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Concrete 3D Printing (3DP) is a potential technology for increasing automation and introducing digital fabrication in the construction industry. Concrete 3D Printing provides a significant advantage over conventional or precast methods, such as the prospects of topologically optimized designs and integrating functional components within the structural volume of the building components. Many previous studies have compiled state-of-art studies in design parameters, mix properties, robotic technologies, and reinforcement strategies in 3D printed elements. However, there is no literature review on using concrete 3D Printing technology to fabricate structural load-carrying elements and systems. As concrete 3DP is shifting towards a large-scale construction technology paradigm, it is essential to understand the current studies on structural members and focus on future studies to improve further. A systematic literature review process is adopted in this study, where relevant publications are searched and analyzed to answer a set of well-defined research questions. The review is structured by categorizing the publications based on issues/problems associated with structural members and the recent technology solutions developed. It gives an overall view of the studies, which is still in its nascent stage, and the areas which require future focus on 3D printing technology in large-scale construction projects.
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1 INTRODUCTION
Concrete 3D printing (3DP) is an emerging digital construction technique that can realize geometrically complex designs. It was initially developed by (Khoshnevis et al., 2012) and is continuously evolving to be a prominent technology in the construction industry. It is proven to bring many benefits like increased customization, reduced construction time, labor, and material requirement. D-shape, contour crafting, and extrusion-based concrete printing are the common techniques in concrete 3DP (Perkins and Skitmore, 2015). Out of them, extrusion-based concrete printing is the most commonly used technology, and the number of research studies is increasing exponentially worldwide (Buswell et al., 2018).
Improvements were brought in terms of mix design, digital implementation, and printing parameters to concrete 3DP through many research studies. Multiple literature review studies are available focusing on the different aspects of 3DP technology. There have been review studies in terms of general implementation in the construction industry that brought out the required overall improvements in terms of large-scale implementation (Wu et al., 2016; Shakor et al., 2019b; Siddika et al., 2020). Other review studies were done to understand the digital planning methods in 3DP building parts and the process involved (Paolini et al., 2019). A review study was made to illustrate the commonly used raw materials, critical factors that need to be controlled, and the measuring methods required to assess the fresh and hardened properties of concrete 3DP (Ma and Wang, 2018). Review studies were done to emphasize the 3D printable material requirement at different developments, material fresh and hardened properties (Lu et al., 2019; Paul et al., 2018; Li et al., 2020b). A review study also brought out overall progress in workability, mechanical properties, and building plan design (Zhang et al., 2019). Further, there are comprehensive studies on the different state-of-the-art technologies used to fabricate 3D-printed formwork (Jipa and Dillenburger, 2022).
Even though concrete 3D printing (3DP) has been demonstrated to be beneficial in several aspects, constructing structural load-carrying elements using this technology still involves many challenges. In many implementations, only architectural elements or predominantly compression members are made with concrete 3D printing. The future of 3D printing technology is to take up its freeform buildability advantages into large-scale implementations. But large-scale implementation of this technology will require the development of methodologies for printing structural elements that take tension and flexure. Structural elements need reinforcement techniques to increase their tensile and flexural load-carrying capacity, which cannot be easily introduced into the conventional printing process. There have been recent studies on the technologies for reinforcement introduction and other designs for concrete 3D-printed structural elements.
But, a comprehensive review with a special emphasis on all the issues associated with printing structural elements and the methods developed till date is currently missing. This study will help identify the research gaps/problems that need to be addressed for the large-scale implementation of structural 3D printed elements. This paper reviews the research performed in printing structural elements and systems and highlights the problems related to the execution of structural elements using the concrete 3DP methodology. Also, extrusion-based concrete 3DP is given predominant focus in this study as it is the most used technique worldwide.
2 METHODOLOGY AND FOCUS OF LITERATURE REVIEW
A systematic literature review methodology is adopted in this study involving three stages, a. planning, b. compilation and c. analysis. In the planning stage, the purpose of the review is established by formulating the research questions precisely. The compilation stage involves identifying, screening, shortlisting, and including research papers. The analysis stage involves critically examining the selected papers to answer the research questions.
In this study, in-depth significance is given to the research studies involving 3D-printed structural load-carrying members. Also, among the different 3DP technologies available in concrete, most studies focus on extrusion-based concrete 3DP techniques. Hence the predominant focus is given to extrusion-based concrete 3DP studies. Further, the planning and compilation stage is narrowed to two research questions.
The research questions guiding this study are the following:
RQ1: What are the challenges in constructing load-carrying structures using 3D printing technology
RQ2: What technologies have been developed and tested for concrete 3D printing of structural elements or improving their tensile and flexural strength
The compilation of research papers is done through the library database Scopus, which is universally adopted as a source of scientific information. The systematic search procedure involves the identification of keywords, performing keyword searches and selecting relevant papers, examining cited papers in each selected paper, and compiling the publications that have cited the selected papers.
Analysis of the compiled papers involves reading either the abstract or the entire paper, identifying the key issues discussed, and classifying the content. The following classification tree has been developed through a systematic literature search (Figure 1).
[image: Figure 1]FIGURE 1 | Methodology and focus of literature review.
Further, the search for publications using Scopus is summarized in the form of a bibliometric network using VOSviewer software, as shown in Figure 2. From this figure, important topics/fields that need to be discussed in depth to review 3D-printed structural members can be brought out. The network also proves that the topics of reinforcement method, strength requirements, topology optimization, modeling, and bond strength are some critical topics/keywords that need to be addressed for this review.
[image: Figure 2]FIGURE 2 | Bibliometric network obtained for the publications searched through Scopus.
The rest of the paper is structured based on the issues and technologies depicted in Figure 1. Section 3 summarizes the major issues/problems associated with structural members. A summary of the issues/problems and their impacts on the load-carrying capabilities of 3DP elements are discussed in different headings, as shown in Figure 1. Then the overall advancements in technology pertaining to 3DP structural members are discussed in detail in Section 4. It gives a comprehensive overview of all the technologies developed in this area. Finally, a critical review of major problems that need to be addressed in future studies is given in Section 5.
3 PROBLEMS ASSOCIATED WITH 3D-PRINTED STRUCTURAL MEMBERS
The main challenge in constructing structures using concrete 3D Printing is imparting tensile and flexural strength in the printed members. Various studies have focused on developing the tensile and flexural strength members by incorporating reinforcement techniques into 3DP technology. But apart from tensile strength requirements, there are other problems associated with the large-scale 3DCP structural members. The major problems are discussed in the following sub-sections.
3.1 Carrying tensile and flexural stress
3.1.1 Bonding between reinforcement and concrete
Insertion of rebars or other reinforcement techniques inside the concrete is the most conventional way of producing structural load-carrying elements. Bos et al. (2017a) studied the direct entrainment of steel cables as reinforcement for 3DCP elements. The failure behavior for high-strength cable specimens was found to be due to the bond loss between the concrete and the cables. The failure due to bond loss is highly unpredictable, hence, a proper understanding of the concept is required.
