indicating that the webs should be designed with curvature for an optimised arrangement (Figure 2a). For distributed loads, the principal moments are mainly parallel to the longitudinal axis of the slab (Figure 2b).



The implementation of ribbed slabs is not a common solution due to the high formwork effort, although the ribbed slab design is a well-established material-minimising construction method. Therefore, a new method was developed within the scope of this work, which allows the implementation of these ribbed slabs using ExCRC elements. The underlying concepts for the implementation are based on the findings published by the authors in [15,46].



The implementation of material-minimised CRC components with ExCRC webs for one-way slabs is shown in Figure 3. The extruded strips are produced as semi-finished products that act as webs within the ceiling structure. To comply with the directions of the principal moments, the strips can be shaped into different radii in the fresh concrete state. The precast webs are then placed in a formwork for casting the thin top slab in an inverted position. Different types of connection can be used to realise cold joining between the extruded CRC webs and the conventionally cast CRC slab.



The strips can have an undulating cross-section on one side for variable height of the web (Figure 3a). Here, the undulating top surface of the webs is intended to transfer longitudinal shear by interlocking the CRC slab and the ExCRC webs. In addition to vertical undulation (variable height of the webs), it is also possible to produce strips with variable thickness, where the undulating web’s surfaces serve as a shear connection (Figure 3b). Alternatively, the connection between the webs and the top slab can be realised using the textile CFRP grids from the webs as starter grids (Figure 3c), which can be realised by only partly integrating the grid during the extrusion process. The shear forces between the top slab and the webs are then transferred by bond and dowel action. In [47], it was demonstrated that significant dowel forces can also be transferred with textile CFRP reinforcement, which is sensitive to transverse pressure [6]. A combination of all these methods is also possible.



The textile CFRP grids in the webs serve as both flexural and shear reinforcement in the ceiling. By eliminating the need for time-consuming assembly of the formwork, the production costs of the new slab ceiling are significantly reduced compared to conventional production methods, resulting in minimised material costs.




2.2. Materials


Two concrete mixtures were used to produce the novel ribbed slab. Mixture 1 is a proven mixture for the extrusion process according to [15]. Mixture 2 is a rheologically optimised mixture used for conventional casting of CRC elements [48,49] with a lower carbon footprint. The composition of the two concretes used, and the compressive and flexural tensile strengths after 28 days, as determined on concrete prisms (40 × 40 × 160 mm3) according to [50], are given in Table 1. In addition, the intensity of CO2 per unit of compressive strength is given for both mixtures.



The CFRP grids SITgrid044 KK and Q95-CCE-38-E5 were used as reinforcement. The SITgrid044 KK variant is impregnated with polyacrylate (PA), while the Q95-CCE-21-E5 variant is impregnated with epoxy resin. Pictures of these grids are shown in Figure 4a,b, while the main properties of the grids used are summarised in Table 2.





3. Laboratory-Scale Implementation of a One-Way ExCRC Slab


3.1. Design Selection


In order to demonstrate the feasibility of ribbed slabs with load-adjusted webs made of ExCRC, a one-way slab demonstrator for a concentrated load at mid-span was selected and designed. The design of the demonstrator and the orientation of the webs are shown in Figure 5.



Due to the given production dimensions of the extruder (LabMorTex), the maximum width of the ExCRC strips was limited to only 60 mm. Therefore, a scaled demonstrator with a total ceiling depth of 70 mm was designed. The height of the webs (without undulations for cold-joint connection) was 45 mm, and the top slab had a thickness of 25 mm. The slab’s length was chosen to be 1.2 m, while the slab’s width was set to 0.55 m. The load-adjusted ExCRC webs featured different radii of 0, 60 and 120 cm for an efficient load transfer within the slab. These load-adjusted webs enhanced the flexural capacity. In a ribbed slab with straight webs, only the webs in the centre of the slab are typically activated for a concentrated load, with a load distribution of 45° according to [52]. As a result, not all webs are fully involved in the load transfer, resulting in reduced flexural capacity.




