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Abstract

:

Three-dimensional concrete printing (3DCP) is a sustainable and green approach for rapid construction with the ability to create complex shapes to preserve the intended aesthetic appearance for an affordable cost. Even after a decade of attempts, there are many limitations and challenges to applying this technology for constructions without borders. The lack of guidelines for mix designs, quality control procedures during extrusion, printing and building phases, compatibility of material with extruder, standard testing, and guidelines to verify suitability of mixture with respect to the application and exposure conditions and limited machine capacity are several areas to be addressed for applications without borders. The development of 3DCP applications as a sustainable and green technology is another challenging task due to high Portland cement consumption in 3DCP. However, reducing the high usage of ordinary Portland cement (OPC) with pozzolanic waste materials replacement and environmentally friendly cement indicates the direction of moving 3DCP into a sustainable pathway. The authors reviewed more than 200 refereed articles published on materials and techniques in 3DCP. Inconsistency in disseminating knowledge in research articles has hindered the creation of a monolithically connected chain of research efforts and findings in accelerating the development and adoption of this technology. This paper summarizes the common approach to developing 3DCP mix designs and identifies the key areas for the future development of materials and techniques and challenges to be addressed for the global adoption of 3DCP. The current progress and challenges in the context of Australia’s construction industry and future trends for the acceptance of 3DCP are also reviewed.
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1. Introduction


Additive printing technology has been introduced to the construction industry, expecting fast, reliable, and cost-effective constructions, while providing opportunities to print complex shapes with improved appearance. This concept was first presented in 1997 [1] and later researchers in the United Kingdom developed a digital structural model in 2005 by depositing layers of fresh concrete [2]. Researchers and practitioners in all parts of the world have been attempting to fully adopt this construction method for a wide range of applications by overcoming the current weaknesses and improving the strengths and adaptability [3,4]. This technology has been proven to reduce construction costs and increase productivity, with additional benefits such as reduced carbon emissions and waste, design freedom, and greater precision.



Binder jetting, layered material extrusion and robotic shotcrete have currently been used in 3D concrete printing (3DCP) technology [5,6]. Extrusion-based 3DCP technology is more favorable than the powder-based technique. This is mainly due to the ease of application and suitability of adoption for large-scale monolithic constructions [7,8,9,10]. This involves extruding materials through nozzles mounted on a gantry system, robotic arm, or crane [11,12,13]. The standard and stability of printed material or object depend on the printer properties such as size, geometry, operating mechanism, printing head details, nozzle size, shape, and speed; thixotropic and rheological properties of the material; printing pressure; filament parameters (number, width, and height of filaments); environmental conditions (humidity, temperature, etc.) [14,15,16].



According to the authors’ knowledge, most researchers have presented the outcomes of trials on mix designs focusing only on the fresh and hardened properties of either materials or both materials and printed objects. The effectiveness of the mix design may vary from country to country depending on the printer parameters and climatic conditions such as environmental temperature and humidity. Hence, it is important to state all indirect parameters, including environmental temperature, humidity, and printer properties, in addition to a detailed process of mix designs and development when disseminating research outcomes. The authors examined the content of 194 recent publications from 2018 to 2023, filtered under 3DCP, and the inclusion of important facts was analyzed as illustrated in the Venn diagram (Figure 1). This clearly indicates the lack of important parameters stated in publications that are required for the consistent development of materials and techniques to avoid inconsistency in construction applications.



Advanced research on 3DCP has increased exponentially in the last decade. However, there are still many limitations in applying this technology into practice in many parts of the world. Several countries (Australia, China, United States and Europe) have successfully applied this technology for single or two-storey buildings. The majority of all industry players are facing the same challenges in expanding this technology towards high-rise buildings and load-bearing infrastructures. Hence, it is imperative to identify the critical limitations of the current research, particularly on the sustainability aspect of 3DCP. This paper summarizes existing research outcomes on fresh and hardened properties of 3DCP with alternative supplementary materials, the identified drawbacks, their nature, and the authors’ view on developing this technology towards a successful green approach, as shown in Figure 2, to eliminate the gaps between existing knowledge and development approaches.



With a broad scope, researchers have been attempting to develop sustainable mixtures with varying constituent materials and their proportions to drive this technology into a green and sustainable direction [17,18]. Even though excellent outcomes are presented in these published articles, some critical aspects are not stated to guide future researchers in this development. This article is structured to direct future researchers with a broad understanding of additive printing constructions and provide guidance to include all essential data for developing standards and design guidelines.



This paper identifies the drawbacks to be addressed in the different phases of 3DCP mix design development, their root causes and successful approaches. Since almost all researchers have been focused on developing a single phase or a property, innovative development approaches to achieving a structurally sound element have been hindered. This study discusses the overall picture concerning the development of 3DCP together with possible alternative materials and techniques. The summarized key findings and contributions lay a sound foundation to identify future research needs and alternative channels to develop this technology in a sustainable and green manner.




2. Mix Designs, Constituent Materials and Considerations


The accelerated development of 3DCP in the past ten years has shown the potential to revolutionize the construction industry in the future decades. Investigations on mix designs based on structural strength requirements and durability and categorization of data based on the nature of intended usage and life expectancy of the structure are essential to achieve remarkable applications. The development of standards for mix designs and structural designs based on failure criteria with the specifications for durability and quality control in construction are also deemed important. This section summarizes successful approaches of mix designs, cement usage and possible replacements of waste materials to minimize environmental effects resulting from high usage of ordinary Portland cement.



A proper 3DCP mix design can be defined as designing the mixture that facilitates workability for transporting and extrusion, proper extrudability without laminate failure, uniform buildability without shape distortion and achieving the required mechanical strength and durability of the printed member. In addition, maintaining printing parameters related to extruder (nozzle diameter and filament width), process (temperatures and speed of printing), and structure (layer thickness and infill geometry) is another challenging task [19]. The performance of printed structure depends on the efficiency of maintaining the process of all latter conditions. In general, 3DCP mixture contains binders, admixtures, fine aggregates, and fibers. The performance of composite concrete mix depends on the constituent materials, proportions, strength, and their bond mechanism in the concrete matrix. Hence, it is crucial to identify the critical roles of each material in the concrete matrix on its fresh and hardened properties, as illustrated in Figure 3.



