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Abstract

:

This study provides novel insights into the nuanced impact of time gaps on the buildability of cement mixtures within the 3D printing process. In contrast to studies predominantly focused on rheological properties, this research addresses essential factors such as printed structure size, which inevitably affect the temporal intervals between layer depositions and consequently shape the buildability outcome. The investigation encompasses cement mixtures with diverse water-to-cement ratios (ranging from 0.26 to 0.36), varied setting accelerator concentrations (1.0 to 2.0 wt.%), and superplasticizer contents (0.25 and 0.5 wt.%), all explored across different time gaps (ranging from 5 to 25 min). The evaluation of buildability involves a meticulous assessment of the deformation of the bottom layer induced by adjacent layers. The findings underscore the substantial role played by chemical admixtures in fine-tuning rheological properties specific to each time gap, thereby influencing the size of the printed structure. The impact of the accelerator admixture is evident in its ability to reduce the minimum time gap required for optimal buildability while the superplasticizer emerges as a key player in enhancing fluidity without compromising the load-bearing capacity of the printed structures. To predict buildability for a given time gap, the study leverages the results of spreading diameter from the flow table test and the setting time from the Vicat test. Lastly, this study extends its scope to unveil insights into the intricate interplay between time gap and printing speed for 3D printed real-scale constructions by examining the relationship among these parameters across constructions with diverse built areas.
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1. Introduction


The 3D printing of concrete structures is a rapidly advancing technology that holds immense potential to revolutionize the construction industry. Unlike traditional methods relying on manual molding and pouring, 3D concrete printing allows for the creation of intricate and customized shapes with exceptional precision and reduced time, as well as lower raw-materials consumption. This innovative capability is facilitated by specialized 3D printers that deposit concrete layers based on a digital model [1]. To ensure the concrete is suitable for 3D printing, the starting materials are blended carefully with specific chemical admixtures that confer the necessary consistency for layering and pumping [2].



While previous studies have made efforts to determine the rheological properties required for cementitious mixtures used in 3D printing [3,4], they often overlook critical factors such as the size of the printed structure and the printing speed. These factors directly influence the time gap between each layer of concrete and can significantly impact the buildability of the mixture. For example, a more fluid mixture may be suitable for printing with a longer time gap (20 min or more), whereas a relatively stiff mixture may not be viable with shorter time gaps (near 5 min). Consequently, the ideal rheological properties for a printable and buildable mixture depend on the specific characteristics of the construction project and the speed of the printer.



At this moment, it is worth underscoring the significance of determining the buildability of cement-based mixtures tailored for 3D printing. Upon contact with water, cement gains workability and becomes extrudable. However, the ultimate quality of the printed component hinges on its buildability. While extrudability or printability is associated with the concrete’s ability to pass through the nozzle at the printing head, buildability pertains to the capacity to print multiple layers, requiring the concrete to be moldable enough to construct a defined geometry. Consequently, buildability testing becomes imperative to assess a cement-based mixture’s capability to withstand the overlapping of filaments, thereby influencing the integrity of 3D printed structures.



The literature is replete with studies exploring the correlation between rheological properties and buildability of pastes, mortar, and concretes tailored for printing. Tay et al. [5] introduced a protocol utilizing slump and slump-flow assays to measure the pumpability and buildability of mortars, defining the printable region. Their findings suggested that mixtures with slump values between 4 and 8 mm and slump flow between 150 and 190 mm exhibited sufficient buildability and geometric definition. Souza et al. [6] identified the buildable zone for cement pastes within w/c ratios of 0.28 to 0.32, with a minimum yield stress of 500 Pa. Notably, the sample with w/c = 0.28 demonstrated satisfactory buildability immediately after the mixing procedure. Panda et al. [7] demonstrated that the addition of nanoclay enhances the static yield stress of cement-based mixtures, leading to improved buildability. Other researchers, including Le et al. [8], Malaeb et al. [9], Kazemian et al. [10,11], Ma et al. [12], and Zhang et al. [13,14], have investigated the effects of chemical admixtures and supplementary cementitious materials on the workability, shape stability, or buildability of cementitious mixtures for 3D printing. Notably, the influence of time gaps has not been considered as a contributing factor in these studies.



The influence of the time gap on the bond strength in 3D printed concrete has also attracted significant attention among [7,8,15,16,17,18,19]. Most authors have observed a substantial reduction in bond strength with increasing time gaps between layers. Surface water evaporation emerges as the predominant influencing factor. Although it is suggested that the ideal time gap for optimal layer adhesion should be within five minutes, samples might not be capable of supporting the overlapping of multiple layers within such a time interval. Furthermore, even the construction of an affordable residential structure requires high-speed printers capable of printing each layer within five minutes.



The material proportioning for a large-size 3D printed structure, where the time gap is long, differs from that of a small component, such as off-site printed pillars. For small components, a substantially high structuration rate is required, necessitating mixtures with a low water/cement ratio and a higher structuration rate. This often entails higher contents of chemical admixtures, especially accelerators, leading to increased production costs. Conversely, for structures with longer time gaps, where mixtures have more time to structure and gain load-bearing capacity, mixtures with higher w/c ratios and lower quantities of chemical admixtures can be used. Of course, these mixtures must still maintain viscosities compatible with the printing and pumping systems.