3.2. Production of the Concrete


As in the studies in [13,14,15,22,51,53], an Eirich R05T intensive mixer, with a maximum capacity of 40 L, was used for the production of the concrete (Mixture C1, Table 1) for the extrusion process. For improved control of the process during batching, the engine’s data, the mixer’s temperature and the resistance torque were monitored during the mixing procedures. Each batch produced 18 L of fresh concrete. Initially, the dry components were homogenised at 500 revolutions per minute for one minute. Water was then added within 15 s at 66 revolutions per minute. Afterwards, the concrete was mixed for a further 130 s at 800 revolutions per minute. Eventually, the revolutions per minute were gradually decreased by 100 revolutions every 15 s to examine the rheological behaviour of the mixtures at different loads.



Concrete Mixture C2 was prepared in a compulsory mixer for the casting of the slab. All dry ingredients were first homogenised for 1 min, then the water and superplasticiser were added and mixed for a further 5–6 min. The resulting concrete was then poured into the formwork.




3.3. Concrete Extrusion Process


A Händle laboratory extruder was used for the extrusion of the undulating ExCRC webs. The extrusion process of the laboratory extruder (LabMorTex) has already been presented in detail in [15,51]. Therefore, the procedure is just briefly described here. The extruder consists of a prepress and a screw. At the end of the auger, different mouthpieces with different geometries can be attached. It is also possible to create a vacuum in the transition area between the prepress and the main auger, which removes air and compresses the extrudate.



Figure 6a shows the laboratory extruder, and Figure 6b depicts a technical drawing of the extruder. Within the scope of this work, a new mouthpiece was used to produce the extruded CRC webs. This mouthpiece allows the extrusion of concrete with two textile layers and a variable cross-section [46]. The textiles were inserted horizontally into the mouthpiece and then transported out of it with the concrete.



The wavy cross-section required for the interlocked connection between the webs and the top slab was realised by using an innovative variable mouthpiece as described in [54]. Steel plates were located on all sides of the mouthpiece to allow horizontal and vertical adjustment of the cross-section. The precise positioning of these plates within the mouthpiece was controlled by screws. As a result, the width of the extruded specimen could be varied between 30 and 60 mm, and the height can be adjusted between 0 and 10 mm. The mouthpiece is illustrated in Figure 7a.



In this study, only the width was adjusted between 45 and 60 mm. Therefore, stepper motors with speeds of up to 3000 rpm were used to screw the plates into position. The motors could be controlled remotely, allowing the cross–section and speed to be adjusted. A framework was designed to align and transmit motion from the motors to the adjustment screws, enabling horizontal and vertical positioning. The motors and framework are shown in Figure 7b.



During production, the grids were first cut to the desired curved geometry of the webs and then inserted into the extruder through the mouthpiece, where the grids were then extruded together with the concrete. After leaving the mouthpiece, the ExCRC strips, each measuring approximately 1200 mm long, were transported on a conveyor belt and immediately positioned on a negative mould. The negative moulds had the previously determined bending radii described in Section 3.1 [13]. The three calculated bending radii of 0, 60 and 120 cm were achieved with a deviation of 3–4 cm. The concrete cover between the textiles and the concrete surface was approximately 3 mm.




3.4. Assembly of the Demonstrator


For manufacturing the slab, the ExCRC webs were assembled into the top slab. Placement of the precast ExCRC strips can be achieved either manually or by an industrial robot. A cast-in-place formwork was used to cast the top slab upside down (Figure 8a). In addition, one layer of the Q95-CCE-38-E5 grid was positioned within the top slab using plastic-based spacers from Solidian GmbH (concrete cover c = 10 mm), which served as a support structure for the ExCRC webs. Concrete C2 (cf. Table 1) was then mixed and poured into the formwork until the webs were embedded in the formwork by 15 mm. The casted slab is shown in Figure 8b.



To support the assembled slab in the 3-point bending test, additional supports were casted from concrete C2 at both ends of the slab. All webs were embedded in these supports. After one day of hardening, the formwork was removed and the ribbed slab was rotated, thus being prepared for further transportation.




3.5. Testing of the Demonstrator


The structural performance of the small-scale ribbed slab was tested in a 3-point bending test with a concentrated load at mid-span, which was applied deformation controlled at 0.1 mm/min. The span was defined to 110 cm. The test setup is shown in Figure 9.