In the case of reinforcement bar penetration, understanding the bond profile between the steel bar and the concrete is important (Marchment and Sanjayan (2020a). Similar bonding issues are found where reinforcement is inserted into the hollow sections of the printed elements at the hardened state (Aramburu et al., 2022). Here, bonding is brought out by mortar between the steel bars and the concrete printed elements. Loss of bond strength between steel and concrete at any location may also trigger failure in those areas, ultimately affecting the printed elements’ strength-carrying capacities.
3.1.2 With other forms of reinforcement
3.1.2.1 Meshes, barbed wires and U-nails
The system developed by (Marchment and Sanjayan, 2020b) for 3DP provided a novel way of simultaneously printing and reinforcing (using steel mesh) the element. Still, there is a need for testing elements printed using the technique on a larger scale and curved elements. There is also a need to develop a system for minimizing the lap length by exploring ways to stitch the reinforcement meshes Hojati et al. (2022) found that the usage of barbed wires enhanced the bond strength, flexural strength, and moment carrying capacity compared with plain concrete elements, but maintaining the straightness of the barbed wire is challenging and it hinders the automation level of this method of reinforcement. Wang et al. (2021) studied the usage of U-shaped nails as reinforcement for concrete 3DP elements yielding favorable results. But, the increase in the mechanical properties matched only a material-level replacement for reinforcement, not the structural level. In most of these unconventional reinforcement techniques, reinforcement is embedded into the printed layers after the completion of each layer increasing the printing time and reducing the automation level.
3.1.2.2 Fiber and textile reinforcement
Gebhard et al. (2020) proved that placing and aligning the fibers in between the layers increased the tensile strength. The fibers are kept in a particular orientation after every layer which is difficult to automate as the placement of fibers needed to be synchronized with the printing process to reach the same level of automation and reliability. The selection for fiber reinforcement is subjective to a particular case and may change from case to case.
The carbon fibers improve the shape and stability of the reinforced elements, but their use is limited due to their performance under alkaline and varying temperature conditions (Schneider et al., 2018). Similarly, Mineral Impregnated Carbon Fiber has challenges during mixing and more studies are required to investigate its durability and robustness (Mechtcherine et al., 2020a).
Glass fibers of different sizes are used as reinforcement techniques in 3DCP (Hambach and Volkmer, 2017; Panda et al., 2017a; Shakor et al., 2020; Yang et al., 2022b). But the strength enhancement was insufficient to eliminate steel reinforcement. The orientation of the fibers against the loading direction during mechanical testing has a significant impact. Similarly, the impact of textile reinforcement added in the layer interfaces on the strength requirements proved that they do not impart much strength enhancement to the printed elements (Gries et al., 2016).
3.2 Interlayer bond strength
Lower interlayer bond strength creates a weak plane in the absence of reinforcement and gives rise to anisotropic behavior as the direction of the load changes (Baz et al., 2021). Interlayer bond strength also affects the shear, flexural and compressive strength of 3DP elements. The printing cycle time significantly affects the layers’ bond strength in 3DCP, reducing the flexural strength (Al-Qutaifi et al., 2018). Buswell et al. (2018) states that the main problem with interlayer bond strength is the formation of cold joints due to longer cycle times in case of larger geometry of the element. Though interlayer bonding improved by using nails and screws (Baz et al., 2021; Perrot et al., 2020), there is still an issue regarding the corrosion of nails and screws. Steps like maintaining low permeability, sufficient cover, and using materials like fly ash must be taken to prevent this. Also, if the roughness of nails or screws goes above a specific limit, they may destroy the surrounding layers and cause additional voids.
Liu et al. (2022) studied the interlayer bonding in 3DCP using recycled coarse aggregates (RAC). With an increase in the proportion of the RAC led to a significant decrease in the interlayer bond strength among the samples but it was still greater than the bond strength achieved using 3D printing mortar of the same cementitious material system mix ratio due to the increase in the bonding area.
Panda et al. (2019a) stated that a higher yield strength resulted in weaker interlayer bond strength due to the formation of the pores at the interlayer interface and the printer head standoff distance greater than the nozzle diameter also reduced the bond strength. The interlayer bond strength can be enhanced with the addition of the superplasticizer providing better bonding surfaces and reducing the pores at the interface zone, besides reducing the effect of the printer head standoff distance. The addition of the superplasticizer reduces the thixotropy and allows higher printing speed for better interlayer bond strength (Weng et al., 2021). But adding superplasticizers impacts the rheology of the concrete and requires active monitoring.
Shakor et al. (2020) have investigated the influence of the glass fibers incorporated in the mortar on the mechanical properties of the casted elements. The results showed an enhancement in the compressive strength and flexure strength to the extent of 108% and 68%, respectively. The extruder speed also has a significant impact on the printing quality. The glass fibers also act as an interlayer reinforcement, thus contributing to the inter-bond strength of the elements. Shakor et al. (2017) studied the influence of the properties of the concrete mix designs on the printing quality using a six DOF robotic system and found out that the mix properties and printer extruder speed are crucial in determining the printing quality. 12 different mixes were tested, and only three out of them performed well in compressive strength and squeeze flow tests which are used as the basis for flow quality and buildability.
3.3 Required mechanical properties
Due to the differences in the material property, the layer interfaces in 3DCP elements tend to act as failure planes reducing the structural performance of the concrete. Kim et al. (2017) studied the fracture energy of the layer interfaces of 3DCP elements and suggested a suitable bridging material to increase the fracture energy and thus increasing the structural integrity of the printed elements. Using the model following Modified Compression Fied Theory (MCFT) theory, it was found that fracture energy diminishes during the initial setting time of concrete, affecting the overall behavior of the elements. Markin et al. (2019) developed printable concrete with mechanical strengths varying from 8 MPa to 100 MPa, but 3DPC still faces issues with plastic and dry shrinkages due to the high amount of cement content and low amount of coarse aggregate. Accelerators added in the mix to improve buildability also create durability issues due to the crystallization of salts (Lloret-Fritschi et al., 2019).
Falliano et al. (2020) compared fresh state dimensional stability and mechanical properties of “3D-printable lightweight foamed concrete” (3DP-LWFC) with conventional lightweight foamed concrete (C-LWFC). 3DP-LWFC showed better dimensional stability, no instantaneous and delayed settlement, and better compressive strength at the same density compared to C-LWFC with mixing intensity as major influencer, however, there is a need to study other properties like interlayer bonding, plastic and drying shrinkage crack. Le et al. (2012) considered the external environment’s effect on the shrinkage in 3DCP mix. Dry shrinkage was found dependent on the curing conditions in different environments. Amba et al. (2010), Nerella et al. (2019) found that due to the differential moisture distribution attributed to the deposition of the layer at different time intervals, shrinkage, creep, and strain relaxation effects are observed, leading to reduced bond strength between the layers.