While numerous authors have investigated various mix designs to enhance buildability without considering the influence of time gaps, and others have primarily focused on evaluating the impact of time gaps on the interfacial bond strength between layers, only a limited number of studies have delved into its effect on the buildability performance of concrete mixtures. Joh et al. [20] investigated the buildability and mechanical properties of 3D printed concrete within time gaps ranging from 36 s to 5 min. The interlayer interval time was identified as a significant factor influencing the buildability of 3D printed concrete. Test results revealed that an extended interlayer interval time of up to 300 s positively contributed to the green strength of the 3D printed concrete, thereby enhancing its overall buildability. However, given that these short time gaps align with the production requirements of 3D printed parts, it would be advantageous to evaluate higher time gaps compatible with large-scale constructions, such as houses.



Therefore, a notable research gap exists regarding the evaluation of the impact of time gaps on the buildability of 3D printed buildings. This lack of investigation hinders our comprehensive understanding of the overall performance and feasibility of 3D printed concrete construction. The objective of this study is to assess the impact of the water-to-cement ratio, a setting accelerator, and a superplasticizer on the buildability of cementitious mixtures tailored for layer extrusion printing. The simulation is geared to-wards contour crafting for the construction of entire houses, where time gaps can be significantly extended.



Tests involving layer overlay at different time gaps were conducted to assess the buildability of these mixtures. The results of the tests were correlated with the outcomes of standard tests such as the Vicat and flow table tests. In doing so, this study provides a comprehensive roadmap for determining the necessary rheological characteristics for concrete mix design, utilizing commonly employed tests in the field of traditional concrete. Finally, the relationship between time gaps and printing speed for different residential constructions were analyzed, shedding light on this crucial aspect of 3D printed concrete technology.




2. Experimental


The materials used in this study included Portland cement (Type V—NBR 16697:2018 [21], equivalent to CEM I—European standard EN 197-1:2011 [22]) and two chemical admixtures: a setting accelerator (calcium chloride dihydrate, Neon Comercial, Brazil) and a commercial superplasticizer (MC PowerFlow 1180—Bauchemie, Germany).



To assess the bearing capacity of the cement pastes, a prismatic mold was used to create a filament as the base layer. The mold dimensions were 40 mm wide, 150 mm long, and 40 mm high. The cement pastes (around 1.5 kg per batch) were mixed using a 4.7 L mortar mixer (Solotest, São Paulo, Brazil) at two different rotational speeds. Initially, the mixer was set to 140 ± 5 rpm for 1 min, followed by a second stage at 285 ± 10 rpm for 2 min. The prepared paste was then placed into the molds in two steps: first, filling half of the mold, followed by manual compaction by rodding 10–15 times using a tamping rod (the one used in the slump test). Next, the remaining portion of the mold was filled, applying new compaction and leveling the top surface (Figure 1a).



Manual compaction was performed to shape and finish the filament. The smooth finish on the sides simulates contour crafting. Small variations in filament density can be seen when using manual compaction or extrusion, as well as with different printing and pumping systems. Even so, researchers with access to a large-scale printer may choose to directly print the base filament rather than molding it.



Rigid cement layers, previously prepared, were then overlapped on the fresh base layer (Figure 1b) at different time gaps (5, 10, 15, 20, and 25 min). The width variation of the filament was measured using a caliper (ZAAS, accuracy of 0.05 mm) to evaluate the load-bearing capacity versus deformation. For stability reasons, a safety limit of 12 layers was set. Each overlapping filament weighs approximately 1 kg, with a weight variation of up to 5% (see Figure 1c). Therefore, the number of layers was equivalent to the weight in kilograms that could be supported.



The same procedure was applied to determine the influence of the water content (water to cement ratios of 0.26, 0.28, 0.30, 0.32, 0.34, and 0.36), setting accelerator (at concentrations of 1.0, 1.5, and 2.0 wt.%), and superplasticizer (at concentrations of 0.25 and 0.5 wt.%). This analysis allowed for an indirect evaluation of the structuring rate of the pastes, considering the time gaps between layers based on the size of the construction. This alternative test provides a practical and efficient way to evaluate the buildability of different mix designs without the need for a printer or extruder.



The pastes comprised different water-to-cement ratios (w/c) with and without the addition of the chemical admixtures. Specifically, the setting accelerator was evaluated in the more fluid and less consistent mixtures (w/c ratios of 0.34 and 0.36), while the superplasticizer was assessed in the more consistent mixtures (w/c ratios of 0.26 and 0.28).



The same pastes were also assessed for their flowability/consistency through the flow table test. In this test, the samples were placed in a conical polypropylene mold with a base diameter of 80 mm and a top diameter of 70 mm. The spreading or flowability of the mixture was promoted through twenty controlled impacts. This procedure was adapted from the guidelines of the Brazilian standard NBR 13276 [23]. The average spread of the mixtures was measured in two perpendicular directions using a caliper (ZAAS, accuracy of 0.05 mm). The test was conducted at 10, 30, and 60 min of hydration. The Vicat test was also performed according to NBR NM 65 (2003) [24] to determine the initial setting time. Figure 2 shows the mixing procedure and the experimental analyses adopted in this work.




3. Results


The results commence by describing the influence of the water/cement ratio on the buildability of the samples, followed by the impact of the setting accelerator and superplasticizer. Subsequently, the relationship between the initial setting time and spreading diameter is discussed in terms of the buildability of the mixtures. Finally, the correlation between the time gap and printing speed in full-scale buildings of varying sizes is examined.