Two roller bearings were used for the supports, and the concentrated load was applied by a rigid steel plate with a conical/spherical steel bearing to prevent imperfections. During the test, the applied load and displacement of the cylinder were measured, together with the vertical displacement at mid-span in three sections. In addition, the cracks in the webs were recorded during the test using two cameras positioned beneath the ceiling.





4. Results and Discussion


4.1. Test Results


The demonstrator slab failed in bending with a maximum flexural capacity of 1.57 kNm. Figure 10a shows the vertical displacement at mid-span measured by the three LVDTs. After an initial stiff, uncracked phase up to an applied bending moment of 0.81 kNm, multiple cracking occurred, with reduced stiffness. After a displacement of approximately 19 mm, the lowest yarns in the middle webs failed in tension, resulting in a significant load drop. As a result, the slab had a sufficient announcement of failure (wmax = l/58), which is particularly important for components made from brittle materials such as HPC and CFRP reinforcements. A small increase in the deflection and load was measured, followed by a further load drop as more yarns failed in tension. Subsequently, the test was stopped to record the crack pattern of the slab.



The flexural capacity can also be calculated by an iterative design, taking into account all longitudinal yarns in the webs and the yarns in the tensile zone of the top slab, following the flexural design of simple prismatic CRC members presented in, for example, [55,56]. Consequently, a rectangular stress block and only the effective width of the top slab at mid-span were considered for the calculation. For the chosen single load in the demonstrator test, all six webs were loaded, resulting in the effective cross-section shown in Figure 10b, with the total effective width of the top slab being 240 mm. The flexural capacity Mcalc could therefore be calculated according to Equation (1).


    M   c a l c   = ∑   σ   n m , i   ·   A   n m , i   ·   z   n m , i    



(1)




where σnm,i is the stress in the individual yarns, Anm,i is the yarns’ cross-section in each reinforcement layer and znm,i is the distance between the reinforcement layers and the center of the rectangular stress block. The flexural capacity is obtained when the yarns’ tensile strength fnm is reached in the lowest yarns. As shown in Figure 10a, the flexural capacity could be accurately calculated using an iterative design (Mcalc/Mexp = 1.02).



Figure 10c shows the crack pattern of the slab demonstrator after failure at the bottom side. All webs were activated, and the cracks propagated into the top slab. There was no evidence of cracking or slipping in the joint between the top slab and the webs, demonstrating that the variable surface of the ExCRC webs was sufficient to provide interlocking between the top slab and the webs. The inclined shear cracks occurred after flexural failure. Thus, sufficient activation of the whole slab could be assumed.



The results show that, for the first time, a ribbed slab made of ExCRC elements was successfully implemented on a small scale. The efficient extrusion process was developed to enable the extrusion of ExCRC with variable cross-sections. Due to their high green strength, the variable ExCRC strips could also be formed to the desired bending radius immediately after extrusion. This process can significantly simplify the production of ribbed and waffle slabs compared to other manufacturing techniques used for material-minimised slabs (e.g., [29,31]).




4.2. Upscaling for Real-Scale Applications


The application of the demonstrator showed the potential for realising ribbed slabs made of ExCRC. To upscale the small-scale demonstrator to full-scale applications and to increase the flexural capacity, a further increase in the webs’ height is foreseen in future studies. Simply doubling the webs’ height to 120 mm could result in a 373% increase in flexural strength (Mmax (hweb = 120 mm) = 6 kNm) according to the iterative design method of [55,56]. However, this requires a modification of the extruder’s mouthpiece. The implementation of such a mouthpiece is expensive but technically feasible. Additional investigation concerning the optimisation of the rheological behaviour of the extruded concrete are necessary and are currently subject of investigation. To further increase the load-bearing capacity of the slab, high-strength reinforcements with tensile strengths of approximately 4000 MPa could be used instead of the SITgrid044 KK reinforcement in the webs, as successfully demonstrated in [15,46].



For the connection between the ExCRC webs and the top slab, it is conceivable to use textile CFRP reinforcement as starter bars or grids. In this case, a part of the reinforcement would protrude uncovered during extrusion, serving as the connection to the slab (cf. Section 2.1). With this type of slab, up to 80% of the concrete could be saved compared with a conventional steel reinforced concrete slab with the same flexural strength [46]. However, larger deflections and higher shear stresses between the top slab and webs are expected. Further investigation at the joints is thus required.



