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Concrete 3D printing is a promising manufacturing technology for producing geometrically complex structures efficiently and cost-effectively, by eliminating the need for formwork, reducing labor, and minimizing waste. This method has the potential to lower carbon emissions and resource use. However, it does not mitigate the carbon emissions associated with cement production. Nonetheless, utilizing waste materials in concrete 3D printing may reduce concrete carbon emissions and support recycling. This study investigates the use of two industrial waste materials–fly ash (FA) and ground waste glass (GWG)–as partial substitutes for ordinary Portland Cement (PC) in 3D printable cement paste. The chemical composition, particle size distribution, rheological properties, and flexural strength of the mixtures were analyzed. Results show that specimens containing waste materials achieved strengths comparable to traditional cement mixtures. The flexural strength reduction in 3D printed versus cast specimens varied across mixtures: control (66% reduction), FA20 (35%), FA10-GWG10 (35%), GWG10 (32%), FA10 (11%), and GWG20 (4%). Hence, incorporating waste materials in concrete 3D printing is recommended, as it maintains mechanical integrity while promoting recycling and upcycling of industrial waste.
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1 INTRODUCTION
The construction industry is a major contributor to global energy consumption and carbon emissions, responsible for 36% of energy usage and 40% of CO2 emissions (Atradius, 2023). Cement production is particularly impactful, emitting approximately 900 kg of CO2 per metric ton (Benhelal et al., 2013). Thus, improvements in sustainability and energy efficiency in the construction industry are crucial. The rising popularity of 3D concrete printing offers a way to streamline construction by cutting formwork time and enabling geometrically complex structures. It also offers potential for reducing energy-related emissions by up to 32% (Batikha et al., 2022). By integrating construction waste as Additive Materials (AM), 3D concrete printing can further mitigate emissions, address waste management challenges, and promote a circular economy, enhancing both cost-effectiveness and sustainability. Material costs, which constitute about 70% of 3D printing expenses, highlight the importance of incorporating waste materials to optimize both economic and environmental outcomes (Dey et al., 2022).
Bio-inspired architectures like the Bouligand structure (Moini et al., 2018) have been found to enhance fracture and damage tolerance, offering a unique load-displacement response without sacrificing strength, even in 3D printed forms compared with cast specimens. It is to our interest to combine the benefits of 3D printing and upcycling waste; which has been limited due to the challenges in meeting the contradictory rheological requirements necessary for effective 3D printing—high flowability during extrusion and sufficient shape retention post-extrusion to support layering (Roussel, 2018).
Cement substitutes in 3D concrete printing often include materials with pozzolanic properties (i.e., self-cementing), such as industrial by-products (fly ash, slag, silica fumes), demolition waste (concrete aggregates), and agricultural residues (rice husk) (Dey et al., 2022). Table 1 reviews various 3D printing studies that have incorporated waste materials. A study by Zhu et al. (2023) promoted sustainability development in the construction industry by incorporating rubber particles from waste tires and polypropylene fibers into 3D printable cementitious composites. The effect of different approaches for the activation of the alkali-silica reaction in concrete with waste glass were investigated (Sun et al., 2021b). Copper fibers and solids were incorporated in cementitious composites to enhance electromagnetic wave (EMW) absorption, which negatively impacts the human body, information, and equipment security (Sun et al., 2021a; Sun et al., 2023). Singh et al. (2023) utilized antimony tailings in fiber reinforced 3D printed concrete as an approach for sustainable construction materials. Hence, it is apparent that 3D printed concrete and cement composites incorporating waste offer innovative solutions while reducing waste and promote design flexibility in this research area. Beyond the use of waste materials, other techniques can be demonstrated for improving these processes, such as the use of electromagnetic waves (Sun et al., 2020) or using AI (Yao et al., 2023).
TABLE 1 | Recent 3D printing studies involving waste materials.