Wang et al. (2020) observed that the increase in ceramsite content to an optimum level in 3DP lightweight hollow concrete elements reduced slump value and increased penetration resistance and enhanced compressive strength. Further studies are required on other mechanical properties and problems like environmental degradation and integration of tension reinforcement for the elements. Yang Y. et al. (2022) found that the mechanical strength properties of 3DP ultra-high-performance fibre-reinforced concrete (3DP-UHPFRC) are better than the Mould Casted ultra-high-performance fiber-reinforced concrete (MC-UHPFRC) due to the directional distribution of steel fibers in 3DP specimens. Though the compressive elastic modulus was anisotropic, the variation in tensile elastic modulus was insignificant. Studies are required in terms of buildability of 3D-UHPFRC and the external environment’s effect on 3DCP elements.
3.3.1 Mix design
A theoretical framework is developed and validated by simulating layer loads corresponding to the yield strength of the mix in a series of laboratory tests (Perrot et al., 2016). While designing a mix for 3DP, the two critical factors are its pumpability and buildability (Tay et al., 2019b). The inter-layer bond strength of the printed layers decreases with an increase in the time gap between the layers. The decrease in strength is logarithmic for up to the first 5 min of gap time, and then the loss in strength is minimal (Tay et al., 2019b). The addition of flyash to a hybrid mix of 95% concrete and 5% geopolymer based on fly ash or metakaolin was found to increase the compressive strength of the mix by 20% (Ziejewska et al., 2022). But the cast concrete elements showed 40% higher compressive strength than printed elements.
Alkali-activated materials (AAM) are used in 3DCP as substitute cementitious binders, to reduce overall CO2 emissions (Amran et al., 2022). But various areas need to be studied to enhance the reach of AAM-based 3D printing to a greater extent. Mechtcherine et al. (2019) tried to leverage the advantages of 3DP using coarse aggregates. The materials easily available at construction sites were used to improve the adaptability. Rahul and Santhanam (2020) worked on analyzing the printability of light-expanded clay aggregates (LECA). Being expensive, LECA will impact the cost of 3DP elements and long-term durability, and the external environment’s effect on the 3DCP elements needs to be studied. Rushing et al. (2017) studied the possible inclusion of coarse limestone aggregate in a 3DP mix using a fine-aggregate: coarse-aggregate ratio of about 1:2 and type I/II portland cement. It showed that coarse aggregates can be included in a 3DP mix, but a delivery system and optimum combination of additives for such a mix need to be devised.
Şahin and Mardani-Aghabaglou (2022) highlighted the importance of the mix design on the printability performance and the rheological properties in 3DCP. Sulfoaluminate cement is found to induce rapid hardening, high strength, and low shrinkage. The addition of nano-clay and viscosity modifying agents (VMA) increased the buildability properties of the mix. Adding recycled wastes, waste materials, and geo-polymers significantly impacts sustainability.
Izadgoshasb et al. (2021) developed a model combining a multi-objective grasshopper optimization algorithm (MOGOA) and artificial neural network (ANN), ANNMOGOA, to predict the compressive strength of 3DP concrete. Mix proportions and fresh-state properties of concrete are used as input for the ANNMOGOA. A single-layered model was found to predict compressive strength. Though the study is novel, there are a few deficiencies like the need to include the type of materials, climatic conditions, temperature, and humidity, to get a more realistic prediction model.
3.4 Printing overhang and complex geometries
Strano et al. (2013) tried optimizing the support structures by optimizing the built orientation and the cellular structure to determine critical places where more robust support is required. The algorithm uses implicit mathematical 3D functions for optimization and resulted in 45% saving on the materials on a truss part. The elements with overhangs are also printed sideways and then rotated to serve their intended use (Vanek et al., 2014). Some studies suggest that the inclination of the overhanging part should be 45° (Kuo et al., 2018; Strano et al., 2013), and some suggest that it is dependent on the properties of the features to be printed (Gaynor and Guest, 2016). Pre-fabricated optimized support structures are used to optimize the material usage and express the optimized complex geometry of the elements (Anton et al., 2020). Topology optimization for support design and its requirement is developed by (Vanek et al., 2014) to optimize the material usage while effectively supporting the overhangs. Bi et al. (2022) and Langelaar (2016) presented a topology optimization formulation with layer-wise filtering to remove the unprintable geometries to generate fully self-supported optimized designs helpful in reducing the need for support structures but limiting the design freedom.
3DCP of curved surfaces and overhangs presents a challenge because of the geometric constraints and the surface quality. Lao et al. (2021) developed a nozzle-geometry dynamic controller setup to counter the irregular surface finish observed in normal 3DP fixed-geometry nozzles. Extra details of layer geometry are derived from the thicker slicing of the 3D model and used to adjust the nozzle diameter as required, reducing the surface irregularities like the staircase effect.
Shakor et al. (2019a) pointed out that printing rectangular layers tend to sustain more layer load than the spherical or circular-shaped layers and enhances the printed layers’ outer surface quality. McGee et al. (2020) used a nozzle equipped with adjustable side plates to do the finishing for the printed layers. However, it is not feasible to print elements having self-intersecting paths.
McGee et al. (2020) used an optimized mix with cement and fly ash and was able to print overhangs up to an angle of 17.5° only due to the tension stresses in the upper border of the printed specimen. Tay et al. (2019a) found that the maximum gap length of 10 mm can be allowed in the bottom layer without causing a slump in the subsequent layer. The support structure layers are printed with intermittent gaps of 10 mm to support the main structure and these could be carved out easily. This method is suitable for small openings only as it would generate huge waste in case of large openings, thus, more work needs to be done in this direction to make it a feasible solution.
3.5 Numerical modeling and topology optimization
Mengesha et al. (2023) implemented a numerical simulation to understand the relationship between process parameters and the 3DP products to avoid the trial-and-error approach. The numerical model developed by (Wolfs et al., 2018) to determine the early-age mechanical performance of the 3DCP samples showed a promising approach by matching the experimental results qualitatively. The lack of quantitative reliability can be explained by the overestimation of properties of concrete that has been compacted after printing (better properties than the concrete which has not been printed yet) and also due to the inability to incorporate the geometric defects in the numerical model, which can cause eccentricity and early failure in an axial load test.
Chandra et al. (2020) developed an analytical model using finite element software to estimate the mechanical behavior of the 3DP RC beams. The final analytical model accurately predicted the maximum flexural strength of the 3DP RC beams. But it was not accurate in finding the initial stiffness and the several local failures, like a shear failure at nodal points.
A numerical model of Steel Reinforced Fiber concrete (SRFC) developed by (Nguyen et al., 2022) showed compliance with Eurocodes, but still, there is a need for developing a model that captures the layering pattern of 3D printing to make structural analysis using numerical models more reliable.