2.1. Alternative Binders and Supplementary Cementitious Materials for 3DCP


The cementitious material used in additive printing should be able to provide a mixture of required fluidity and flowability for continuous flow and effective extrusion from the nozzle, setting times to maintain desired open printing time, develop good bond strength between layers after extrusion, sufficient early strength to eliminate the possibility of deformation and able to retain the shape while placing new layers on top of it [20]. Portland cement-based concrete is weak in rapid setting, which is required for efficient 3DCP. The cementitious binder should have high workability for smooth extrusion and early strength gain for better buildability [4]. When the cement content is high, heat of hydration affects the performance of 3DCP due to an increase in the drying shrinkage, which is a critical problem in 3DCP with the absence of formwork [21]. In addition, considerably higher cement content in 3DCP mixture contributes to greenhouse gas emissions, which has adverse effects on the environment [22,23]. Hence, controlling Portland cement content in 3DCP is a timely need. However, the use of lower cement content resulted in low early strength, a longer setting time, and formation of cracks [22,23]. Mineral admixtures and fibers can be applied to overcome such issues. The addition of fly ash and silica fume can improve extrudability and buildability in 3DCP [23]. Research studies focusing on logical approaches for developing mixtures respective to the required strength grade/s, which can address all possible failure criteria based on the application, are essential. Figure 4 illustrates the optimal directions for the decision-making process, identified in this paper after a comprehensive review of published articles.



3DCP leads to sustainable building construction by reducing waste and the use of recycled materials [24,25,26]. However, high cement content in 3DCP negatively affects the environment. Attempts to partially replace cement using pozzolanic waste or supplementary materials have increased in recent years [27,28,29,30,31]. These materials can be successfully used to partially replace the cement content in 3DCP, which helps to reduce greenhouse gas emissions to the environment and enhances the mechanical and durability properties of the printed member [27,28,32,33,34].



Porosity, pore shape, pore size, and pore direction affect the elastic modulus and compressive strength of concrete, which is one of the main reasons for the anisotropic feature of 3DCP [35]. The pores of the concrete casting specimens appear approximately spherical, while those in 3DCP exhibit irregular shapes in 3D space. After 28 days of curing, the total porosity of conventional concrete and 3DCP was 1.52% and 2.66%, respectively [35]. The addition of cementitious replacement may reduce the porosity due to filling effects, resulting in high durability and strength of printed members.



The waste materials such as fly ash (FA), ground granulated blast furnace slag (GGBS), silica fume (SF), and metakaolin (MK) are pozzolanic materials because they contain reactive amorphous silica and oxides [36,37,38,39]. Other pozzolanic waste materials, limestone powder (LP) as filler, rice husk ash (RHA), sugarcane bagasse ash (SCBA), and sewage sludge ash (SSA) can also be used as alternative supplementary materials for cement in 3D printing. Several successful investigations focused on controlling cement usage by applying waste materials or supplements are described below.



	
Limestone calcined clay cement (LC3):



Large cement consumption of 3DCP is a major environmental concern. LC3 is a low-carbon alternative. CO2 emissions in the manufacturing process of LC3 cement are low due to reduced usage of clinker, replaced with calcined clays and limestone. Limestone calcined clay cements have the potential to reduce environmental impact and, hence, can be used as an alternative to Portland cement (PC) [40,41]. Strong buildability can be attained with high LC3 content, but weak flowability and extrudability [41,42]. LC3 led to higher yield stress (1.2–2.5 times) and viscosity (+14 to +59%) with the addition of a superplasticizer. However, hydrating LC3 mixtures required higher free water content to reach the same yield stress as noted in Portland cement mixtures [43].



	
Sulfoaluminate cement (SAC):



SAC fulfils a composite superposition effect on the formation of ettringite promoted by gypsum [44]. SAC is a good alternative for ordinary Portland cement (OPC) due to its faster initial setting and final strength development and high early-age strength, which is suitable for 3D printing concrete [45,46,47,48,49]. Wang et al. indicated a 60% reduction in drying shrinkage of 3DCP with an 80% replacement of OPC with SAC [17]. The addition of calcium sulfoaluminate cement was able to control the printability of 3DCP [48]. Aluminate-type cements often have fast setting times [49], which might cause blockage in the printing system during extrusion, even though this property enhances the shape retention. Hence, determination of the setting time is essential before printing to avoid unnecessary blockages within the system.



	
Rice husk ash (RHA):



RHA can be classified as Class F pozzolan according to ASTM C618 [50] because the combined amount of SiO2, Al2O3, and Fe2O3 is more than 70% [38,39,51]. Pozzolanic activity between RHA and cementitious binders occurs when a calcium hydroxide reaches sufficient humidity to generate the calcium silicate hydrate C-S-H that promotes concrete strength growth [39,52,53,54]. The pozzolan reduces portlandite content to increase the C-S-H gel, improving the resistance [55] and durability of concrete [56,57,58]. In the process of 3D printing, a high volume of cement and chemical admixtures are generally used, which tends to increase the negative impact on the environment [59]. Rice husk has been chosen by researchers as a potential replacement for cement in 3DCP due to its high water absorption and biogenic carbon [60]. These key features can adjust the fresh-state properties required for the printing process. Their findings indicated delayed hydration with the addition of RHA, which can be mitigated using a suitable alkaline treatment for RHA.



RHA mixed cement-based grout indicated enhanced plastic viscosity and yield stress of the mix with the increased proportion of RHA [43]. Researchers found better rheological properties of self-compacting high-performance concrete modified with RHA than the concrete with added silica fume due to its water absorption capacity and porous surface [58,59]. Rheology can be defined as the science of deformation and flow of matter, which expresses the relationship between stress, strain rate, and time [61]. Portland cement replacement by RHA improves the sustainability of a mixture as a construction material. In this work, 20% of the weight of cement is replaced with RHA [62]. Incorporation of RHA has shown a significant improvement in the rheology of mortar at the rate required for construction using 3D printing at a large scale. However, the successful mix designs that contain RHA had shown limitations in replacement proportions [63] and particle size of RHA, as shown in Table 1.



	
Sugarcane bagasse ash (SCBA):



Agricultural waste can be applied for 3DCP as a green and sustainable approach due to adequate pozzolanic activity and filler effect. In countries where the sugarcane industry produces abundant sources of bagasse waste, SCBA has the potential to be used as cement replacement in 3DCP. Higher water content is required in SCBA-based 3DCP mortar to attain the desirable fluidity and slump [54]. SCBA indicated excellent fresh properties when mixed with cement mortar [53]. However, the strength properties were reduced when the replacement exceeded 30% of OPC [53]. When evaluating these properties, sugarcane bagasse ash (SCBA) will be another potential successful replacement, which needs further investigation [54].



	
Fly ash (FA):



FA consists of fine particles that are driven out as waste from coal-fired boilers. FA has been used for concrete in construction projects in Australia since the 1960′s [64]. The Australian standard (AS3582.1) [65] stated two grades of FA, Normal Grade and Special Grade, according to the tests described in various parts of AS3583 standards [66]. FA contributes to design and construction by adding values [57,67,68]; workability enhancement, placement, pumping and finishing efficiency, reduced concrete water demand and drying shrinkage, increased long-term compressive strength development, durability and sulfate, chloride and resistance to alkali-silica reaction. FA possesses similar particle sizes (10 to 100 µm) and fineness (300–500 m2/kg) as OPC [69]. The addition of FA had shown positive effects on the properties of fresh mixture: reduced shrinkage, lower porosity, better mechanical properties and sound durability of printed elements and structures [70]. However, researchers must give their attention to the content of fly ash and their physical/chemical properties in the development phase of mix designs for 3DCP [71]. Effective use of FA as a binder in the range of 45–80% indicated the required properties for 3DCP [72]. A high fly ash content of 70% by volume replacement of cement had shown a negative effect on the mechanical properties of cast products and a positive effect on the extruded products [72].