3.1. Buildability in Cement Pastes (Only Cement and Water)


Figure 3 displays the maximum number of layers supported and width variation of cement pastes with different w/c ratios across varying time gaps. As seen in Figure 3a, for the smallest time gap (5 min), overlapping is only possible for pastes with w/c ratios between 0.26 and 0.30, but the maximum number of layers was limited to five, decreasing proportionally to the water content. To support the twelve layers, a minimum time gap of 10 min was required, except for w/c ratios of 0.34 and 0.36 which required minimum time gaps of 15 min and 20 min, respectively.



In addition to measuring the load-bearing capacity of the samples, it is essential to simultaneously monitor their deformation. Even if a structure can handle the twelve layers (or more), it may still undergo significant deformation, resulting in a greater variation in the width of the base of the wall in comparison to the top. Cumulatively, the variation in the height of the underlying layers might cause a significant reduction in the overall height of the wall. In this situation, it is necessary to dynamically adjust the height of the nozzle as the wall is built [25].



In this sense, it is crucial to establish an acceptable range of average width variation from the base to the top of the wall to ensure proper buildability in the 3D printing of concrete structures. In this study, a reference deformation limit of 10% in relation to the width variation was set as a criterion for determining the acceptable level of buildability. It is worth noting that variations in layer width can occur due to the variation in paste consistency or material flow through the printing nozzle.



The width variation in 3D printed filaments was also analyzed by other researchers. Kazemian et al. [11] proposed a testing procedure for construction-scale 3D printing mixtures to assess workability in terms of print quality, shape stability, robustness, and printability window. After conducting numerous experiments, they concluded that a 10% error in the target width is a reasonable threshold for accepting or rejecting printed layers. In another study conducted by Ma et al. [12], samples that successfully demonstrated construction capacity exhibited a maximum deformation of 10% of the width after stacking. The results obtained from these studies were utilized to establish the deformation limit applied in this work.



For improved control on the construction site, real-time data on width variation of layers can be assessed through sensors integrated with the printing system, facilitating adjustments during printing. For instance, excessive layer deformation in the underlying layers could be mitigated by reducing the printing speed during printing to extend the time gap between layers, providing additional time for the lower layers to consolidate. Mendřický and Keller [26] show how 3D scanning can be used to quickly assess the dimensional stability of 3D-printed concrete elements.



As depicted in Figure 3b, pastes with w/c ratios ranging from 0.26 to 0.32, which can effectively support all layers with a time gap of 10 min, presented width variations within the acceptable deformation limit. Similarly, pastes with a w/c ratio of 0.34 were also considered buildable, with acceptable deformation for time gaps from 15 min. However, for pastes with a w/c ratio of 0.36, although they could withstand the maximum load with a time gap of 15 min, the resulting deformation was too significant to be considered buildable. To achieve an acceptable deformation, a longer time gap of at least ~30 min would probably be required.



The width variation for w/c ratios of 0.26, 0.28, and 0.30 at a time gap of 5 min was found to be influenced by both the water content and the number of layers. Interestingly, despite having a lower water content, the width variation for the w/c ratio of 0.28 was found to be greater than pastes with a w/c ratio of 0.30, likely due to the additional weight of one extra layer.



Figure 4a illustrates the spreading diameter of cement pastes at different time intervals of 10, 30, and 60 min of hydration and with varying w/c ratios. For easier interpretation, the minimum time gaps (numbers in bold) required for the pastes to be considered buildable, as well as the variations in layer width (numbers in parentheses), are also shown.



It is noteworthy that the mixtures became buildable for spreading diameters below 170 mm when the time gap was at least 15 min, as observed for the w/c ratio of 0.34. In the case of w/c ratios from 0.26 to 0.32, the reduction of the spreading diameter below 155 mm permitted a decrease in the time gap to 10 min. As the spreading diameter decreased, the variation in layer width also diminished (from ~7% to ~1%). Although not practical, this may also suggest that the time gap of the paste with a w/c ratio of 0.34 can be reduced from 15 min to 10 min after 30 min from mixing or after 60 min for the paste with a w/c ratio of 0.36.



Figure 4b shows the setting time results for the Vicat test. The buildable samples with width variation within an acceptable range have initial setting times ranging from 120 min to 160 min at a time gap of 10 min. Above this range, it is necessary to increase the time gap to become buildable.



In addition to the evident delay in the onset of setting time with increasing w/c ratios, it is noteworthy that buildable pastes exhibit an initial setting time beginning at 120 min, i.e., when all twelve layers have been placed, for the w/c ratio of 0.34. Therefore, the load-bearing capacity is primarily governed by the frictional forces between the cement particles, which define the paste’s consistency. The main hydration products (C-S-H and CH) exert minimal or negligible influence, and ettringite, the first hydrated product formed, has little significance (likely comprising no more than 3% of the paste during this period) [27,28].




3.2. Effect of the Presence of a Setting Accelerator


The influence of the setting accelerator was assessed in the more fluid mixtures, specifically those with w/c ratios of 0.34 and 0.36, with the objective of enhancing their buildability (see Figure 5). For mixtures with a w/c ratio of 0.34 (Figure 5a), the time gap required to achieve maximum load-bearing capacity could be reduced from 15 min to 10 min with a 1 wt.% accelerator. In the case of pastes with a w/c ratio of 0.36 (Figure 5b), a 1 wt.% accelerator did not lead to additional load-support, but a time gap of 20 min could be decreased to 15 min with a 1.5 wt.% accelerator and to 10 min with a 2.0 wt.% accelerator.