Vantyghem et al. (2020) developed structurally efficient 3DP structural elements with minimum material wastage, but the complex design shapes made it challenging to introduce reinforcement. Also, it may require sufficient support structures during printing and installation.
Brackett et al. (2013) attempted to exploit the design freedom of AM through Bi-directional Evolutionary Structural Optimization (BESO). Latifi Rostami et al. (2022) carried out the BESO topology optimization method for hybrid additive-subtractive manufacturing (HASM) with additive and subtractive manufacturing constraints. To enable AM of self-supporting topologically optimized structures (Bi et al., 2020) adopted the BESO framework with a layer-wise geometric self-supporting constraint. The first algorithm, which considered the orthotropic nature of printed concrete and the practical limitations posed by AM process, was developed by (Martens et al., 2018). This algorithm provides an initial step towards structurally stable, printable, and optimized structures using the modified Solid Isotropic Material with Penalisation (SIMP) method. Langelaar (2017) presented a filter that can be used with density-based topology optimization techniques to allow only printable designs in AM. Yang et al. (2018), after an experimental study of topologically optimized 3DP polymer materials, concluded that behaviors of 3DP materials must be considered in optimization for better results. Safonov (2019) and Schmidt et al. (2020) discussed the topological optimization of 3DP fiber composite structures. Carstensen (2020) considers nozzle size of extrusion type AM process as a constraint in topology optimization. The nozzle size must be included in the design stage or post-processing stage. Fiuk and Mrzygłód (2020) presented an effective topology optimization technique called Constant Surface Criterium Algorithm (CSSA), with printing direction and stress as constraints.
3.6 Large scale printing
Wu et al. (2016) suggests that 3DP is limited by the lack of large-scale implementation, mass customization, LCA, and the development of building information modeling. The authors signified the importance of the size of the printer in large-scale implementation as it limits the maximum size of the element that can be printed. If the printer is small, smaller segments must be printed, transported to the site, and assembled to complete the large-scale structure. Though large-scale structures have been constructed using the assembling of segments methodology (Winsun constructing a two-story villa and a five-story apartment in China), some limitations have been found. The first of such limitations is the requirement of special joining methods to ensure the tightness of the segments. Although glass fibers were used, brittle failure was observed when printed elements were used in load-bearing structures. Another limitation stated was the manual installation of plumbing and electrical fixtures.
An external reinforcement system was introduced by (Asprone et al., 2018a), where they printed individual small segments and joined them using an external reinforcement system. Upon flexural testing, issues like the extent of overall ductility of the fabricated beam, degradation of the external reinforcement system due to environmental factors, steel bar embedment, and the fire resistance capacity were seen.
Ding et al. (2014) pointed out that material rheology impacting the bonding and setting of the printed layers needs to be designed and optimized to achieve impeccable results in large-scale printing. BIM model processing efficiency and printer parameters such as nozzle size and axial movement precision are important factors in the upscaling of the printing system. Developing lightweight printer components with progressive attachment and detachment, optimizing filler layer algorithms to reduce the printing time, and considering multi-nozzle and multi-material printing could add to the versatility of large-scale printing systems.
Heineman et al. (2019) developed a cable-driven 3DCP system where the extruder is held at the top of the structure with the help of a crane and is controlled in axial directions by the cable tension stations on the ground. Two designs of this superstructure–an angled tripod and a vertical tripod achieved the target deflection values. The cost and installation time of the angled one is more than the vertical one. There are many things to be improved, such as economy, site constraints, logistics, etc., to attain an efficient system.
Tiryaki et al. (2019) presented a novel printing method while moving a 3DCP system consisting of a robotic arm mounted on a mobile base as an improvement over a previous system where the mobile robot could print only in stationary conditions (Zhang et al., 2018). The development of the system required improvements in the system’s movement, localization, and motion control for proper deposition. Meisel et al. (2022) demonstrated a system for printing fully enclosed structures without much external support. The potential to use such a system in the intra-planetary civilization is explored, but it needed improvements in printing complex geometries.
4 TECHNOLOGY ASSOCIATED WITH CONCRETE 3DP OF STRUCTURAL MEMBERS
The previous section focused on the issues involved in the 3D printing structural elements. This section will focus on the technologies developed in 3D printing with respect to structural elements.
4.1 Reinforcement techniques for strength enhancement
One of the challenges 3D Concrete Printing (3DCP) faces is integrating reinforcement while printing the element. Numerous studies have incorporated reinforcement in 3DCP, but a robust and efficient solution is yet to be proposed (Spangenberg et al., 2022). This section will discuss the studies and technologies developed for integrating the reinforcements in 3DCP.
Though digital fabrication with concrete (Concrete 3DP) offers many advantages, there are no reinforcement strategies to ensure structural properties. The study by (Gebhard et al., 2021) focuses on this problem by conducting an experimental investigation on the 3D printed elements with different reinforcement strategies. The different reinforcement strategies studied here are interlayer shear reinforcement, aligned end hook fibers, and steel cables which are kept between the layers. Then, unbonded post-tensioning and conventional bonded passive reinforcement are explored for longitudinal reinforcement. This study developed post-tensioned beams consisting of interlayer shear reinforcement inserted during the printing process and longitudinal reinforcement post-installed in the printed voids. The structure is evaluated for the situation with and without inter-layer shear reinforcement. The structure was assessed using four-point bending tests to place fibers for interlayer shear reinforcement. A robotic fiber placement hopper places the fibers directly after printing each layer. The results of the tests show that the unbonded post-tensioned beam failed in a most brittle manner. Also, it was found that adding fibers in between the layers increased the ultimate load to a certain extent due to better control of micro-cracking. However, bonded post-tensioned reinforcement showed multiple bending and shear cracks activating the interlayer shear reinforcement. Cable reinforcement is also explored in this study and was found to be more efficient at failure than fiber reinforcement.
The review study by (Cao et al., 2022) found four major techniques for reinforcing 3D printed elements. They are mixing reinforcing materials inside the mix, inserting reinforcing techniques across the layers, placing reinforcing materials between the layers, and embedding reinforcing materials inside the filaments between the layers. These major techniques of reinforcement can be achieved by using different materials, like the usage of fibers in the mix and inserting reinforcement bars between the layers. Some of the reinforcement strategies are discussed in the following sections.
4.1.1 Conventional reinforcement
The conventional reinforcement approaches have been optimized to fit digital fabrication technologies. However, it still presents a stern challenge to establish a suitable reinforcement strategy for 3D printing technology. Asprone et al. (2018b) pointed out that using the existing reinforcement strategies in new technologies like 3D printing will restrict the new technology’s performance and economy. The study has suggested emphases on the sustainability analysis of the old reinforcement techniques with respect to new construction technologies like 3D Printing and the development of new reinforcement approaches based on the structural requirement and the digital technology used. Some studies that tried to integrate conventional reinforcement in 3DCP are mentioned in this section.