	
Silica fume:



When silica fume and ground granulated blast furnace slag are added to fly ash-based 3DCP, the rheological properties are improved, resulting in improved structural build-up [73]. Microsilica improves the buildability of the 3DCP by improving the hardness due to enhanced yield stress and viscosity, resulting in improved printability by controlling the shape retention of printed layers [74]. Reiter et al. [75] observed increased packing density of binder when used in 3DCP and a subsequent increase in the yield stress and viscosity of 3DCP with the addition of silica fume due to its higher fineness.







2.2. Admixtures for 3DCP


Plasticizers, retarders, and accelerators are common in almost all successful concrete mixtures developed for 3D printing (Figure 5). The most used chemical admixtures to increase extrudability and printing quality are high-range water-reducers (HRWR), viscosity-modifying agents (VMAs) and early-age strength enhancers (SE) [76,77,78,79,80].



2.2.1. Plasticizers and Superplasticizers


A new chemical admixture called plasticizers was introduced to the construction industry to improve concrete properties [78,80,81,82]. The initial objective was to reduce the water content in concrete that leads to decreased porosity, which results in reduced shrinkage, enhanced durability, and workability. Lignosulfonate compounds-based plasticizers came to the market as the first generation, which lowered the water-to-binder ratio to between 5% and 10% [83,84]. However, modern plasticizers can reduce the water content in concrete by up to 15%, while superplasticizers allow a reduction in water content by 30% or more. The most popular superplasticizers that have been used in the construction industry can be classified into four major types based on their chemical structure, as shown in Figure 6.



Lignosulfonates (LS) are inexpensive, abundant raw materials that contain environmentally friendly polyphenolic crosslinked polymers [85,86]. The addition of LS-type superplasticizers lowered the viscosity of the fresh concrete, facilitating the air escape in the concrete matrix [84,87]. Researchers have shown evidence of reduced ettringite formation [88,89], increased surface area of cement grains [88], delayed hydration process [90] and setting time [91] with the addition of superplasticizers, especially with the poly (carboxylate ether) based PCE type. When the cement particles react with water, the cement grains start to hydrate, accumulating positive and negative charges on the surface of cement particles [81].



According to the macroscopic properties of the dispersion of liquids and solids, the fresh properties, such as viscosity and flowability, are closely related to the properties at the interface between liquids and solids [92]. Plasticizers or superplasticizers cause alterations in interface properties between solid and liquid [93]. The mechanism that takes place within the concrete matrix may be either an electrostatic repulsion effect [94,95] or Steric hindrance [84,87], depending on the chemical composition of the superplasticizer (Figure 6). Hence, the selection of a suitable superplasticizer by carefully looking at the chemical composition and reaction between hydrated cement grains and chemicals in the superplasticizer is a key parameter of ensuring the required properties for 3DCP.



There are varieties of commercially available plasticizers and superplasticizers in the current market. However, fresh properties of concrete mainly depend on the chemical composition, dosage, mixing procedure of superplasticizer and properties of binders (cement + additives). Hence, developing concrete for 3D printing is challenging since the performances are very sensitive to the fresh properties of concrete while ensuring satisfactory strength and service performance. The addition of both superplasticizer and hydroxypropyl methylcellulose provided sufficient buildability, workability, and open time in 3D printing [96,97]. This implies the ability of superplasticizer dosage to control open time for better extrudability and shear strength required in shape retention. Researchers have examined the relationship between open time and shear strength with a dosage of superplasticizers [98].



Melichar et al. [99] used a PCE superplasticizer together with defoaming admixture to decrease the water/cement ratio and increase the physical–mechanical properties of 3D printed cementitious materials. Polycarboxylate-based superplasticizer improved the flowability of the fresh concrete while achieving a water reduction rate greater than 30% [100]. Roussel et al. [101] illustrated that the interactions between the particles in a concrete matrix significantly affect the rheological properties of fresh concrete. During the cement hydration process, phase changes take place, resulting in an anhydrous phase at an early stage, ettringite formation, calcium silicate hydrate (C-S-H) and gypsum, which leads to increased yield stress, thixotropy and hardening while reducing the workability, [89,90,102]. After extrusion, the freshly deposited concrete in 3D printing must recover its original viscosity and yield stress to facilitate the second layer to be placed on it. This clearly indicates the importance of achieving buildability while maintaining extrudability. Since these properties are very sensitive to the chemical reaction between cement grains and chemicals in superplasticizers, it is essential to ensure a proper mix design without only depending on the technical specifications of materials. No research focusing on the chemical reaction of concrete mixtures, especially designed for 3D printing incorporating waste-based additives and superplasticizers, can be found in the literature.



Other key concerns are the selection of correct dosage and mixing procedure to avoid high fluidity, which causes bleeding and phase separation of concrete. Ma et al. [92] suggested using viscosity-enhancing compounds with superplasticizers to eliminate such drawbacks. Superplasticizers can change the shear thinning of the concrete to shear thickening, which is a key need in concrete printing [13]. Since a range of types of cement with various chemical compositions are available in the market, it is essential to verify the performance with the manufacturer’s specified superplasticizer dosage. This is because the chemical reaction in hydrated cement paste with the added superplasticizer may cause adverse effects, especially in maintaining good extrudability and shape retention.




2.2.2. The Viscosity-Modifying Agent (VMA)


The most common viscosity-modifying agent (VMA) used in digital printing technique is derived from cellulose ether. VMA enhances the compressive strength of the cementitious matrix at a fresh state and controls the deformation of printed layers during printing [103,104]. These admixtures are exploited as nucleating agents, absorbing cement particles and linking them to develop large flocculants, resulting in a restricted flow of fluid layers and increased plastic viscosity and yield stress [105]. Clay is an effective rheological modifier in 3D printing because it enhances the stiffening rate of cement composites at rest, even though it reduces the apparent viscosity under shear [106]. Hydroxy-propyl-methylcellulose (HPMC) enhanced the yield stress and viscosity of the mixture, which further increased the shape retention [44,107].




2.2.3. Retarders and Accelerators


The retarder decelerates the hydration process to minimize the variations in the rheological properties of fresh concrete. This additive can facilitate the transportation process by delaying hydration. The retarders that have commonly been used for concrete are organic retardants. Several examples include refined calcium, sodium, NH4, salts of lignosulfonic acids, hydrocarboxylic acids, and carbohydrates. The additives that affect the material buildability are the accelerator and the viscosity modifier; the former helps the extruded concrete to obtain a short setting time to bear the stress from the upper layer [108], and the latter enhances the viscosity and cohesion of the material to improve the stability of the extruded shape [108]. Increasing the dosage of these additives will result in delayed solidification of deposited filament, which helps shape retention in printing.