It is interesting to note that the addition of the setting accelerator had a limited effect on reducing the width variation of pastes with a w/c ratio of 0.34 (Figure 5c), despite improving the load-bearing support. The width variation even increased with a 1.0–1.5 wt% of the additive. Its main benefit in this case was the ability to decrease the minimum time gap while still maintaining width variation within the recommended range.



For pastes with a w/c ratio of 0.36 (Figure 5d), the accelerator was more effective. With a 1.0 wt.% additive, the width variation decreased to below 10% for a time gap of 25 min. By increasing the accelerator concentration to 1.5 wt.%, the samples became buildable with time gaps of 15 min. Further, with a 2.0 wt.% accelerator, the samples were buildable with time gaps as low as 10 min.



Figure 6 illustrates the spreading diameter and initial setting times of samples containing the setting accelerator. Analogous to the width variation, the spreading diameter also increased with a 1.0 and 1.5 wt.% of the accelerator for the w/c ratio of 0.34 (Figure 6a), surpassing the diameter of the paste without the additive during the first hour of hydration. The increase in spreading diameter also occurred in samples containing a 2.0 wt.% of the accelerator for up to 30 min. Despite the larger spreading diameter observed in the mixtures with the additive, the time gap could be reduced from 15 min (without additive) to 10 min. In the case of the w/c ratio of 0.36 (Figure 6b), the effect of the additive on the increase in the spreading diameter is only evident for a 1 wt.% concentration.



This phenomenon has been consistently observed in previous studies. Souza et al. [6] conducted experiments using stationary reometry and found that pastes containing 1.0% calcium chloride and 2.0% of a commercial setting accelerator exhibited a slight reduction in yield stress during the initial half hour of hydration. Higher concentrations of these additives led to a substantial increase in yield stress. Similarly, Boháč and Novotný [29] observed a retardation effect in samples with up to 1% CaCl2 during the early hydration of Portland cement. A significant acceleration effect was observed for higher dosages. The authors postulated that the formation of ettringite is delayed at lower CaCl2 contents. While this observation could potentially explain the increased fluidity of the samples, further comprehensive studies are necessary to fully elucidate and understand this phenomenon.



Similar to cement pastes without additives, which can be worked with for a time gap of 10 min and have initial setting times ranging from 120 to 160 min, the pastes with the accelerator exhibited initial setting times between 130 and 160 min (Figure 6c). Longer initial setting times necessitated extended time gaps or could potentially render the mixture non-buildable.




3.3. Effect of the Presence of a Superplasticizer


The impact of the superplasticizer was evaluated in the more consistent mixtures, specifically those with the lowest w/c ratios of 0.26 and 0.28, aiming to improve their flowability while still ensuring buildability (refer to Figure 7).



For a w/c ratio of 0.28, the load-bearing capacity was minimally affected by a 0.25 wt.% of superplasticizer (Figure 7a). With a 0.5 wt.%, however, all mixes became too fluid, with no buildability. For a w/c ratio of 0.26 (Figure 7b), the load-bearing capacity was minimally affected by 0.25 wt.% or 0.5 wt.% for time gaps of at least 10 min and became excessively fluid with 0.75 wt.%. As shown, the superplasticizer had minimal impact on width variation in buildable samples capable of supporting 12 layers (see Figure 7c,d).



Figure 8 illustrates the spreading diameter and initial setting times of samples containing the superplasticizer for cement pastes with w/c ratios of 0.26 and 0.28. By adding up to 0.25% of superplasticizer, it was possible to enhance the flowability of cement paste with a w/c ratio of 0.28 (Figure 8a) while maintaining buildability (see Figure 7a,c). In the case of a w/c of 0.26 (Figure 8b), the content of superplasticizer can be increased to 0.5% without any adverse effects on buildability (see Figure 7b,d).



It is interesting to observe that a paste with 0.26_0.25 wt.% superplasticizer (Figure 8b) presenting a spreading diameter of 178 mm is considered buildable with time gaps of 10 min. In contrast, a paste with no additive and a w/c ratio of 0.36, despite having a spreading diameter of 179 mm, does not exhibit buildability (see Figure 3 and Figure 4a). This behavior underscores the benefits of utilizing superplasticizers, as they enhance the flowability of concentrated suspensions under increased stress conditions (such as pumping) while simultaneously preserving buildability under lower stress conditions, like the weight of adjacent filaments.



Hence, the spreading diameter, as an indicator of buildability, becomes constrained in the presence of additives, such as superplasticizers, which can enhance fluidity while maintaining load-bearing capacity. Alternatively, one can assess the spreading diameter at longer hydration times, such as 30 or 60 min, as the effectiveness of the additive diminishes with the progression of the hydration process. This correlation will be further discussed in the subsequent section.



Regarding the initial setting times, most of the samples that were buildable for time gaps of 10 min displayed initial setting times below 160 min. Analogous to spreading diameter, the cement pastes with a w/c ratio of 0.26 and 0.5 wt.% superplasticizer demonstrated excellent buildability despite having a longer setting time of 210 min.