Optionally, a bottom CRC facing can also be implemented using ExCRC webs with top and bottom starter grids. Additional flexural reinforcement can be implemented into this CRC facing, which leads to significantly increased flexural capacity of such sandwich slabs. The use an additional bottom CRC facing in sandwich slabs also improves the fire resistance and acoustic insulation (Figure 11a).



For the production of two-way slabs made with ExCRC webs, the implementation of different types of formed webs (shown in Figure 11b) is conceivable. Therefore, the ExCRC strips are first extruded as described in Section 3.3. The ExCRC strips are then formed into a variety of possible geometries. For example, the ExCRC webs may follow the direction of the principal moments within the two-way slab. Therefore, the strips are shaped with different radii. Once the shaped ExCRC strips have hardened, they were assembled as shown in Figure 11b and inserted into the fresh concrete of a cast CRC facing (the top slab). Optionally, an additional bottom slab with flexural reinforcement could significantly increase the flexural capacity.



Alternatively, the extruded strips could be formed into corrugated webs. Through placement of these webs close to each other, a sandwich slab with a honeycomb core, which is commonly used in sandwich components (e.g., [57,58,59]), can be realised, allowing for load transfer in two directions of the ceiling. These floor slabs have an additional bottom CRC layer for the integration of longitudinal flexural reinforcement. Through this, the corrugated webs forming the honeycomb structure are only activated for transferring shear forces by strut-and-tie action, while the tensile forces from global bending are carried by the straight flexural reinforcement in the bottom slab. This design minimises out-of-plane bending of the corrugated webs and significantly increases the efficient use of the CFRP reinforcement.



To further automate the process, robots will be used to insert the extruded strips into the moulds on a factory scale, allowing the highly efficient production of ribbed and waffle slabs. To demonstrate the general manufacturing process, Figure 12 illustrates the process using the example of a biaxial sandwich slab with a honeycomb infill. First, the bottom slab is classically reinforced with a biaxial CFRP grid (1). The robot then inserts the prefabricated ExCRC webs, for example, with starter grids, into the formwork on top of the grid, ensuring sufficient concrete cover and a friction-locked connection between the webs and the bottom slab (2 and 3). In order to be able to place the webs directly on the reinforcement, a rigid grid is chosen, for example, impregnated with epoxy resin, which is dimensionally stable and eliminates the need for additional spacers. After casting or 3D printing of the bottom slab and curing of the concrete (4), the entire ceiling is rotated (5) to cast the top slab (6 and 7) to create the finished ceiling with a honeycomb core.





5. Conclusions


This publication presented the design of an innovative ribbed slab demonstrator, which was implemented using extruded CRC components and tested in a three-point bending test. The webs were manufactured using an innovative mouthpiece that allowed the extrusion of double-layered reinforced CRC strips with variable cross-sections. Immediately after extrusion, the variable CRC strips were specifically shaped into different radii according to the principal moments resulting from a single load at mid-span applied in the demonstration test. A thin CRC slab was then cast, and the variable extruded CRC strips were embedded in the fresh concrete. The main findings presented in this article can be summarised as follows:




	
For the first time, an innovative ribbed slab with load-adjusted webs was designed and implemented using extruded variably shaped CRC strips with two layers of textile CFRP grids and a conventionally cast CRC top slab.



	
The method developed here allows the production of ExCRC web components with a variable cross-section that can be automatically incorporated into ribbed slabs. The easy and formwork-free production allows very economic realisation compared with conventionally cast ribbed slabs.



	
Testing of the ExCRC slab demonstrator showed the sufficient strength of the joints between the slab and the webs, resulting in flexural failure of the webs. The flexural capacity of the tested ExCRC slab demonstrator could be accurately estimated by a simple iterative calculation.



	
Based on the test results, the technical requirements for the implementation of the innovative ribbed slab made of ExCRC on a plant scale for one-way and two-way slabs were demonstrated.



	
The addition of a bottom concrete layer for the integration of longitudinal reinforcement and the use of corrugated extruded CRC webs for the realisation of a honeycomb core for the ceiling are important measures to further increase efficiency.