2.3. Fibers for 3D Printing


Fibers can be introduced to 3DCP to achieve high mechanical strength and shape stability by controlling the rheological parameters [109]. The fibers in the cement matrix control shrinkage and cracking, resulting in improved toughness of concrete [110,111,112]. The mixture’s microstructural morphology and constituent characteristics are the root of all mechanical properties. The superior properties in Fiber-reinforced concrete (FRC), such as high strength to delay the first crack, improved tensile and ductility, and resistance to shrinkage cracking, will contribute to eliminating drawbacks in 3DCP, especially as an alternative solution to the provision of steel bars. Various fibers, especially polymer fibers, have been used for investigations on 3DCP. Polymer flexibility may facilitate better extrusion without blockage when compared with the metal fibers for 3DCP applications. The most common polymer fibers that have been used are illustrated in Figure 7.



PP and PVA fibers (fiber content 0.5% to 1.25%) increase the yield stress and improve the thixotropy of calcium sulfoaluminate cement composites [110,111,112]. The 3D printed concrete with fibers indicated excellent properties compared to concrete without fibers [109,110,111,112,113]. Added fibers influence both fresh and hardened properties of concrete. These fibers improve shrinkage resistance, which is required to reduce stresses at inter layers in printing, microstructure, and mechanical properties of concrete, even though a slight reduction appears in workability. The key influencing parameters are fiber type, geometry, fiber size and volume in concrete [81,82]. Kim et al. [114] investigated the behavior of polyethylene terephthalate (PET) fiber reinforced concrete and found a considerable reduction in shrinkage cracks. Polypropylene fibers (PP), with length and diameter ranges from 5 to 30 mm and 5 to 100 µm, respectively, can effectively control shrinkage in concrete [115]. Extensive research studies have been recorded on exploring the suitability of different fibers in cement matrix to improve fresh and hardened properties of concrete. Hombach et al. [116] studied the performance of 3D printed fiber reinforced concrete. Their study was based on carbon, glass and basalt fibers and the fiber length ranged from 3 mm to 6 mm and showed enhanced flexural and compressive strength up to 80 MPa without affecting the printability of concrete. The ability of the extrusion nozzles to align fibers into the print path has caused a considerable increase in the flexural and tensile strength of 3DCP structures [117]. Carbon fiber reinforced concrete reported a remarkable strength gain. No blockage of the printing nozzle was noted during the printing process till the fiber volume was less than 1.5% of the cement volume. Carbon fibers (1% Vol. of binder) reinforced concrete had shown a maximum yield stress of 30 MPa at 0.42% deformation, while the plain cement reaches 10 MPa yield stress at 0.058% deformation. This clearly indicates the importance of introducing fibers into 3D printing process.



Sing et al. [118] used 200 µm diameter 13 mm long steel fibers up to 1% vol. and revealed reduced slump and improved buildability with the addition of nano clay, which acts as an interlocked web due to an increase in the friction and adhesion among particles. On average, 1% of PE fibers (12 mm long, 25 µm diameter) showed the highest spread diameter, and the samples with 1.5% PE fibers showed optimum mechanical properties [119]. Li et al. [120] used glass fibers (14–19 µm Dia. and a length of 12 mm) and basalt fibers (13 µm and a length of 12 mm) for 3DCP, which contains coral sand. The mix design with 1% of fibers showed optimum buildability and flexural and compressive strengths. Adding 1% polyethylene (PE) fibers can change the failure mode of 3DCP from brittle to ductile with better deformation [121]. PVA in 3DCP showed reduced fluidity due to interlocking and entangling behavior among fibers in concrete mixtures [110,122]. Investigation on the 3D printed lightweight engineered cementitious composites, incorporating 1.75% PVA, indicated reduced workability and increased setting time [123]. Shakor et al. [13] showed an 11.52 MPa increment in compressive strength by adding 1 to 1.5% glass fibers. However, Hambach et al. [116] provided contradictive results, which showed increased flexural strength by 1.8 MPa and decreased compressive strength by 20 MPa by adding 1% glass fibers [116]. Researchers have used PVA fibers up to 18 mm in length, and performance was noted up to 1.5 vol.% of PVA fiber addition [109,123,124]. 3DCP containing PP fibers effectively increased the yield stress (dynamic) and plastic viscosity of concrete mix [85,86]. In these studies, 12 mm long fibers with diameter ranges from 7 µm to 19 µm were used in addition to PVA fibers into 3DCP to enhance the ductility and crack resistance while achieving high strength [100].



It Is predicted that using fibers, especially hybrid fibers, not only covers the deficiencies of initial cracking of 3DCP but also can be used instead of steel bars; therefore, this material can play a pivotal role in the construction industry’s future. When PVA fibers were added to the cement matrix (up to 1.5%), the compressive strength increased to be almost double with the addition of activated carbon powder (up to 1.5% wt.) [110]. Adding fibers into concrete can significantly improve the crack resistance of concrete, ensuring the continuity of 3D printing. However, the direction of fiber distribution in the concrete matrix can affect the efficiency of stress transfer in the matrix. Studies showed that adding steel fibers with proper length can effectively improve the flexural properties of 3DCP compared to that of short glass fiber usage [105,125]. The type of polymer used depends on the intended application and requirement for concrete properties [126]. Fibers contribute to improving flowability [127], setting times [128], mechanical properties [129,130] and concrete microstructure, in addition to controlling shrinkage [131,132].



These research studies clearly showed that the addition of fibers into 3DCP improved performance in pumpability, flowability, and consistency in extrusion-based printing. In the early studies, the researchers initially faced challenges in the decision-making process of selecting fiber size, optimum proportion, and correct print head speed to avoid any blockages with the available nozzle size while achieving the required fresh and hardened properties and maintaining consistency for their intended mix design. Table 2 summarizes existing studies that successfully printed concrete with the addition of fibers such as steel [118,133], PE [5,121,134], PP [13,109,135], PVA [100,110], glass and carbon [136]. This may help researchers lay a strong foundation for proposing and selecting suitable fibers for 3DCP.




2.4. Fluidity Requirement


The minimum stress required to initiate and maintain the flow can be defined as static and dynamic yield stress, respectively. The resistance provided by a fluid to flow freely is known as the plastic viscosity (µ), which implies the additional shear stress required to increase the flow rate [16]. When the external shear force is removed, the concrete stops flowing, and the flocculation of the particle will commence due to the interparticle interaction, and the static yield stress is restored. This is known as the thixotropic behavior of concrete [137]. The structural build-up is the evolution of yield stress with respect to time [137]. The increase in viscosity with the increased shear rate is known as the shear-thickening behavior, and vice versa is the shear-thinning behavior [138]. 3DCP requires shear-thickening behavior, although traditional concrete has shear-thinning behavior.