3.4. Relationship between Initial Setting Time, Spreading Diameter and Buildability


Figure 9 shows the correlation between the initial setting time and spreading diameter of all pastes (with and without additives) measured at 10 min, 30 min, and 60 min of hydration. It is observed that pastes with a spreading diameter below 173 mm at 10 min of hydration and an initial setting time of up to 160 mm (blue zone) exhibited buildability with time gaps of 10 min or more (Figure 9a). Samples with spreading diameters up to 178 mm and initial setting times of up to 200 min demonstrated buildability across varying time gaps ranging from 15 to 25 min (dashed lines). It can also be noted that the mixtures with a w/c ratio of 0.26 and a 0.5 wt.% of superplasticizer and with a w/c ratio of 0.36 without any additive have similar initial setting times and spreading diameters, but they exhibit significantly different buildability characteristics. While the former demonstrates excellent buildability with a time gap of 10 min between layers, the latter is deemed non-buildable for time gaps less than 30 min.



When the spreading diameter was evaluated at 30 min of hydration, the maximum spreading of the mixtures that were buildable with time gaps from 10 min decreased from 174 mm (at 10 min) to 169 mm. There is also a distinction between the 0.26_0.5sp and 0.36 samples. While the spreading diameter of the former reduced from 178 mm (at 10 min) to 157 mm (at 30 min), the reduction for the latter was from 179 mm to 172 mm, respectively. With a larger difference in spreading diameter between these mentioned pastes, a new limit of 170 mm could be established for the spreading diameter to ensure buildability with time gaps of 10 or 15 min. For spread measurements at 60 min of hydration, the limit would be a spreading of 156 mm. However, the same spreading measurement was obtained for the non-buildable sample with a w/c ratio of 0.36. The assessment of buildability becomes more accurate when considering both the spreading diameter and initial setting time. However, it is important to note that there may be cases where certain samples fall outside the ideal range but still demonstrate satisfactory buildability.



Numerous studies have aimed to establish a correlation between the outcomes of flow table tests and the performance of concrete or mortar in the 3D printing process, with the objective of defining appropriate parameters for buildability. However, comparing these studies is challenging due to variations in the standards followed, resulting in differences in mold specifications and the number of drops (refer to Table 1). Tay et al. [5] conducted their study based on American standard specifications and identified an acceptable range of spreading diameters between 150 and 190 mm for 3D printing. In contrast, Sun et al. [30], who followed the Chinese standard, suggested a suitable range of 160 to 190 mm for printing. Another study by Ma et al. [12], also using the Chinese standard as a reference, found a slightly different result with an appropriate spreading diameter range of 174 to 210 mm. These studies highlight the importance of determining suitable ranges of spreading diameters to ensure the necessary fluidity of the mixture for the 3D printing process. However, it should be noted that these ranges may vary depending on the specific characteristics of the mixture, the equipment used, and, as emphasized in this study, the chosen time gap.




3.5. Relationship between Time Gap and Printing Speed for Different Residential Constructions


As mentioned above, the time gap between layers is a crucial parameter in 3D printing for construction, and it is affected by both the printing speed and the size of the structure. A faster printing speed allows the printer nozzle to move quickly across the printing area, reducing the time required for each layer to be printed. However, it can also compromise the structural integrity of the printed object, as each layer may not have enough time to achieve strength before the next layer is printed. In contrast, a slower printing speed can lead to better load-bearing capacity, but it can also result in cold joints between layers with excessively long time gaps, reducing the overall strength of the wall. Moreover, a slower printing speed increases the time required to complete the printing process, reducing the efficiency of the construction process. Therefore, finding the optimal printing speed is critical to achieving a balance between speed and structural integrity. The optimal printing speed varies depending on various factors, such as the structuration rate of the material, the size and complexity of the building being printed, and the desired level of precision and finishing.



While certain printers can achieve maximum speeds of up to 1000 mm/s, most companies in the 3D printing industry for construction typically do not exceed 250 mm/s. Table 2 provides a comprehensive overview of leading companies in the industry, showcasing their respective printing speed ranges, along with other relevant details about their technology and construction methodologies.



While 3D printers have the potential to operate at high speeds, it is common for construction processes to adhere to a maximum speed of 150 mm/s. This limitation arises from various factors, including the rheological properties of the printing materials and safety considerations. Notably, in the United States of America (USA), the Occupational Safety and Health Administration (OSHA) has recommended a speed limit of 250 mm/s for manually controlled robotic structures with operators in close proximity to the equipment. This safety guideline, issued by the United States Department of Labor between 2019 and 2021, emphasizes the importance of maintaining a controlled and safe operating environment.



The printing speed and size of the construction significantly impact the time gap between filaments, which is influenced by the printer’s capacity and the rheological properties of the printing mixture. To illustrate the relationship between time intervals, printer speed, and building size, we’ve devised four distinct 3D-printed residential construction projects, each with varying dimensions. These projects encompass a large-size house of 224 m2 with a printing perimeter of 316.8 m, a medium-size house of 106 m2 with a printing perimeter of 230.8 mm, a small-size house with 58 m2 and a printing perimeter of 133.1 mm, and an affordable house with 39 m2 and a printing perimeter of 110.2 mm (see Figure 10). The architectural design incorporates double walls, with exterior walls connected by internal concrete filaments arranged in a zigzag pattern. Detailed floor plans are available in the Supplementary Material. The inspiration for these building designs derives from a study conducted by the Apis Cor company, which evaluated the structural integrity of 3D-printed walls in comparison to conventional concrete masonry walls [30]. It is worth mentioning that the company used a similar filament width as utilized in this study. The gaps between the internal filaments can be filled with insulating materials or alternatively with reinforced concrete to create load-bearing columns.