Further research will investigate the upscaling of the ribbed slab and the implementation of biaxially loaded slabs with a honeycomb core according to the approach presented in Section 4.2. For both uniaxial and biaxial slabs, large-scale tests will be conducted for an investigation of the structural behaviour. In addition, the connection between the CRC slab and the ExCRC webs will be investigated in detail, taking other joining principles into account.
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Figure 1. (a) Steel-reinforced concrete ribbed slab by Pier Luigi Nervi with webs aligned along the direction of the principal moments [42] (b) and conventional material-efficient slabs [43]. 






Figure 1. (a) Steel-reinforced concrete ribbed slab by Pier Luigi Nervi with webs aligned along the direction of the principal moments [42] (b) and conventional material-efficient slabs [43].



[image: Buildings 13 02928 g001]







[image: Buildings 13 02928 g002] 





Figure 2. Orientation of ExCRC webs in relation to the applied load configuration: (a) concentrated load and (b) distributed load. 
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Figure 3. Different implementation methods of ExCRC webs: (a) concrete shear connectors and (b) reinforcement connection using starter grids. 
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Figure 4. (a) CFRP grid SITgrid044 KK by Wilhem Kneits GmbH, Wirsberg, Germany and (b) CFRP grid Q95-CCE-38-E5 by Solidian GmbH, Albstadt, Germany. 
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Figure 5. Design of the demonstrator and web orientation of the ExCRC slab for a concentrated load at mid-span. 
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Figure 6. (a) Extruder (LabMorTex) [51]. (b) Technical drawing of the LabMorTex [51]. 
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Figure 7. (a) Close-up of the variable mouthpiece and (b) a schematic representation of the possible cross-sectional variations without reinforcement [54]. 
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Figure 8. Manufacturing and assembly of the demonstrator: (a) ExCRC web assembled on grid of top slab and (b) completed ribbed slab. 
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Figure 9. Schematic representation of the three-point-bending test setup. 
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Figure 10. (a) Moment–deflection relationship, (b) iterative design of flexural capacity and (c) crack pattern at the bottom side of the ribbed slab after failure. 
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Figure 11. (a) Ribbed slab made of ExCRC for one-way slabs with an additional bottom slab and (b) sandwich slabs with different infills made of ExCRC for two-way slabs. 
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Figure 12. Manufacturing process of a biaxial sandwich slab with a honeycomb infill. 
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Table 1. Composition of the concretes used.
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Parameter

	
Unit

	
Extrusion (C1)

	
Casting (C2)






	
CEM I 42.5 R

	
kg/m3

	
700

	
-




	
CEM II/C-M

	
-

	
707




	
Silica fume powder

	
70

	
-




	
Fly ash

	
210

	
-




	
Water

	
278

	
165




	
Sand 2.0–4.0 mm

	
-

	
596




	
Sand 1.0–2.0 mm

	
-

	
149




	
Sand 0.5–1.0 mm

	
-

	
227




	
Sand 0.1–0.5 mm

	
670

	
220




	
Sand 0–0.250 mm

	
-

	
296




	
Quartz powder 0–0.250 mm

	
278

	
-




	
Methylcellulose

	
7.0

	
-




	
Superplasticiser

	
M% of cement

	
-

	
1.53




	
PVA microfibres, ∅/L = 0.026/6 mm

	
Vol.—%

	
0.50

	
-




	
Compressive strength at 28 d

	
MPa

	
65

	
100




	
Flexural tensile strength at 28 d

	
11

	
11




	
Intensity of CO2 per unit of compressive strength

	
kgCO2eq/(m3·MPa)

	
7.3

	
3.0











 





Table 2. Material properties of the CFRP grids used: SITgrid044 VL according to [51] and Q95-CCE-38-E5 according to [47].
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Manufacturer’s Designation

	
Impregnation

	
Tensile Strength 1

	
Young’s

Modulus 1

	
Mesh Size 1

	
Cross-Section 1




	

	

	
[MPa]

	
[GPa]

	
[mm]

	
[mm2/m]






	
SITgrid044 KK

	
PA

	
2000/1840

	
150/150

	
12

	
35.3




	
Q95-CCE-38-E5

	
Epoxy resin

	
3710/3490

	
231/244

	
38

	
95.0








1 Warp and weft direction.
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