In 2018, in Champaign, Illinois, United States, a demonstration was performed by the Engineer Research and Development Center Construction Engineering Research Laboratory (ERDC-CERL) (Kreiger et al., 2019). 512ft2 reinforced additively constructed concrete printing of a building was done continuously. This methodology adopted the advantages of both 3D printing (freeform construction and reduced labor) and traditional reinforcement (tensile strength, increased load-bearing capacity). But there was no mention of the structural performance of the building in the study. An experimental study was conducted by (Baz et al., 2020) to characterize the quality of the bond between 3DPC and steel reinforcement bars using pull-out tests under different printing conditions. Also, the printing direction (parallel or perpendicular) with respect to the reinforcement bars has been considered, which helped prove that a highly thixotropic material doesn’t affect the bond between the reinforcement and the concrete. The result of the pull-out tests on conventional casted elements, parallel to bar printed element and perpendicular to bar printed element, showed that the bond strength is less in printed elements compared to the conventionally casted elements due to the external vibrations given to the latter. Still, the bond developed in printed elements is satisfactory. The decrease can be counter-balanced using proper safety factors.
Cohen and Carlson (2020) worked on a unique way of printing with conventional reinforcement bars instead of using a conventional linear layering approach for printing, using pointillistic time-based deposition (PTBD), discovered by (Cohen, 2019). A system was developed under this study in which the concrete was extruded at a point between the reinforcement cage standing vertically, and then after some time, it was pressed to flow out through the reinforcement cage. This demonstrates how a steel cage can be used as formwork and reinforcement. As the study is quite recent, it needs development in many areas: a) covering the corners of the reinforcement cage, b) after developing (a), there is a need for tests for the structural performance of the column. c) Aesthetic appearance, d) connection with other building elements like beams, slabs, and Earth, e) Scaling of the pump to make it capable of printing structures with large aggregates.
4.1.2 Steel cables
Other than conventional reinforcement with rebar cages, steel or micro-cables can be used in 3D-printed elements. During the 3D printing process, the steel cables are embedded into the printing layers simultaneously, along with the printing of the layers using a reinforcement entrainment device (RED) (Bos et al., 2017a). A study on the direct entrainment of cable reinforcement into concrete 3D printed elements is done by researchers (Bos et al., 2017b). A device is developed consisting of a spool with a servo-driven motor that inserts cable reinforcement directly before the mix leaves the print nozzle. A four-point bending test is done to validate the increase in ductility. Three different cable types were used to create specimens with tensile strengths of 0.5 kN, 1.0 kN, and 2.0 kN. The test results showed that all the samples show a linear elastic behavior until the first crack in the concrete happens. Two types of failure patterns are seen. In the case of lower-strength cables, the failure of the cable was the main reason for specimen failure. In the case of higher-strength cables, the failure was attributed to the loss of bond between the cables and the concrete mix. This study proves the importance of bond strength between the steel cables and the printing mix.
4.1.3 Mesh and barbed wire
Hack and Lauer (2014) proposed a digital fabrication method of building reinforced meshes and formwork simultaneously with printing. This consist of a robot printing the mesh, which was used initially as formwork, and then once the concrete was poured on the mesh, it will flow and cover the whole mesh, and then the mesh will start acting as a reinforcement. However, this approach is yet to be tested on a larger scale. An overlapping mesh reinforcement technique was explored by (Marchment and Sanjayan, 2020b). In the study, galvanized steel reinforcement mesh was used to create a continuous mesh and nozzle design, which helped in the progressive laying of the reinforcement in single extruded layers. A wall section was printed using the setup and was tested using a 3-point bending test. The results showed that the failure first occurred by steel yielding rather than the failure of the bond between reinforcement and cement matrix. Hence, the nozzle helps create good bond strength between the reinforcement and print material. Also, calculations observed a 170%–290% increase at the moment in flexure.
Different layers of mesh reinforcement are used in the study by (Liu et al., 2021). The various layers of steel wire meshes (SWM) are added to the concrete 3D printed elements, and different destructive and non-destructive methods are employed to enhance the mechanical properties. It was found that the peak loads increased by 59.2%–173.3%, and the deflection capacity increased by more than 11 times more than the non-reinforced ones.
Hojati et al. (2022) explored the usage of barbed wires and fencing wires with thorn-like projections as a reinforcement for 3D-printed concrete elements to increase their tensile and flexural capacity. The barbed wires are manually placed along the 3D-printed filaments, and the specimens are tested to get the required results. Then the specimens are subjected to mechanical tests like a four-point bending test, flexural strength test, and pull-out test to understand that the mechanical properties of the elements increased significantly. The moment capacity and the bond strength of the barbed wire-placed concrete elements are increased by 363% and 71%, respectively, compared with plain 3D-printed concrete. The pull-out strength tests showed a considerable increase in bond strength with barbed wires due to protrusions proving it to be strong enough to prevent slip. The moment capacity and maximum deflection are also found to be 4.63 and 13.01 times larger than the plain concrete element.
4.1.4 Fiber and textile reinforcement
Fiber reinforcement has been used in the construction industry mainly to reduce cracking problems but has recently been investigated for applications like reinforcements for 3D-printed elements. Fiber reinforcement for concrete 3DP is tested with different material fibers, and some of the studies are discussed in this section.
An experimental study concluded that basalt and glass do not have any significant effect on compressive strength and modulus of Elasticity (Kizilkanat et al., 2015). In contrast, the tensile and flexural strength were increased until an optimum dosage, and no change was observed. While comparing both fibers in case of crack resistance and ductility, Basalt fiber performed much better than Glass Fiber. Though some amount of tensile strength was increased, using these fibers for reinforcement may not be sufficient for the 3D concrete Printing Process.
Adding glass, basalt, or carbon fibers to concrete 3DP increases the flexural strength to 30 MPa (Hambach and Volkmer, 2017). It was also found that the fibers align along the direction of printing; hence, the build path was optimized to have maximum flexural strength. But the addition of steel reinforcement is important to increase the flexural strength.
Glass fibers (GF) of different lengths (3 mm, 6 mm, and 8 mm) with varying percentages from 0.25% to 1% in the concrete printing mix are used as reinforcement by (Panda et al., 2017a). The experimental results showed improved properties of the printed specimen with glass fiber by up to 1%. The properties were found to be dependent on the direction and orientation of the glass fibers.
Similarly, the impact of adding chopped glass fibers of length 6 mm on the strength of concrete 3DP elements is investigated by (Shakor et al., 2020). Studies are conducted to assess the deposition velocity changes on the developed mix mortar. But the study’s primary outcome is that the 1% (by weight of the cementitious material) short glass fibers added to the mix increase the compressive strength by 108% and the flexural strength by 68%.