The chemical reaction in the concrete matrix would not be completed, resulting in weaker strength if the water content is low. However, excessive water should be avoided because it reduces the strength and buildability of 3DCP [63]. The longer final setting time of 3DCP contributes to the smooth flowability, extrudability, and reduced buildability and strength between layers resulting in structural collapse. Hence, it is essential to identify the correct fluidity level, which is required for successful printing. The Chinese standard recommends fluidity between 160 mm and 220 mm for printing mixtures having aggregate sizes less than 5 mm [139]. Figure 8 as illustrated in [100] shows the appearance of 3DCP mixture with fluidity level, which helps researchers physically determine the correct mixture with observations.



Fine powder additive mixtures can densify the concrete structure by filling voids and pores, hence improving the flowability of concrete [63]. However, the partial replacement of cement by RHA reduces the flowability of the mix due to its porous nature, which absorbs physical water from its surroundings, resulting in the densification of the cement matrix [63].




2.5. Aggregate Size and Aggregate to Binder Ratio


Printable concrete is a high-yield stress material that is sensitive to the aggregate: binder ratio content in the materials. Mohan et al. [140] showed a significant increase in plastic viscosity, yield stress and storage modulus with an increased aggregate-to-binder ratio. However, the material should be sufficiently flowable for continuous pumping without any phase separations or blockages. Printing concrete with coarse aggregate caused cracking of printed materials and resulted in brittle interfaces between layers [141]. On average, 30% by volume of coarse aggregate size with a maximum size of 10 mm in 3DCP mixture showed good extrudability without any blockage or filament failure [142]. Researchers [143] reported printing of 10 layers without any obstruction in the 3DCP with coarse aggregates of a maximum size of 8 mm. Lightweight aggregates (LWAs) are made of a variety of sources: perlite, vermiculite, expanded clay, fly ash pellets, coconut shells, oil plum shells, rubber, ceramic wastes, etc. [144]. Senff et al. [145] investigated the effects of LWAs, perlite and vermiculite on the rheological properties of 3DCP. The measured yield stress was proportional to the aggregate ratio. However, the majority of research studies with successful mix designs were performed using aggregate sizes less than 2 mm. Several selected mixed proportions are shown in Table 3.





3. Challenges, Opportunities, and Current Progress of 3DCP in Australia


3DCP has proven to be the future construction method in achieving sustainability goals and fast-tracking Australia’s transition to net zero by 2050. It has the potential to offer automated prefabrication from factories to large-scale construction at site. The advancement of 3DCP in the Australian construction industry is still emerging. This section reviews the literature of the past seven years on the challenges of 3DCP and how they are relevant to the Australian context, as described below:




	(a)

	
Impact on traditional construction workers and a need for a digitally skilled workforce









Australian Bureau of Statistics reported that there are 1.32 million construction workers (data as of February 2023), representing 9.6% of overall workers in Australia [146]. With the increase in government-funded infrastructure projects in the next decades, there will be a massive demand for tradies and building materials that will impact residential construction and home builders. The target to achieve 1.2 million new homes will be at stake due to high competition for key trades and skilled workers from the higher-paying infrastructure sector [147]. This is echoed by the Housing Industry Association Ltd. report, which emphasizes the severe shortages of skilled trades in the residential building industry [148].



3DCP offers excellent opportunities to address the challenges of labor shortages in the residential construction sector. Adopting this technology will reduce the amount of labor due to improvements in the construction rate, higher-level automation, and shorter construction time [149,150,151,152]. This is an opportunity, especially in remote areas where there are limited tradesmen and the workforces are heavily relying on fly-in, fly-out workers [150,151]. A reduction in labor will also lead to enhanced construction safety with fewer injuries and fatalities, reducing labor cost by 50–80% [153]. However, some skilled workers, such as in concrete mixing, pouring and steel reinforcing, will be facing job displacement [154,155].



The 3DCP construction technology requires new skillsets and talents at the design and operation stages. The existing construction workers require re-training and learning new skills such as modelling, communicating with robots, operating, regulating, and maintaining 3D printers, with an in-depth understanding of printing parameters and concrete thixotropic behavior. These skills cannot be replaced with a lower-skill workforce [156,157,158,159]. These are more challenging in Australia’s remote communities with lower literacy and numeracy skills [150]. Overall, investment to upskill the Australian workforce is critical to meet the demand for digitally skilled talents through vocational, undergraduate, and postgraduate courses to lead the future digital construction.



	(b)

	
Initial capital cost of printers and printing limitations







The high capital cost of 3D printers and infrastructure is one of the main restraints for small and medium construction companies to venture into the technology [150,154]. It is estimated the cost of construction 3D printer can be approximately USD 180K to over USD 1M [160]. With the growing global acceptance by major players in the industry, increasing start-up companies, and large-scale adoption, the equipment cost of 3DCP is expected to be lower than conventional construction [161]. Studies found the allocation of equipment cost of robotically built walls is estimated at 18% of the total cost [162].



In addition, the size of 3D printer and geometric capability may limit the size of the printed structures, which is not favorable for large-scale construction [82,150,158]. The gantry system is mostly used due to the greater flexibility of printable dimensions, compared to limited arm distance in the Robotic Arm method [158] and the slightly cheaper approach for printing complete structures [163]. No limit of printable dimension in driving direction (x), between 10 to 50 m in the y-direction and up to 8 m in height (z-direction), was reported [82]. Some flexibilities are allowed for 3D printed precast concrete elements but are still not capable of printing medium-rise multi-storey buildings [164]. The transportation of 3D printers will escalate the costs further if the projects are far apart, especially in remote areas in Australia [150].



	(c)

	
Lack of standards and government support







3DCP is still an emerging technology and there are no specifications and design standards in Australia and globally. The regulations and policies have yet to be fully developed, which has a negative impact on rapid commercialization and hinders its full adoption [152,154,165]. To meet the industry requirement, the current standards need to be applied for fabricated components [155]. As a starting point, a separate chapter in existing standards can be incorporated, such as in AS3600 [166] or AS 3850 [167]. Standards for material testings, structural performance under various loading and exposure conditions, durability in service and specifications for reinforcing systems in 3DCP elements are needed, especially for large-scale applications [4,152,158,165,168]. A few committees are currently developing design standards, including ISO/ASTM 52939 on Additive Manufacturing for Construction Qualification Principles Structural and Infrastructure Elements [169], ACI Committee 564—3D Printing with Cementitious Materials [170] and RILEM Technical Committee 276-DFC on digital fabrication with cement-based materials [171].