[image: Table 1]Fly ash (FA) from coal-fired power plants is a viable substitute for Portland Cement (PC) due to its abundance, particle shape, and composition (Aïtcin, 2016), making it an attractive sustainable alternative rich in alumina and silica (Xia et al., 2019). Previous research has examined the use of fly ash and waste glass in concrete (Ebrahimi et al., 2017; Bui Viet et al., 2020). For 3D printing, fly ash improves extrudability (Dey et al., 2022). Ground Waste Glass (GWG) is also utilized due to its ability to partially replace cement and act as filler, and for its low water absorption and high silica content (Yin et al., 2021). Studies have explored GWG as a supplementary cementitious material (SCM) (Bignozzi et al., 2015), in ultra-high-performance glass concrete (Tagnit-Hamou et al., 2016), and for adjusting rheology and mechanical properties (Du and Tan, 2014; Tagnit-Hamou et al., 2016; Yin et al., 2021). With their reactivity potential, FA and GWG are promising substitutes for cement in extrusion-based 3D printing, owing to their composition rich in SiO2, Ca, and Al (Nodehi and Taghvaee, 2021). Hence, GWG may be introduced into 3D printers as a binder or aggregate to improve the product strength, although this may complicate the extrusion process (Şahin et al., 2021).
To fully leverage the benefits of waste AM in 3D printing, it is crucial to develop a printable material palette that meets specific rheological requirements. Previous research has explored various material composition parameters, including the use of cement paste-based mixtures, the presence or absence of aggregates, and the ratios of aggregates to binder, water to binder, and chemical admixtures. Those studies aimed to assess their impact on the performance of extrusion-based 3D printing. Although AM can enhance extrudability, they may reduce buildability. To mitigate this, a combination of two or more waste-based chemical admixtures has been suggested to optimize both properties (Dey et al., 2022). Furthermore, the absence of a standardized framework for comparison complicates the interpretation of research outcomes, as these can vary widely depending on the specific configurations of individual 3D printer setups. Additionally, some research underscores the importance of process optimization in 3D printing, particularly during the initial stages (Reiter et al., 2018; Dey et al., 2022).
Given the complexity of matching the rheological properties to the requirements of 3D printing, this paper aims to investigate the application of FA and GWG as replacements for PC, selected for their abundance in the Australian market. This study examines two main factors: (1) the impact of their use on the extrusion rheology and (2) the mechanical performance of the printed mixes using the Bouligand architecture of Moini et al. (2018), focusing particularly on their flexural strength.
2 MATERIALS AND METHODS
2.1 Raw materials
General Purpose Portland Cement (PC) was locally acquired (Dingo cement), whilst fine grade Fly Ash (FA) was provided by Delta Electricity, and recycled ground waste glass (GWG) was provided by IQ Renew. To meet the rheological property requirements for 3D printing, the following chemical admixtures were used in this study: high range water reducer admixture (HRWRA, Sika Viscocrete 10) and viscosity modifying admixture (VMA, Mastermatrix 362). For the GWG, the sample is already pre-grounded by the waste supplier and is utilized as-is.
2.2 Mixture preparation and mix design
The printed Bouligand structure follows the work of Moini et al. (2018), using the same printer setup. The Bouligand structure, characterized by its helicoidal fiber arrangement, imparts exceptional toughness, flexibility, and damage resistance, as seen in natural examples like crustacean exoskeletons and fish scales. This unique design is increasingly being mimicked in synthetic materials to create advanced composites for applications requiring high strength and resilience. (Liu et al., 2022). In this work, one “Bouligand” structure (with 90° pitch angle) was printed, and 6 blends were compared against a reference control mix that did not incorporate waste. The cast counterparts of each mixture were also of similar disc dimensions (50 mm in diameter, 8 mm height). The proportions for all the mixtures are detailed in Table 2.
TABLE 2 | Mix designs for varying degrees of cement replacement.
[image: Table 2]For each mixing batch, a total 125 g of binder, 1.5 mL of HRWRA, 2.8 mL VMA, and 60 mL of water were used. The mixing protocol was adapted from Moini et al. (2018). A Twister Venturi vacuum mixer was used to mix the ingredients. The chemical admixtures were first added and dispersed in water. This mixture was then mixed with the dry ingredients for 25 s at 200 rpm, followed by mixing for 90 s at 400 rpm 70% vacuum, and another 90 s at 400 rpm 100% vacuum. The water to binder ratio and the two chemical admixtures were kept constant for all mixtures.