Based on the designs of the residential buildings, the required printing speed for various construction scenarios and time intervals could be estimated (see Figure 11). The curves were derived from the print path length, including the connecting filaments of the outer walls in Figure 11a and excluding the connecting filaments in Figure 11b. The time necessary for the printer to complete one full revolution (time gap) was also calculated as a function of the printing speed. It is important to note that some 3D-printed building designs utilize horizontal metal bars and/or wire screens for wall connections, resulting in a significant reduction in the building’s perimeter. In this study, it was observed that the removal of connection filaments led to a reduction in print path length of approximately ~28% for the two smaller buildings and ~21% for the two larger buildings.



For a 10 min time gap, during which most of the previously reported mixtures are considered buildable, it is recommended to set the printing speeds at approximately 184 mm/s for the affordable house, 222 mm/s for the small-sized house, 386 mm/s for the medium-sized house, and 606 mm/s for the large-sized house (Figure 11a). If there are no wall connection filaments, the printing speed is also reduced in the same proportion, between 21% and 28%. For time gaps approaching 5 min, it becomes necessary to double the printing speed, as well as to use a low w/c ratio mixture with a setting accelerator to ensure load-bearing capacity, along with a superplasticizer to enhance the flowability of the mixture, facilitating its smooth passage through the printing nozzle. Table 3 presents the speeds for time gaps between 5 and 25 min, as well as the estimated construction time for each building, assuming uninterrupted construction and negligible layer deformation.



Constructing larger buildings (above 200 m2) with short time gaps (around 5 min) poses significant challenges. It demands meticulous control of the rheological properties of the mixtures and the deployment of the fastest printers. Notably, adhering to the Occupational Safety and Health Administration (OSHA) recommendation to limit printing speeds to 250 mm/s for safety reasons, none of the buildings with connecting filaments can be constructed within 5 min time gaps. This is because the printing speed exceeds the maximum recommended limit. For time gaps of 10 min, only smaller buildings, such as affordable and small-sized houses, meet the safety criteria.



Therefore, it is important to consider the balance between printing speed, time gap, and the rheological properties of the printing mixture to ensure the structural integrity of the structure. The specific printing speeds mentioned in this work are general guidelines based on the given time gap requirements and printing perimeters, but adjustments may be necessary based on the printer’s capabilities and the specific characteristics of the construction project. Construction projects using single-layer printing, as documented in [42], can significantly vary in time gaps for large-scale applications. The authors contended that their single-layered wall printed panel resulted in a reduction of material usage and time spent. In the instance of their printed guardhouse, this concept could save up to approximately 11% of the total material used and 10% of the total printing time. Thus, by understanding the relationship between printing speed and time gap, it becomes possible to select the appropriate parameters to achieve efficient and reliable 3D-printed residential structures.



Lastly, it is worth mentioning the reported impact of time gap on the formation of weak interface strengths, commonly known as “cold joints”, between printed layers, even though it is not the primary focus of this study. These weak joints pose a significant challenge to the widespread adoption of 3D printing technology, as they introduce pronounced anisotropy and have a detrimental effect on the mechanical performance and durability of 3D-printed objects. The impact of cold joints may become more significant in larger-scale constructions, where extended time gaps are common.



There are conflicting findings regarding the effect of time gaps on interlayer bond strength. Chen et al. [43] studied the bond strength of 3D-printed concrete with different time intervals (20 sec, 1 min, and 10 min) between successive layers. A reduction in strength of 4% and 13% for samples with time gaps of 1 min and 10 min was identified, respectively, when compared to cast samples. Similarly, Nerella et al. [44] found moderate reductions in flexural strength (9.9%, 14.1%, and 23.1%) for specimens produced with time intervals of 2 min, 10 min, and 1 day, respectively. Tay et al. [19] and Panda et al. [7] also reported significant reductions in filament tensile strength as time gaps increased from 1 to 5 min (ranging from 10% to 30%), with greater effects observed for longer time gaps. These reductions were attributed to increased porosity at the interfaces, leading to the formation of cavities and voids. On the contrary, Wolfs et al. [17] found minimal impact on flexural tensile strength and tensile splitting strength when comparing time gaps ranging from 15 s to 4 h. Marchment et al. [45] observed improved inter-bonding and flexural strength for time gaps of 10 min and 30 min, while the strength was lower for a time gap of 20 min. Notably, they also analyzed the surface moisture content for different time gaps and found higher humidity levels for gaps of 10 min and 30 min, and lower humidity for a 20 min gap. Similar findings were reported by Sanjayan et al. [46], who found that moisture content could be reduced up to a certain time gap (0 to 20 min), but beyond that, it started to increase again, reaching maximum levels at 30 min. Regardless of the reasons behind these findings, surface moisture content played a significant role in determining the bond strength between layers, even with longer time gaps.



Several researchers have investigated different approaches to enhance interlayer adhesion in 3D printing [47]. These include methods like manipulating surface roughness [48,49], employing interlocking geometries [50], and utilizing interlayer bond layers or agents [45,51,52]. However, due to the significant influence of moisture on interlayer bonding, there is a need for further exploration of moisture control strategies. One potential solution could involve incorporating a water sprayer attached to the printing nozzle, allowing for controlled water flow based on environmental conditions and the desired time gap between layers. This strategy could help minimize water evaporation and bleeding from the printed filaments, thereby improving interlayer bonding. Additionally, by reducing material shrinkage, another factor that impacts interlayer connections, this approach may contribute to overall print quality and structural integrity.





4. Practical Implications of Buildability against Time Gap


Although the impact of time intervals between cold joints has been extensively studied, the load-carrying capacity of cement composites at different time gaps has not been thoroughly investigated. This relationship is of great practical importance and constitutes the main contribution of this work.