A combination involving 3DP with lightweight engineered cementitious composites (LWECCs) is studied to improve various aspects of concrete 3DP (Sun et al., 2021; Yang R. et al., 2022). This study introduces hollow glass microspheres (HGMs) and polyvinyl alcohol (PVA) fibers to improve the strength-carrying capacities. When the orientation of the fibers was parallel to the loading direction during testing, the unconfined compression strength was found to be high. But interestingly, if the orientation of the fibers is perpendicular to the direction of loading, it results in an increase in the flexural strength and a 40% increase in the toughness behavior. The concept of glass fibers aligning parallel to the printing direction is reinstated by the study under X-ray computed tomography (XCT) (Yang R. et al., 2022). The XCT studies track the movement of cement and glass fiber microparticles in extrusion molded cementitious composites. It was found that the glass fibers in the matrix of filaments were mostly aligned parallel to the printing direction.
The carbon fibers have high tensile strength and low specific weight and do not corrode like conventional steel reinforcements. It allows the construction of thinner structures without compromising load-bearing capacity and durability, reducing the ecological footprint and leading to sustainable and cost-effective construction (Brameshuber, 2006; Curbach et al., 2007; Scholzen et al., 2012; Curbach, 2013).
Polymer-based carbon fiber is one of the reinforcing techniques that can operate over a wide range of temperatures and has proven to provide good mechanical performance (Schneider et al., 2018). It doesn’t have corrosion issues and has excellent bonding properties, providing a great alternative to conventional steel and polymer-based reinforcements. Mechtcherine et al. (2020b)worked on automating the process of manufacturing reinforcement using MCF composites. This study provided a direction toward fully automating the 3DCP by automating the reinforcing process, which, combined with 3DCP, can help to automate construction activities fully.
The Mineral—impregnated Carbon-Fiber (MCF), due to its advantages of high mechanical properties, durability, and ability to be processed and shaped during its fresh state, is used as reinforcement in the study by (Mechtcherine et al., 2020a). The three-point test results show that the reinforced printed element showed higher impact enhancement and deformability in the case of 3D-printed beams. Continuous Carbon fibers (CCF) are used as a mesh reinforcement after impregnating them with grained minerals (Mechtcherine et al., 2019). As pointed out by (Scheurer et al., 2020), the drawback of this technique is that the reinforcement can be placed in the direction of the printing only.
Reinforcing textiles usually provides higher specific strength and corrosion resistance, which allows for a reduction in reinforcement cover and is thus helpful in creating thin architectural elements (Gries et al., 2016). However, the increase in mechanical strength is not substantially high compared with other fiber reinforcement techniques.
3D-printed polymer and metallic fiber reinforcement with different surface morphology and roughness are used to strengthen the cement mortars (Farina et al., 2016). It was found that the mortar specimens reinforced with titanium alloy fibers exhibited a load-carrying capacity twice as high as specimens reinforced with photo-polymeric fibers. The use of Ultra-High-Performance Concrete (UHPC) with steel fibers possesses a promising potential to enhance the flexural strength of the concrete (Larsen and Thorstensen, 2020). UHPC is used for 3D printing a slab prototype to analyze the explosion resistance of UHPC 3DP concrete (Ma et al., 2022). The 3DP UHPC with steel fibers showed blast resistance as good as a steel bar reinforced UHPC with decreased steel requirement by weight.
Gebhard et al. (2020) explored the entrainment of fibers technique in the concrete 3D printing process. Unlike conventional construction, fibers in 3D printing need to be re-engineered with short and expensive fibers to pump through the nozzles for the printing process. This study explored the changes in mechanical properties of the construction elements when the fibers are placed on interlayer surfaces. The fibers are placed in a controlled amount and orientation, and then post-tensioning reinforcement is given in the perpendicular direction as the main reinforcement. The results showed that aligning the fibers between the layers results in higher tensile strength. In the case of main reinforcement, unbonded post-tensioning reinforcement proved promising, but brittle failure cannot be avoided due to localized load action.
4.1.5 Engineered cementitious composites
Self-reinforced cementitious composites can be used as an alternative to the reinforcement requirement in 3D-printed structures. The study by (Soltan and Li, 2018) introduced an Engineered Cementitious Composite (ECC) with the inclusion of short polymer fibers to increase the tensile strain hardening behavior. The study also examines the effects of the fresh-state workability of several compositional ingredients. The fibers used are polyvinyl alcohol (PVA) fiber cut to 12 mm. It also proved the robust tensile strain-hardening behavior of the ECC composition. The compressive strength of the composition gained quickly to 30 MPa in 6 days. Also, the tensile strength of the proposed mix reached up to 6 MPa. ECC is expected to attain structural integrity and durability without steel reinforcement. 3DP-ECC with suitable printability and buildability characteristics shows the same tensile ductility as cast ECC (Li V. C. et al., 2020).
A novel mix design for ECC with ultra-high molecular weight polyethylene (PE) was developed and examined (Zhu et al., 2021). Four-point bending test results showed that the printed ECC beams presented a ductile failure mode along with strain-hardening behavior. Different beams are printed and tested for the experimental study with varying tool paths, loading directions, and superposition types. It is also found that the mechanical performance of the 3D printed ECC beams depend on the geometric configuration indicating the importance of the printing path for 3D printed elements. The printing path of the structural 3DP elements needs to be configured to get maximum mechanical performance. Due to the non-availability of the reinforcements, the printed ECC beams showed less rigidity and deflection than the RC beam. Hence, this study recommended increasing the elastic modulus through material optimization or providing reinforcement required to reduce the deflection.
4.1.6 Inter-layer reinforcement
Interlayer reinforcement enhances the element’s interlayer strength and overall strength. In a study by (Geneidy et al., 2020), “C”-shaped staples 3D printed using polylactic acid (PLA) filaments were used as an interlayer reinforcement. The printing head is modified to accommodate a staple ejector, which deploys staples in varying interlocking orientations into the printing layers trailing the printing head. This approach of providing interlayer reinforcement showed a small improvement in the flexural strength of the elements.
Another form of “in-process” reinforcing method during 3D printing is given by (Marchment and Sanjayan, 2020a). It utilizes a reinforcing technique where a deformed reinforcement bar is penetrated into the freshly printed 3D printed layers. The bond varies along the length of the penetration depth due to differences in the level of deformation or disturbances experienced by the concrete layers due to the penetrating bars. In the case of multiple-layer concrete prints, multiple bars are penetrated one above the other with sufficient lap length to have a better bond. Pull-out tests are performed on different penetration lengths and compared with penetrated sand bed lengths samples. From the bond test, it is found that the penetrations above 90 mm caused significant damage.
Another bar-based reinforcement technique is proposed by (Aramburu et al., 2022). The passive rebars are inserted into hollow channels within a 3D-printed mortar geometry. Then the gap between the rebars and the hollow channels is filled with grouts to achieve sufficient bond strength. Mechanical tests were performed and found that the bonding strength with shear stresses lay within the range of 16.75 MPa and 18 MPa. Also, it was found that during the testing, no specimen failed due to debonding between the filling mortar and the 3D printed cylinder nor because of debonding of the cylinder and the concrete poured outside it. Thus, it indicates the bond strength between the rebars and the filling grout material.