2.3 Extrusion-based 3D printer setup
3D printed cement composites were produced using a gantry based Ultimaker 2+ 3D printer combined with a stepper-motor driven extruder from Structur3d Discov3ry (Figure 1). As this printer is relatively small in scale, no fine or coarse aggregates were used in this study, only its cement components.
[image: Figure 1]FIGURE 1 | 3D printer setup combining the stepper-motor driven extruder and Ultimaker 2+.
2.4 Material composition (XRF)
To determine the oxide composition of Portland cement, fly ash, and ground waste glass, a quantitative analysis is conducted using X-Ray Fluorescence (XRF). The oxides that contribute to the hydration process in cement chemistry are SiO2, Al2O3, and Fe2O3. Additionally, CaO contributes directly to the formation of calcium hydroxide or portlandite when dissolved in water. The XRF data is compiled in Table 3 for reference.
TABLE 3 | Chemical compositions of PC, FA, and GWG from XRF measurement.
[image: Table 3]The data show that PC contains a substantial amount of CaO (64%) and SiO2 (20%), which is expected. FA contains a significant amount of SiO2 (58%) and Al2O3 (27%), while GWG has a high proportion of SiO2 (70%) and a smaller proportion of CaO (11%).
2.5 Particle size distribution
A Malvern Panalytical laser diffraction analyzer was used to measure the particle size with the assumption that particles are spherical in shape. Figure 2 shows the particle size distributions for PC, FA, and GWG. Table 4 summarizes the D10, D50, and D90 values, which correspond to particle sizes for which 10 mass%, 50%, and 90% of the samples are respectively below this size. The value of D [4,3] reflects the particle size that constitutes the bulk of the sample volume or mass (assuming constant density throughout the system). The median particle sizes (D50) for FA and GWG were 20.7 μm and 57.1 μm respectively, both larger than PC at only 16.5 μm. Additionally, the mass-basis median values of D [4,3] are nominally 21.5 μm for PC, 36.0 μm for FA, and 63.6 μm for GWG. The particle size of the GWG is well suited to ensure pozzolanicity as a cement replacement. Bentz et al. (2012) noted that the rheological parameters, namely, yield stress and viscosity, are dependent on the particle characteristics of the materials with constant water volume fraction.
[image: Figure 2]FIGURE 2 | (A) Cumulative and (B) frequency of particle size distributions for the three raw materials; Portland cement (PC), fly ash (FA), and ground waste glass (GWG). Each data point is the average of at least six individual measurements. Error bars are within the size of shown symbols.
TABLE 4 | Particle size distribution of PC, FA, and GWG.
[image: Table 4]2.6 Rheological properties of fresh cement paste
The rheological properties of the mixtures were measured using an Anton Paar MCR rheometer fitted with 25 mm parallel plates. A similar rheological protocol was adapted from Moini et al. (2018) to compute the values of yield stress and viscosity against shear rates.
2.7 Extrusion rate of mixtures
The shear rate ([image: image]) for each of the mixtures at the nozzle tip was calculated using Equation 1:
[image: image]
where [image: image] is the volumetric flow rate, obtained by measuring mass extruded over a specified time period of 10 min and based on the density of the fresh paste mixture.
The curve data of shear stress as a function of shear rate from Figure 3 were fitted into a linear Equation 2, with ordinary least squares regression to obtain a slope (plastic viscosity) and the intercept (yield stress) according to the Bingham model:
[image: image]
where [image: image] is the measured shear stress at the computed shear rate [image: image], [image: image] is the yield stress, and [image: image] is the plastic viscosity.
[image: Figure 3]FIGURE 3 | (A) Shear stress and (B) viscosity of the paste mixtures as a function of shear rate.