The rheological properties of mixtures intended for smaller structural elements, such as pillars or walls, may differ significantly from those intended for entire residential buildings. Mixtures formulated for long deposition intervals may prove unsuitable for small structural elements with short time gaps due to their increased fluidity and lower structuring rate. Conversely, more viscous mixtures, designed for printing smaller elements, may be adaptable to larger buildings but could incur higher costs due to factors such as a lower water/cement ratio, increased additive concentration, and potential adverse effects on cold joints.



Therefore, mixture design, particularly concerning the type and quantity of additives, must account for the layer deposition interval. This interval is influenced by the printer’s characteristics (speed and pumping capacity) and the size and complexity of the printed structure. Developing a catalogue of mixture compositions for different deposition intervals could serve as a valuable reference for designing 3D printed concretes.



Constructing structures with short time gaps, particularly those less than 5 min, necessitates a higher structuring rate for mixtures. This underscores the importance of employing a synergistic blend of chemical admixtures, including setting accelerators, viscosity modifiers, and superplasticizers, to enhance the structuring rate, ensure underlying layer integrity, and improve mixture fluidity during pumping.



As illustrated in this study, employing setting accelerators can effectively reduce the deposition interval between layers, thereby accelerating construction or enabling the construction of smaller buildings within the same time gap. Similarly, superplasticizers can enhance mixture fluidity without compromising buildability, facilitating increased construction speed. It is essential to highlight that the interaction between different additives can influence their effectiveness and requisite quantities, as evidenced in [6].



The methodology outlined in this study can be extrapolated to various mixtures or serve as a blueprint for devising alternative analysis methods that account for buildability and time gap as interdependent variables, along with the influence of different additives and concentrations. This research aligns with the broader initiatives of RILEM, which, since 2021, have focused on formulating and standardizing tests and specifications for cement-based materials used in 3D printing, with the aim of establishing quality benchmarks for printing systems [53].




5. Final Remarks


This study aimed to investigate the impact of time gap between layers on the buildability of cement pastes blended with different chemical admixtures. The buildability was assessed through two commonly used tests for rheological characterization: the flow table test and Vicat test. The key findings can be summarized as follows:




	
Pastes with a spreading diameter exceeding 180 mm (measured after 10 min of hydration) are not considered buildable within time gaps of up to 25 min. However, below this threshold, pastes become buildable at varying time gaps. By correlating the spreading diameter with the setting time, it was possible to predict buildability more accurately for different time gaps. All pastes with spreading diameters up to 173 mm and setting times of up to 160 min exhibited minimum buildability for time gaps starting from 10 min, except for the paste with a w/c ratio of 0.26 and 0.5% superplasticizer.



	
Chemical admixtures play a crucial role in extending the range of water concentrations and optimizing rheological properties to achieve the desired buildability at different time gaps. Accelerators, by increasing the structuration rate of hydrating cements, can effectively reduce the time gap between layers during printing. Superplasticizers, when used within appropriate dosage limits, enhance workability without compromising load-bearing capacity. Both accelerators and superplasticizers are essential for establishing the rheological properties and buildability of cementitious materials in the context of 3D printing.



	
This study also highlights the effect of time gap, which has been extensively studied in terms of interlayer bond strength but has received limited attention concerning buildability. Less consistent mixtures may exhibit reduced load-bearing capacity for short time gaps, such as up to 10 min, but they can still be buildable for longer time gaps of 15 or 20 min. Furthermore, mixtures with higher water contents can contribute to costs reduction.








The findings of this research can serve as a roadmap for determining the necessary characteristics of cementitious mixtures to achieve buildability in 3D printing through layer extrusion. From a practical standpoint, cementitious mixtures designed for longer deposition intervals tend to be more cost-effective due to lower required structuring rates, which necessitate lower concentrations of additives and allow for the use of higher water-to-cement ratios. Literature indicates a decrease in interlayer adhesion as the time gap increases, a phenomenon consistent across various tested mixtures. However, it is crucial for future studies to examine interlayer adhesion in mixtures tailored for shorter deposition intervals compared to those designed for longer intervals. It is hypothesized that mixtures with higher water content and lower structuring rates may experience less impact on interlayer bonding with longer time gaps. Furthermore, investigating the rheological properties, load-bearing capacity, and deformation behavior of filaments with larger geometries and wider walls could provide valuable insights, particularly for structures exceeding 10 cm. Exploring mixtures compatible with deposition intervals of 5 min or less would benefit the construction of smaller structures like studios or specific components such as pillars and decorative objects. Moreover, further research into the synergistic effects of chemical admixtures is warranted to optimize formulations and improve 3D printing capabilities.
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Figure 1. Photographs of a sample: (a) during molding, (b) after demolding, and (c) undergoing buildability testing with 12 layers above. 
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Figure 2. Schematic illustration of the experimental procedure adopted to assess the buildability and rheology of the cement mixtures. 
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Figure 3. (a) Maximum number of layers overlapped on the base layer (prismatic fresh paste cement) and (b) width variation of cement pastes with different w/c ratios for different time gaps. 






Figure 3. (a) Maximum number of layers overlapped on the base layer (prismatic fresh paste cement) and (b) width variation of cement pastes with different w/c ratios for different time gaps.