Government support is critical in promoting and realizing the adoption of 3DCP in the construction industry. Worldwide, governments are prioritizing additive manufacturing, including concrete 3D printing, such as the release of a strategy for the technological advancement of additive manufacturing by the United States Department of Defence in 2021, Dubai 3D Printing Strategy 2016 with a target of 25% new buildings constructed using 3DCP technology, China 14th Five-Year Plan with expansion of large-scale 3D printing construction projects and increase government research funding [172]. The government of Singapore established a SGD 80 M Singapore Centre for 3D Printing at Nanyang Technology University (NTU) to support research in the aerospace, marine and offshore, building construction and process management industries [173]. In Australia, CSIRO released the Advanced Manufacturing Road Map in 2016, where 3D printing is one of the cores enabling technologies to achieve the plan for the next 20 years [174]. The latest trend of additive manufacturing in Australia is showing a very positive outlook, with business expanding through federal and state government grants. In construction, the trend of 3D concrete printing is heading in a positive direction. Recently, through the Australian federal government’s Cooperative Research Centres Projects Grants program, Luyten has collaborated with the University of New South Wales (UNSW) and Hanson Construction Materials (Hanson) to develop 3D printed houses in remote Australia to support mining and other communities [175]. A search using the keyword “3D printing” in the Australia Research Council (ARC) data portal [176] yielded 113 additive manufacturing research projects in various applications such as aerospace, manufacturing, healthcare and automotive. However, only nine projects are specifically on 3DCP, funded from 2016 to 2024, majority to the Swinburne University of Technology. Clearly, more supports are needed from the government for the 3DCP to thrive in Australia.



	(d)

	
Solution for house affordability and shortages







3DCP possesses greater benefits to the Australian construction industry, particularly in addressing house affordability and shortages in the current climate where supply chains, material costs and labor shortages are challenging issues. Significant advantages of 3DCP, such as up to 78% cost savings and a 60% reduction in labor, can be achieved [154]. A reduction in cost due to formwork elimination and associated waste is another bonus point, which can save up to 63% of the project cost [11,149]. Analysis of five construction techniques, i.e., in situ Reinforced Concrete (RC), Hot Rolled Steel (HRS), Cold-Formed Steel (CFS), Prefabricated Concrete Construction (PCC) and 3DCP of building two-storey villa with an area of 219.3 m2 revealed that 3DCP offers the most economical solutions [163]. Cost reductions of 21%,10%, 15% and 24% can be gained compared to PCC, RC, CFS and HRS, respectively. In 2023, Australia’s population expansion is estimated at 500,000 due to a surge in migration. Based on this expansion, at least 190,000 to 200,000 housing need to be completed [177]. 3DCP offers huge time savings in housing construction. For example, Fortex Pty Ltd. estimates the printing time for a 210 m2 single-storey three-bedroom and two-bathroom house requires only 70 h to print the entire wall system. Delays due to supply chain can be avoided and the material selection can be adjusted to rely on locally available raw materials [178]. Further material cost reduction can be realized through utilization of waste or recycled materials as the primary raw materials [179,180] with improved sustainability through carbon sequestration [157].



	(e)

	
Current practice and progress of 3DCP in Australia







The industry adoption of 3D concrete printing in Australia has been gaining in the past 4 years. However, only limited companies are leading 3D concrete printing for construction of small-scale structures such as single-storey houses, eco-cabin, granny flats and pods. In August 2022, Luyten built the first 3D-printed indigenous housing project (Figure 9a), located in an extreme climate in the Northern Territory [181]. Using a proprietary concrete material called Ultimatecrete, the material is capable of withstanding extreme weather conditions. The construction was materialized using a large mobile 3D smart AI-powered concrete printer (12 m wide × 6 m high) called Platypus X12 (Figure 9b), which is capable of printing two-bedroom houses in just 22 h. The company aims to build 30% of housing in Australia’s regional areas using 3D printing technology by 2030. Luyten also printed a 3D single-storey house called ‘Heptapod’ (Figure 9c), which can be printed in two days. The printed elements gain sufficient strength after 5 h at a fraction of the cost. Huge saving of production time, and 80% of labor costs can be achieved.



Contour3D is another leading company in Australia in the 3DCP industry. The construction method is based on contour crafting using dynamic mobile gantry printer called Opus One. The printer has a building envelope of 24 m long × 13 m wide × 6 m high. A proprietary concrete material called ContourCrete is used for printing the walls, which contains 40% recycled materials. The materials are claimed to have inherent strength that can double the usual life expectancy of a standard home. Several projects have been completed, including amenities blocks, granny flats, and pods (Figure 10). The Opus One printer is capable of printing walls in a few days, and 3–4 bedroom homes are ready to be occupied in 8–10 weeks. Printing of a 50 m2 granny flat only used 18 tons of Contourcrete with 15 h of actual print time. The printing of two pods and BBQ bench in the factory took 10 h and was transported from Sydney factory to the Melbourne Garden Show [182].



Another enterprise that has recently entered the field is Fortex Pty Ltd. Fortex is the exclusive Australian distributor of COBOD 3D construction printers. Fortex aims to introduce COBOD International’s 3DCP technology into the Australia residential market to meet the housing demand and combat the issues of supply chain and shortage of materials. Improving productivity through the reduction in the construction period and optimizing the material are several key targets. Fortex estimates to print the entire wall system of 210 m2 single-storey three-bedroom house in just 70 h [183].



Macro3D is also one of the pioneers, providing 3D concrete printing in Australia. Macro3D offers integrated solutions for 3D concrete delivery systems using a mobile robotic arm, high-resolution mortar mix and cloud-based printing software with a parametric design function [184]. The first 3D printed build was a 60 m2 Class 10 structure with a further 60 m2 undercover area (Figure 11a), printed using a mobile printer (Figure 11b).



Overall, due to the challenges described above, wider adoption of 3DCP in Australia has not yet materialized. Comprehensive studies on cost–benefit analysis in the Australian context are required to convince the industry players to implement 3DCP as a viable and economical construction method in the future. In addition, procurement rules to endorse sustainable 3DCP construction techniques, collaboration with policy makers, dissemination of knowledge on societal benefits of waste incorporation, and linking environmental, economic and social benefits of expanding this sustainable technology will strengthen the development efforts of 3DCP as highlighted in sustainable concrete construction approaches by Mehran and Ciaran [185].




4. Discussion


Many research studies have been focusing on developing fresh properties of the 3DCP mixture. Review articles that help to understand the status of knowledge in 3D printing have also been specialized under specific themes: usage of supplementary materials [51,69,186], introducing fibers [81,82] and admixtures [187] and providing an overview of developed mix designs [130]. The fastest way of developing a technique is learning from failure. Hence, it is important to identify the critical problems and drawbacks in the system, as well as causes and attempts to overcome such issues. The status of current knowledge of constituent materials to develop 3D printing concrete technology into green and sustainable direction, their effects on fresh and hardened properties of 3DCP, the drawbacks in the system and attempts to overcome such problems are analyzed. Installing reinforcements in 3DCP is generally not a feasible task [98,187]. The development of a good mix design with required tensile and flexural properties may successfully overcome this issue [188,189].