2.8 Flexural strength–Modulus of rupture (MOR)
This study focuses on flexural strength due to the 3D printed unique geometries of layer-by-layer construction, resulting in a sufficient bending stress. Hence, flexural strength is crucial in assessing its structural integrity. Future work may incorporate comprehensive strengths. The ball on three ball test was used in this study as it is more tolerant to non-flatness of the disc than other biaxial strength testing method for brittle materials applied for thin discs (Börger et al., 2002). It allowed ease of preparation and quick testing of samples. The thin circular disc specimens with an average of diameter of 55 and 8 mm in height, rested on three symmetrically spaced steel balls near its periphery. Force was applied to the center of the disc at a specified constant rate in a compression testing frame (Tinius Olsen H5KS). A fourth ball of the same size was loaded facing down the upper face of the centrally loaded disc samples. The force was applied to the center of the disk at a prescribed constant rate in a compression test machine (Tinius Olsen) until the specimens were broken. All specimens were tested at the age of 3 days (72 h) and reported data were an average of three results.
Analytical solutions were used in this approach to calculate the maximum tensile stress ([image: image]) in the center of the discs. They are given by Equations 3, 4 (Shetty et al., 1980; Börger et al., 2002):
[image: image]
with [image: image] as the approximation of the contact radius of the central loading ball. For the ball on three ball test method, this was estimated by:
[image: image]
Where F represents the force, t the sample thickness, R the radius of the disc sample, Ra the radius of the support circle, Rb the contact radius of the loading ball, and v the Poisson ratio of disc material (assumed to be 0.20).
2.9 Statistical analysis
Statistical analysis was conducted to rigorously evaluate the significance of the results obtained. Firstly, the data were presented as the mean of triplicate measurements unless otherwise specified, ensuring the reliability and reproducibility of the findings. Subsequently, analysis of variance (ANOVA) was employed using RStudio, a statistical software package, with a significance level of 0.05. This allowed for comprehensive comparison of multiple sample groups to determine if there were any significant differences among them. Additionally, to pinpoint specific differences between individual sample pairs, a Least Significant Difference (LSD) post-hoc test was performed. This post-hoc analysis enabled a more detailed examination of pairwise differences, ensuring a thorough understanding of the experimental outcomes.
3 RESULTS AND DISCUSSION
Figure 4 shows the arial view of the product for post-properties analysis.
[image: Figure 4]FIGURE 4 | Top view of the 3D concrete material, from top left to bottom right mixture; (A) control, (B) FA10, (C) FA20, (D) GWG10, (E) GWG20, (F) FA10-GWG10.
3.1 Rheological properties–Yield stress and viscosity
The extruded mass and density for each mixture are summarized in Table 5 along with the volumetric flow rate and shear rate calculated with nozzle internal radius [image: image] of 0.775 mm. Values are the average of three replicates.
TABLE 5 | The total of extruded mass over 10 min of each blend and their corresponding paste density, measured volumetric flow rate, shear rate, and viscosity. Means that are significantly different based on the LSD analysis are labelled with different letters.
[image: Table 5]The rheological behavior of all the paste mixes were similar to the control mix, fitting the Bingham model and exhibiting a non-Newtonian, thixotropic fluid characteristic as expected for cement pastes. It was concluded previously by Rehman and Kim (2021) that there were no absolute range values of yield stress and plastic viscosity for printable concrete. Additionally, even with the same mix, rheological values measured with two different rheometers can differ. A single mix design is exclusive to one printer settings and may not be printable with another because of the unique setup of each printer used in their respective studies such as nozzle diameter, pump, and extrusion system. Thus, the rheological results in this study are discussed in relation to the control mix proportion.
Yield stress is the minimum strength required to initiate flow in a mixture. The inclusion of waste materials significantly influences both the yield stress and viscosity (p < 0.05). Adding FA improves workability and reduces water demand due to the spherical shape of its particles, and lowers the surface to volume ratio—an effect known as the ball bearing effect (Bentz et al., 2012). As the proportion of FA used as cement replacement increases, there is evidence of a corresponding increase in the yield stress. Conversely, mixtures with 10% and 20% GWG show a decreasing trend in yield stress, as detailed in Table 5. The rise in yield stress with increased FA is consistent with findings by Rehman et al. (2020), suggesting that FA is beneficial in situations where the yield stress of the cement paste is initially low, in order to help maintain the shape of the printed layers. In contrast, both yield stress and viscosity decrease when a higher proportion of GWG replaces cement, indicating weaker interparticle forces between cement and glass compared to cement with itself. This agrees with the results of Du and Tan (2014), whose study demonstrates that increasing the glass content reduces the interaction between cement and water, attributing this to the negligible water absorption and smooth surface of glass powder.