[image: Buildings 14 01070 g003]







[image: Buildings 14 01070 g004] 





Figure 4. Spreading diameter with time (a) and initial setting time (b) for cement pastes at various w/c ratios. The time gap (bold numbers) and width variations (in parentheses) are also indicated. 
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Figure 5. Number of layers supported and width variation of cement pastes with w/c ratios of 0.34 (a,c) and 0.36 (b,d) at various accelerator contents and time gaps. 
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Figure 6. Spreading diameter (a,b) and setting times (c) for the cement pastes with w/c ratios of 0.34 and 0.36 with different accelerator contents. The time gap (bold numbers) and width variations (in parentheses) are also indicated. 
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Figure 7. Number of layers supported and width variation of cement pastes with w/c ratios of 0.28 (a,c, respectively) and 0.26 (b,d, respectively) with different superplasticizer contents and time gaps. 
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Figure 8. Spreading diameter of cement pastes: (a) with a w/c ratio of 0.28, (b) with a w/c ratio of 0.26, both with 0.25 and 0.5% superplasticizer contents, and (c) the initial setting time for both w/c ratios with the same superplasticizer contents. The standard deviation of the measures was under 5%. The bold numbers represent the minimum time gap for being considered buildable (12 layers and width variation less than 10%) and the numbers between parentheses are the width variation percentual. 
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Figure 9. Correlation between initial setting times and spreading diameter measured after (a) 10 min, (b) 30 min, and (c) 60 min of hydration. 
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Figure 10. Visualization of residential building projects for 3D printing. 






Figure 10. Visualization of residential building projects for 3D printing.



[image: Buildings 14 01070 g010]







[image: Buildings 14 01070 g011a][image: Buildings 14 01070 g011b] 





Figure 11. Relationship between time gap and printing speed for different residential constructions, including relationships (a) incorporating and (b) excluding the internal filament in perimeter calculations. 
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Table 1. Standards and specifications for flow table tests vary across different countries.
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	Standard
	Origin
	Base Diameter

(mm) *
	Top Diameter

(mm) *
	Height

(mm)
	No of Drops





	NBR 7215 (2019) 1 NBR [31] 13276 (2016) 2 [23]
	Brazilian
	125
	80
	65
	30



	ASTM C230 (2020) 1 [32] ASTM C1437 (2020) 2 [33]
	American
	100
	70
	50
	25



	EN 459-2 (2010) 1 [34]

EN 1015-3 (2006) 2 [35]
	European
	100
	70
	60
	15



	GB/T 2419 (2005) 1,2 [36]
	Chinese
	100
	70
	60
	25







1 mentions the specifications of the apparatus. 2 mentions the test execution procedure. * internal diameter.













 





Table 2. Information on companies capable of constructing large-scale printed buildings and the specifications of their printers.
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	Companies
	Printing Speeds on the X/Y Axes (mm/s)
	Layer Widths (mm)
	Information about Companies and 3D Printers





	ICON, Austin, USA [37]
	127–254
	50
	ICON is a North American company that has developed a remarkable 3D printer called Vulcan. This cutting-edge printer features a movable gantry and has the impressive ability to construct an area ranging from 180 to 240 square meters in less than 24 h.



	COBOD, Copenhagen, Denmark [38]
	Up to 1000
	20–100
	COBOD is a Danish company that has been developing 3D printers based on the gantry system, including the BOD2 model, which boasts an impressive printing speed of up to 1000 mm/s.



	CyBe, Oss, Netherlands [39]
	50–500
	10–50
	CyBe is a Dutch company that specializes in developing mobile 3D printers with robotic arms as well as gantry-style printers for both prefabricated and on-site construction. Their gantry-style printer is capable of constructing buildings up to three stories in height.



	Apis Cor, San Francisco, USA [40]
	Up to 330
	40
	Apis Cor is a North American company that has developed a compact and mobile 3D printer called Frank. This innovative printer has the capability to construct houses of up to two stories without any limitation on square footage.



	Black Buffalo 3D corporation, Union City, New Jersey, USA [41]
	Up to 250
	57
	Black Buffalo is a North American company that has been developing a modular gantry structure for 3D printing known as NEXCON. This system is capable of printing structures up to three stories in height and can construct an area of 90 square meters in less than 20 h.










 





Table 3. Printing speed and path length for walls connected and not connected with internal layers for each time gap. The construction time for each time gap was estimated based on a 2.5 m high wall with 4 cm high filaments. The calculation assumed uninterrupted construction and negligible layer deformation.
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Time Gap (min)

	
Printing Speed for Walls Connected with Internal Layers (mm/s)

	
Printing Speed for Walls Not Connected with Internal Layers (mm/s)

	
Construction Time (h/d)




	
Affordable House

	
Small-Size House

	
Medium-Size House

	
Large-Size House

	
Affordable House

	
Small-Size House

	
Medium-Size House

	
Large-Size House






	
5

	
371

	
448

	
776

	
1205

	
266

	
322

	
607

	
966

	
52/2.1




	
10

	
184

	
222

	
386

	
606

	
132

	
160

	
301

	
480

	
104/4.3




	
15

	
122

	
148

	
257

	
403

	
88

	
106

	
200

	
319

	
156/6.5




	
20

	
92

	
111

	
192

	
302

	
66

	
80

	
150

	
239

	
208/8.7




	
25

	
73

	
89

	
154

	
241

	
53

	
64

	
120

	
191

	
260/10.8




	
Print path length (m)

	
110.2

	
133.1

	
230.8

	
361.8

	
79.3

	
95.8

	
180.3

	
287.0
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