Exposure to plastic shrinkage in the early stage after printing is another key issue [190,191]. High binder content in the mixture resulted in high shrinkage. The most common pumping system that has been used for 3D printing is the screw pump which does not allow the use of coarse aggregates. Hence, the printable mixtures contain a high binder content (more than 800 kg/m3), while the conventional concrete with a similar grade contains a low binder content of 400 kg/m3 [140]. The addition of cementitious supplements to limit OPC or replacement of OPC using SAC will be a sustainable approach. Simultaneously, the development of a mechanical pumping system to suit major constructions is also a timely need together with a focus on the design of concrete mixture.



The fresh properties of 3DCP can be categorized as fluidity, cohesiveness, and water retention [192,193]. Ensuring continuous and even extrudability while achieving required thixotropy and setting times is another challenging task. A weaker interface due to voids resulting from mechanical anisotropy can be controlled by introducing fibers into a concrete matrix [119]. Concrete should reach sufficient yield stress after extrusion for shape retention. Incorporating properly selected fibers into 3DCP can reduce spalling, restrict deformations, and improve uniform and continuous printability [97,194,195,196].



Liquid-phase segregation during the extrusion of the nozzle [196,197,198,199,200] badly affects the rheological behavior of concrete. This is mainly due to the pressure loss in pumping resulting from the formation of a lubrication layer during the pumping phase. A low shear zone was created in the central pipe area, while a high shear zone formed at the proximity of the pipe perimeter. Aggregate particles in the concrete move from the high shear zone to the low shear zone due to shear-induced particle migration [201]. This results in the formation of a binder-rich lubrication layer of a few millimeters near the pipe wall [202]. This indicates the importance of considering the effect of the lubrication layer when predicting the pressure loss in concrete pumping. In the mix design process, selecting printing parameters is equally important for successful 3D printing.



Printing process parameters such as printing layer interval time, moisture level, speed and height of printing head, geometry and rotational velocity of the spiral blades, extrusion shape and size are sensitive parameters that control the quality of printed objects [13,82]. Among them, a mutual influence can be seen between the interval time of the printing layer, surface moisture content and the travelling speed of the print head. Stating process parameters in mixed design approach-based research articles is important to lay a sound base for future research studies.



Qingxuan et al. [203] investigated the effect of travel speed and height of print-head on the mechanical properties of 3DCP and found a decrement in compressive and splitting tensile strength with the increase in travel speed and height. Similarly, Panda et al. [204] illustrated the reduced tensile bond strength of 3DCP with increased travelling speed and height of the print head. Yu et al. [205] studied the characteristics of printed interfaces based on the pore structure of 3DCP using the mercury-pressure method and X-ray CT scans. The results demonstrated that the slow movement of the print head, the absence of vibrations, and rapid moisture loss can cause higher macroscopic porosity and larger-sized pores in 3DCP as well as more irregular and elongated pore morphology [205]. They noted an increase in the total porosity from 22.8% to 32.6% for mold-cast concrete and 3DCP, respectively. Brittle failure of printed material should also be avoided. Adding polymer fibers would change the failure mode from brittle to ductile.



The high porosity of printed material indicates lower strength than the mold-cast samples from the same batch. The printed concrete is subjected to no vibration, little compaction after pumping and filament deposition in the extrusion process, which results in increased air entrapment. A study found the measured total porosity of printed and cast samples was 10.8% and 6.5%, respectively [135]. The majority of these pores were in the interlayer regions. Water migration due to surface moisture evaporation between printed filaments, surface roughness, and the thixotropic pattern of 3DCP also cause increased porosity and void interconnectivity. The nozzle parameters also caused such problems.



Weaker interfaces between filaments and filaments tearing are common problems in 3D printing. Particle migration and segregation of water from the fines paste due to the hydraulic pressure gradient and formation of a lubrication layer during the extrusion of stiff materials are reasons for creating voids, pressed, and smeared between filaments resulting in weaker interfaces and filament tearing due to incompatible printing parameters such as high print speed coupled with a lower extrusion rate [135].



Another reason for weaker interfaces is the sensitivity to the fluidity of the mixture, which reduces the extrudability of the material and bonding strength between the layers and strips. Liu et al. [206] found decreased tensile strength and inter-laminar bond strength with increased interval time between layers before the final setting. They also noted increased shear strength and negligible changes in tensile strength after the final setting. Severe moisture loss on the surface reduces the interfacial humidity, causing a reduced rate of hydration resulting in increased porosity of the sample [206]. Le et al. [207] examined the anisotropy of 3D printed concrete using compressive and flexural strengths and the interfacial bond between layers. They noted decreased compressive and flexural strength of 3D printed material in the vertical direction of printing. The increased interval between printed layers had caused decreased interlaminar tensile strength between printed layers even though an increased flexural strength along the printing direction was observed.



Acceptance of 3DCP into the construction mainstream has been widely gaining in recent years. However, this technology has been centralized only in several parts of the world with limited large-scale applications. As with almost all new technologies, the high capital investment cost at this initial stage has attracted less attention from many nations. The lack of guidelines and limited capacities of construction equipment related to this technology has hindered broad applications in civil infrastructures. Hence, it is extremely important to consider simultaneous approaches to the development of printing equipment and robots with enhanced capacity for an affordable cost. Collaboration between academia, industry, professional bodies, standards associations and policy makers is deemed important in developing economical and sustainable 3DCP materials and techniques for broad acceptance.




5. Conclusions


3DCP is a green and sustainable technology that was introduced to the construction industry over nearly a decade. This paper critically reviewed existing literature on the development of sustainable concrete mixtures. The material and construction-related drawbacks are identified and suggestions to improve this technology are presented by critically comparing the published research articles on developing 3DCP technology. The progress and applications of 3DCP in the construction industry, especially in the Australian context, are also reviewed. The following key aspects of developing this technology for acceptance by the broad construction spectrum have been identified:




	
The performance of printed objects depends not only on the correct mix design but also on climatic conditions such as humidity and temperature in the construction phase and printer parameters such as size, geometry, operating mechanism, printer head details, nozzle size, shape, speed, and filament parameters (number, width and height of layers). Stating all these factors on material and structural performance in research publications is essential in maintaining consistency in the development chain to accelerate the progression of this technology as a global team effort.



	
The use of high OPC content and the development of mixtures without a broad understanding of both mixture and printer performance hinders the expansion of 3DCP in large-scale construction applications. Using LC3 and SAC as alternatives to OPC can reduce the environmental effects and increase the required fresh properties of the 3DCP mixture, resulting in improved printability.



	
Use of Pozzolanic waste materials such as FA, RHA and GGBS with controlled particle size and dosage to partially replace OPC will improve the packing density of the mixture and subsequently will increase strength and durability. However, weaker properties caused by adding waste can be controlled using additives, superplasticizers and well-graded waste materials.



	
Almost all successful 3DCP mixtures contain chemical admixtures. VMA improves the viscosity while reducing the segregation/bleeding during extrusion. Superplasticizers address the majority of common problems in fresh and hardened properties of mixture. Depending on printer parameters, scale of printing object and corresponding batch, retarders and accelerators can be used to alternate the open time of printer while controlling the rheology.