A novel reinforcement technique was introduced by (Hass and Bos, 2020) using screw-based reinforcement. Contrary to the bar being pushed into the 3D printed elements, which is a translation movement, this technique involved the usage of a screw that combines both rotational and translational motion. It avoids the formation of voids during mechanical inter-lock, achieving a very good bond. It takes into account that the print motor is still highly malleable for some time, even after the deposition of layers, to insert the screws. Finally, 3-point bending tests on printed specimens are done to prove the enhancement in mechanical properties. Also, pull-out tests are conducted to show that the failure in print mortar led to the pull-out failure, validating this methodology’s feasibility.
In a few studies, screws and nails have been seen as having the potential to increase interlayer bonding and hence limit the issues faced by low interlayer bonding. Perrot et al. (2020) proposed a method of using steel nails through deposited layers to improve multi-layer bonding. It was demonstrated that the interlayer bonding could be improved by using nails if the proper orientation is chosen and the surface of the nails has enough roughness to bond with the mortar. Further (Baz et al., 2021), conducted experiments to test the reinforcing of the successive layers using screws and nails, which was not done in any study till then and a 4-point bending test results suggested to use nails instead of screws.
Wang et al. (2021) studied adding a new U-shaped nail into the concrete during the printing process. The mechanical process improvements are analyzed by visualizing the bridging effect and the dowel action of the applied U-nails. It was found in the study that the ultimate tensile strength and shear strength of the concrete increased by 145% and 220%, respectively, with U-nails. The study also recommends U-nails with a filament thickness of 2–2.5 mm for optimal improvement in interlayer strength.
The studies discussed in Section 4.1 on reinforcement are summarized in Table 1. It is predominantly classified based on the phase of printing where the reinforcement is introduced. It also classifies based on the mode of reinforcement addition and the direction of addition. Vertical refers to the reinforcement being added perpendicular to the printing direction and mainly across the printing layers. The horizontal direction of reinforcement addition refers to the addition of reinforcement along the direction of printing. Overall, it is found that adding reinforcing elements directly in the mix using fibers adds little to the strength of the concrete 3DP element. The addition of reinforcement elements after the completion of printing mainly refers to the addition of reinforcement either by penetrating/inserting the printed layers in their fresh state or embedding the rebar in the hollow sections/gaps of the printed layers in their hardened state. Inserting rebars at the hardened state mostly involves printing small individual segments and then assembling them. The bonding between the reinforcing elements and the concrete is brought out by bonding agents, predominantly mortar grouts. In the case of fresh state after the printing process, bonding is brought out due to the insertion of reinforcing elements. The primary concern here is the damage caused to the printed layers. Inserting reinforcing elements during the printing process improves the tensile strength of 3DP elements. Still, it adds complexity to the printing process by adding the complexity of the placement of reinforcing elements and the time associated with it.
TABLE 1 | Studies made on different reinforcement techniques in concrete 3DP.
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A design tool has also been developed in the study by (Craveiro et al., 2017), which helps in the resource-efficient fabrication of 3D-graded structural building components. A material database where all the material characterization data are stored, and this data is used to help in material optimization. This study concludes by recommending the development of a multi-material print head to enable the other resource-efficient graded building of concrete elements.
3D printing technology provides designers with more design freedom for execution. Topological Optimization (TO) effectively exploits design freedom to get optimally shaped engineering structures. Vantyghem et al. (2019) presents a study to determine the optimal printing path and the ideal location for reinforcement, optimal design of fiber-reinforced concrete elements, and minimizing the thermal transmittance through concrete components while the overall material usage is restricted.
A work on powder-based 3DP by (Xiong et al., 2020) proposed a structural connectivity control method based on bi-directional evolutionary structural optimization to solve the problem of removing unbonded powder from the voids by generating tunnels connecting the voids with external boundaries. Though there are numerous research studies on the 3DCP elements, the mechanical behavior of reinforced 3DCP beams is not well understood in comparison with the mechanical behavior of conventional RC beams. The authors (Chandra et al., 2020) propose an analytical model using finite element software to estimate the mechanical behavior of the 3DP RC beams. This study’s analytical model accurately predicted the maximum flexural strength of the 3DP RC beams. But the initial model was found to have limitations in predicting the initial stiffness. These limitations are addressed by (Chandra et al., 2021). The improved analytical model is developed in this study, where the predictions of the local failure were accurately identified. Further, the enhanced analytical model could be expanded to analyze the Precast beams (PC).
The Finite Element (FE) study is also used to model the other common failure mechanisms like a failure due to elastic buckling or failure due to plastic collapse in 3DCP (Nguyen-Van et al., 2022). The developed FE model was found to accurately predict the deformation and failure modes of the 3DP. The FE model was also subjected to other sensitivity and parametric analyses to find the influence of other parameters like printing speed, buildability, and extrusion width.
4.3 Full-scale systems
4.3.1 Large-scale 3D printing
To apply 3DP to large structures, the evolution of the workability of the mix with time needs to be modeled precisely. Ma and Wang (2018) emphasized the importance of measuring fresh and hardened properties to control the printing mix’s flowability, extrudability, buildability, setting time, mechanical property, and shrinkage properties. Recently, many techniques have been developed for transferring the 3DCP from the laboratory to large-scale construction. Contrary to the laboratory 3DCP, the large-scale monolithic 3DCP requires more complex procedures, and various challenges and potential risks must be considered (Hack et al., 2020; Khan et al., 2020; Souza et al., 2020).
4.3.1.1 Mobile 3D printer
CONPrint3D technology has been developed by (Mechtcherine et al., 2019) as an alternative to manually constructed masonry walls. It is a truck-mounted mobile system with an extended robotic arm. It is a solution for printing using a coarse aggregate mix, like conventional concrete. Still, studies are to be done on improving the positional accuracy while printing, possibly because long manipulating arms get more significant deformations during the printing process. Also, studies can be done in the future regarding the integration of reinforcement into the process, safety issues, harsh weather conditions, etc.
4.3.1.2 Robotic arm 3D printer
In this method, printing is done using a multi-axis robotic arm which helps in navigating the printing nozzle. Keating et al. (2017) developed a compound arm 3D printing system, which has material storing and transporting ability, and the system can be moved on wheels before and after printing. But the system’s reach where the accurate points can be printed is limited. Also, only fine-grained materials can be printed using this particular system. A system of printing with a mobile team was developed by (Zhang et al., 2018), which helps make the large-scale printing process scalable by printing with limited movement of the robots. Though the study provided a unique way, optimization studies still need to eliminate the clashes within the robots and between the robot and printed structure.