3.2 Comparison of MOR and work of failure (WOF)
The flexural strength (modulus of rupture) of 3D printed thin disc samples was evaluated for six different mixtures, provided in Table 6 and shown in Figure 5 compared to their cast counterparts of similar disc dimensions.
[image: Figure 5]FIGURE 5 | The average flexural strength (Modulus of Rupture) of each mixture for 3D printed and cast disc samples.
TABLE 6 | Average values of MOR of printed and cast samples. Significantly different values are labeled with different letters.
[image: Table 6]Table 6 presents the average MOR values for both printed and cast specimens across the six mixtures. An ANOVA analysis was conducted to examine the interaction between different mixtures and the printing/casting methods in terms of their MOR outcomes. The analysis yielded a p-value of 0.00489, indicating a significant interaction effect between the mixtures and the fabrication methods. This finding suggests that the strength of the MOR is not solely determined by whether the specimen is printed or cast, but also significantly depends on the specific proportions and combinations of waste materials used in each mixture.
The highest average MOR was observed in the cast control specimens (18.2 MPa). However, the lowest MOR was found in the printed counterparts (6.16 MPa). This suggests that using only cement (control) without waste additives may not be optimal for the printing method. Incorporating additional waste materials appears to be a more effective strategy for 3D printing. The best MOR for a printed sample was achieved with the GWG20 blend, where no significant difference was found between the cast and printed methods. This indicates that the GWG20 mixture performs equally well in both fabrication techniques.
The WOF was determined by integrating the area under the load-displacement curves for each sample and is shown in Table 7. Figure 6 depicts the WOF values for all printed samples from the different mixture designs, each replicated three times. The analysis reveals a significant difference in the WOF across all mixtures (p > 0.05). According to the data in Table 7, there was no interaction effect between the two types of waste materials on the WOF, i.e., both types were found to perform comparably to the control. Specifically, the FA10 mixture achieved the highest WOF value, while the GWG20 mixture recorded the lowest.
TABLE 7 | Work of Failure (WOF) of printed samples. Means that were significantly different based on the LSD analysis are labelled with different letters.
[image: Table 7][image: Figure 6]FIGURE 6 | WOF vs MOR of printed specimens of Bouligand architecture.
The ball-on-three ball test is a quick and easy to use method to study the biaxial strength of particularly new brittle materials (Danzer et al., 2007). Hence, it is well suited for small specimens used in this study. Overall, the 3D printed specimens showed lower average strength compared to their cast counterparts. This is associated with the inherent nature of porous regions when cement was printed, unlike that of solid blocks achieved when specimens were cast.
For cast cement, the control mixture achieved the highest strength compared to all mixtures with waste replacements, likely due to the coarser particle size of FA and GWG compared to PC (Chindaprasirt et al., 2005; Tamanna and Tuladhar, 2020). The cast control mixture recorded an average strength of 18.2 MPa. The FA10 and FA20 mixtures achieved 63% and 66% of the control mixture’s strength, respectively. In terms of flexural strength, cast mixtures with waste glass showed a decrease as the percentage of GWG replacement increased; GWG10 and GWG20 achieved 80% and 77% of the control strength, respectively. Mixtures with waste glass exhibited slightly higher flexural strength than those with FA. This can be attributed to the high SiO2 content in GWG (70% SiO2) and its angular structure, which provides a larger surface area compared to the spherical FA particles. GWG chemically reacts with calcium hydroxide in the cement to form calcium silicate hydrate (CSH), the primary hydration product in hardened cement paste (Turgut and Yahlizade, 2009). The formation of CSH contributes to higher strength and a pore-blocking effect when GWG is used as a pozzolan replacement (Turgut and Yahlizade, 2009).