	
Plasticizers are capable of reducing the water content in concrete mixtures up to 15% while the superplasticizers can control about 30% or more. However, it is extremely important to identify the chemical composition of the binder and the reaction of the superplasticizer in the cement matrix before selecting a suitable plasticizer or superplasticizer. Even though the technical specification of the product provides dosage and mixing requirements, conducting pre-trials to determine the suitability of the recommended dosage for the selected cement brand is a learned decision.



	
Selecting fibers in the range of 0.5%–1.5% of binder volume with suitable size (length and diameter) to suit the nozzle parameters can effectively eliminate many drawbacks in 3DCP. Literature reveals that adding polymer fibers at least 6 mm length can improve the fresh and hardened properties of the 3DCP mixture. Using hybrid fibers in the 3DCP can effectively eliminate the reinforcement requirement of structural applications. However, further investigations are needed.



	
The fluidity of the mixture plays a major role in controlling the printability and buildability of 3DCP. The Chinese Standard recommends maintaining fluidity between 160 mm and 220 mm for better extrudability and printability. Researchers had identified 175 mm of fluidity as an optimum level.



	
Printable concrete is susceptible to the aggregate content in the mixture. The use of coarse aggregate has caused cracking and brittle failure of interfaces of the printed object. Literature suggests limiting the maximum aggregate size to 10 mm. However, most successful mix designs controlled their aggregate size to 2 mm or less. This might be due to the restrictions in printer parameters.



	
The accelerated way of developing a new technology is learning from failure. Hence, it is important to provide main concerns on drawbacks, reasons, and the ways of overcoming them by modifying or inventing, which is a timely need in expanding 3DCP for major constructions in an accelerated manner. A simultaneous approach to the development of the printing head and the machine parameters with the mixture is essential for sustainable applications of this technology without borders.



	
In the Australian context, 3DCP is a promising solution for residential and building constructions to achieve net zero by 2050. Key challenges, including digitally skilled workforce, high capital cost, design standards and government support, need to be addressed for wider adoption of this technology in the construction industry.



	
Collaboration between industry and academic researchers and government support are imperative to facilitate successful 3DCP materials and technology. Otherwise, research-based developments in the laboratory environment may not be feasible for economical and large-scale construction applications. In addition, the appointment of technical committees in different parts of the world may help to expedite the development of design guidelines and specifications for rapid commercialization and broader adoption of 3DCP.
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Figure 1. Integration of key details of 3DCP based on 194 journal articles. 
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Figure 2. Overview and highlights of the article. 
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Figure 3. Constituent materials and their critical effects on end properties. 
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Figure 4. Illustration on decision-making pathways for the selection of binder for 3DCP. 
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Figure 5. Functions of common admixtures used for 3D printing. 
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Figure 6. The development of superplasticizers and mechanisms with hydrated cement matrix [84]. 
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Figure 7. Illustration of fibers addition and improvements in 3DCP. 
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Figure 8. Fluidity Vs appearance of the mixture and recommended fluidity of 175 mm for 3DCP [100,139]. 
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Figure 9. 3D printed structures and printer used by Luyten [181]. Reprinted with permission from [181]. 2024, Luyten. 
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Figure 10. 3D printed projects by Contour3D [182]. Reprinted with permission from [182]. 2024, Contour3D. 
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Figure 11. Macro3D project and mobile printer. Reprinted with permission from [184]. 2024, Macro3D. 
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Table 1. Successful mixed proportions for RHA mixed 3D concrete printing.
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	Reference
	[63]
	[62]
	[58]





	Particle size—sand
	<1.18 mm
	Silica sand <1.7
	Not available



	Particle size—RHA
	<75 µm
	2–7 µm
	0.075–1 mm



	RHA (amount of cement)
	20%
	20%
	15% (Raw Rice husk)



	Binder: sand
	1:1
	1:1.11
	Not available



	Water: binder
	0.48 control

0.45 RHA
	0.2 control

0.3 RHA
	0.45 RHA



	Superplasticizer (% binder weight)
	1—RHA mix
	0.8—control

0.9—RHA mix
	Not available



	Viscosity-modifying agent (% binder weight)
	Not available
	0.15

0.15
	0.6%



	Flowability

Cement/RHA/Sand

Cement/Sand
	18.35 mm

21.25 mm
	12 mm

13 mm
	Not available










 





Table 2. Selected fiber properties and printing properties.
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	Fiber Type
	Length

(mm)
	Diameter

(µm)
	% Vol. of Cement
	Nozzle Size (mm)
	Printing Speed (mm/s)
	Reference





	ST
	13
	200
	1
	20
	20
	[118]



	ST
	6
	200
	1
	-
	130
	[133]



	PE
	6
	20
	3.5
	30
	50
	[134]



	PE
	12
	20
	1
	30
	22.5
	[121]



	PE
	12
	27
	0.33
	-
	-
	[5]



	PP
	6
	50
	0.75
	2.7
	10
	[109]



	PP
	6
	30
	1
	25
	60
	[135]



	PP
	6
	100
	1
	14
	-
	[13]



	PVA
	9
	31
	1.2
	-
	30
	[100]



	PVA
	12
	39
	1.5
	-
	-
	[110]



	Glass
	12
	7
	0.5
	40 × 25
	-
	[136]



	Carbon
	6
	7
	0.5
	40 × 25
	-
	[136]










 





Table 3. Selected successful mixed proportions and mechanical properties.
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	Ref.
	Fiber
	% vol.
	Silica Fume (g)
	Cement (g)
	Aggregate (g)
	Water to Binder
	Super-Plasticizer
	Other
	Flexural Strength (MPa)
	Compressive Strength (MPa)





	[118]
	ST
	1
	-
	1000
	1000
	0.35
	1.32 g
	Nano clay 1.8 g + retarder
	-
	40/36



	[133]
	ST
	1
	268
	483
	1074
	0.24
	10.7 g
	Ground Granulated Slag 322 g

Retarder 6.44 g
	15
	109



	[134]
	PE
	1
	-
	1000
	1000
	0.35
	1.28 g
	Accelerator and retarder
	14
	-



	[121]
	PE
	1
	-
	1000
	1000
	0.35
	1.28 g
	-
	-
	27.3



	[109]
	PP
	0.75
	
	-
	-
	-
	-
	-
	9.5
	58



	[135]
	PP
	1
	81.4
	562
	1144
	0.32
	4 g
	Fly ash 162 g

VMA 2g
	-
	60.5



	[13]
	PP
	1
	
	375
	375
	0.33
	2.5 mL
	Retarder 2 mL/accelerator 2.5 mL
	18
	68



	[100]
	PVA
	1.2
	100
	1000
	-
	-
	-
	-
	14
	74.16



	[110]
	PVA
	1.5
	110
	1000
	1330
	0.27
	11
	Fly ash 1330
	10.81
	45.05



	[136]
	Glass
	0.5
	101
	806
	1027
	0.29
	-
	Metakaolin 101g
	
	115
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