The inclusion of different types of waste materials significantly influenced the flexural strength of the 3D printed disc samples. The reference control mixture experienced the most substantial reduction in average flexural strength when comparing cast and printed forms, with a 66% decrease. In contrast, mixtures containing waste materials showed a smaller reduction in strength in the following descending order: FA20 and FA10-GWG10 both at 35%, GWG10 at 32%, FA10 at 11%, and GWG20 at only 4%. The flexural strength of printed samples with increasing FA content showed a decline: samples with 10% FA ranged from 8 to 11 MPa, and those with 20% FA from 7 to 8 MPa. This reduction in strength could be attributed to a delay in the hydration process caused by the ashes, as noted by Bui Viet et al. (2020), suggesting that a longer-term study on strength development might be necessary.
When assessing the flexural strength of 3D printed versus cast samples, several factors must be considered: (1) material composition, (2) printing parameters, (3) curing conditions, and (4) testing methods. In this paper, the material, curing, and testing conditions were standardized across both printing and casting methods. Interestingly, all 3D printed specimens that incorporated waste materials exhibited higher flexural strengths than the control mixture, which averaged 6 MPa. The highest performing was GWG20, with strengths ranging from 10 to 18 MPa, followed by FA10 (8–11 MPa), GWG10 (8–10 MPa), FA20 (7–8 MPa), and FA10-GWG10 (7–8 MPa). This trend contrasts with that of the cast specimens, where the control mixture achieved the highest strength. The printed structures displayed enhanced fracture resistance or toughness, attributed to the specific pitch angle of the filaments during printing, which effectively distributed stress along the filaments and enhanced their ability to resist fractures (Moini et al., 2018).
3.3 Load–Displacement curve
The load-displacement responses of printed and cast control and GWG20 specimens were analyzed using the ball-on-three ball test method and are presented in Figure 7. This figure compares the control mixture to the GWG20 mixture, which exhibits the highest MOR. The slope of the ascending section of the load-displacement graph represents the bending stiffness under impact-induced bending (Karahan and Yildirim, 2015). A comparison of these stiffness values is also featured in Figure 6, alongside the load-displacement curves.
[image: Figure 7]FIGURE 7 | (A) Load-displacement response for cast and printed control and GWG20 mixture using ball on three-ball method, and (B) comparison of bending stiffness values for those samples.
The cast control sample demonstrated the highest stiffness, followed by the cast GWG20. Figure 6 shows that the deflection at maximum load for the printed GWG20 is greater than that of its cast counterpart. Additionally, the curves for both the cast control and GWG20 mixtures are steeper compared to those of the printed specimens, indicating more brittle properties.
The printed specimens, utilizing the Bouligand architecture, show an ability to mitigate catastrophic failure—a feature not observed in the cast specimens. The printed specimens display a more gradual and distributed damage pattern throughout the layers, preventing the drastic drops seen in the cast curves. This illustrates the advantage of the 3D printing method in enhancing structural integrity and resilience against catastrophic failure.
4 CONCLUSION
This study investigates the use of FA and GWG as sustainable alternatives to PC in 3D concrete printing, focusing on their effects on the rheological and mechanical properties of the printed structures. Experimental results indicate that FA increases yield stress, aiding in shape retention under stress, while GWG decreases yield stress, promoting smoother extrusion during printing. The cast concrete mixtures achieved higher MOR values, with the highest at 18.2 MPa, compared to their printed counterparts, which showed reduced strength. Notably, the GWG20 mixture exhibited the highest MOR among printed samples at 13.4 MPa, suggesting that high waste content can potentially match or surpass the performance of traditional materials in specific conditions.
The incorporation of GWG and FA not only reduces dependence on virgin cement but also enhances the mechanical properties of the concrete, achieving comparable or superior flexural strength and fracture resistance, particularly when utilizing complex geometrical structures like the Bouligand architecture. This architecture effectively distributes stress and mitigates fracture risk, enhancing material toughness. These findings highlight the potential for the construction industry to reduce its carbon footprint and leverage 3D printing for more sustainable and efficient building practices. However, the observed performance variability between printed and cast forms necessitates further research into long-term strength development, the effects of porosity and microstructure, and optimized material combinations and printing conditions. Establishing standardized comparison frameworks for 3D printing mixes will aid in maximizing environmental and mechanical benefits, advancing the industry’s ability to meet modern demands sustainably.
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