Naboni et al. (2022) presented an environment-aware 3DCP system by employing a depth camera on a robotic system to collect geometric information in the form of a point. The collected information and environment-aware generative design algorithms are used to plan the tool path for the fabrication of the elements. The uneven printing bed, obstacles in the printing environment, etc. are detected from the point cloud, and the generative design path for a space-filling curve is adjusted according to the detected parameters. The results showed good printing-environment awareness of such a system and its influence on the printing process, which can make a huge difference in effectively controlling the printing process in large-scale printing systems.
4.3.1.3 Gantry-based 3D printers
The WASP Company developed a delta-style 3D printer, and the maximum length of the components generated was about 3 m. There was a clear disadvantage of this approach: assembly and disassembly for every on-site building construction. Tongji University and the Chinese Green print company tried limiting the disadvantage of the WASP company 3D printer by making the gantry system move linearly on rails and print with a limit of 10 m to the structure’s height. The printer used a maximum of 15 mm aggregate size or printing in an on-site construction project (Ji et al., 2019).
4.3.2 Assembly of segments
In this method of 3DCP, the assemblies are prefabricated at the site and then assembled or installed at the site. In 2016, a footbridge was constructed, “Parque de Castilla Footbridge,” in Madrid. 8 U-shaped segments were printed using extrusion-based 3DCP (de la Fuente et al., 2022). Another bicycle bridge was built by the Eindhoven University of Technology (TU/e) using the “Design by Testing” approach (Salet et al., 2018) in the Netherlands. The ideology was to test every step in an off-site facility before executing it at the original site. This helped in mitigating the challenges and hazards. The bridge was hoisted to the position, and in-situ tests were done by loading the bridge with a total load of 57 kN before opening it for public use.
Assaad et al. (2020) focussed on developing a modular approach for producing 3DP beam and column members using conventional reinforcement bars. In this study, cubic-shaped structures are printed with four holes in the corner to insert longitudinal rebars and grouting. The structural beam is formed by assembling different modules and joining them using high-strength epoxy resin. The flexural moment capacity of 3D printed elements is 22% lower than the cast-in-place conventional concrete beams. The reduction in moment capacity can be attributed to the modular design as the reinforcements, transfer of stress and moments vary significantly from the conventional construction method. This signifies that the geometry and orientation of rebars significantly affect the structural properties of concrete 3DP elements.
Asprone et al. (2018a) studied a novel approach for fabricating a reinforced concrete structure using individual elements of 3DP elements. They developed a mechanism where individual segments of concrete 3D elements are printed and attached using an external reinforcement system. Combinedly, the developed beam acts as a single unit in taking up the flexural loads. On initial testing, the flexural stiffness of the developed beam results is comparable with that of the conventional RC beam. But the failure of the printed elements at local junctions reduced the overall ability of the beam to carry non-linear flexural loads.
4.3.3 3D printed formwork for columns and stairs
3DP of formwork is the most commonly used strategy for fabricating structural columns. In this approach, formwork is printed using different materials per the column’s required shape. Then reinforcement is either kept manually, or techniques like dispersed reinforcing are used, which also involves manual casting.
Burger, Lloret-Fritschi, Taha, et al. (2020) presented a novel approach to combining FDM-3DP formwork and simultaneous casting of a fast-hardening, set-on-demand concrete, the “Eggshell process.” It enabled the printing of a thin formwork using polylactic acid (PLA), polypropylene (PP), and polyethylene terephthalate glycol (PET-G). Though it shows good potential by printing the columns with complex geometry, there is a need for studies in areas such as integration of reinforcement while printing and finding a trade-off between the geometry and the reinforcing placing method to be used.
Anton et al. (2021) introduced a new 3DCP prefabrication platform for customized columns. The study merged computational design and 3DCP and proposed an evaluation method for geometric complexity. A permanent formwork is prefabricated in a complex geometrical shape and the column is cast manually. However, there are still a few points that need to be addressed, the testing of structural properties of the final columns, there was crack formation due to the freeze-thaw cycle at specific parts of the column, and hence a study is required to eliminate the effect.
Permanent 3DCP formwork combines 3DCP with traditional construction methods (Wang et al., 2022). Khoshnevis et al. (2006) did a study on the fabrication of vertical concrete formwork using Contour Crafting (CC) manually inserting ties in between layers and casting the elements manually. It can significantly reduce waste and labor. Studies are required in the direction of the structural performance of 3D printed formwork structures, which depends on coordination between the formwork and post-cast concrete. Wang et al. (2022) did a study to get a relationship between the mechanical properties at the interface of formwork and the casted concrete of the final product, the roughness of 3D printed formwork, and the time gap between the printing of formwork and casting of concrete. The optimum roughness and the time gap between the printing of formwork and casting were presented. An attempt was made by (Katzer and Skoratko, 2022) to 3D print plastic formworks for steel fiber-reinforced concrete columns. Different groups were made based on the shape of the formwork. Experiment and analysis proved plastic-concrete columns to be a good alternative to conventionally cast concrete. Also, this gave great flexibility in casting columns in various shapes (fractal, pentagon, etc.).
3D printing can help develop new and complex geometries of 3D printed formworks which were earlier not possible in traditional formwork. Such structures are very much optimized and improve the functional aspects of the stair structure. A study by (Jipa et al., 2019) involves printing two prototype stair structures to evaluate the potential of 3D printing for the fabrication of stairs. Some of the challenges include the problem of reinforcement, which is difficult to entrain in a complex geometric shape, the concreting freedom, which reduces as the geometry becomes complex and thin-walled, fabrication time, and the overall geometric limitation.
4.4 Shotcrete technique for 3D printing
Extrusion is the most commonly used concrete 3D printing technique. It has various advantages and automates the construction process. Yet, it faces challenges like inter-layer bonding, tensile reinforcement integration, table structures with overhang, and final surface (Hack and Kloft, 2020). To overcome these limitations, studies are being conducted to perform concrete printing using the Shotcrete technique. Shotcrete is a method in which concrete is sprayed over the reinforcements with pressure. This technique has been used in construction for a long time (Heidarnezhad and Zhang, 2022). Hence, keeping in mind the challenges faced in the extrusion method and the potential of shotcrete to overcome these challenges (Hack and Kloft, 2020), conducted an experiment by 3D printing a slender reinforced wall element using the shotcrete technique. Though research is still needed to overcome a few limitations, this study demonstrated an alternative and feasible way of 3D Printing, especially the structural elements, to the more common extrusion-based 3D Printing. Later another study was conducted by (Kloft et al., 2020) who worked towards developing a system to print reinforced columns. The study successfully demonstrated a way to integrate conventional reinforcement bars into the 3D concrete printing process. Due to the concept being new in the area of 3D printing, various areas need research, like, structural performance analysis of the shotcrete 3DCP elements, overcoming the positional accuracy barrier, and high surface roughness.
4.5 Numerical modelling and analysis
To resolve the issues related to the computational modeling of reinforcement integration into 3D printing (Spangenberg et al., 2022), developed a computational fluid dynamics model that can help stimulate the flow of concrete around reinforcement, this model was validated by experiments, and both numerical and experimental results agreed relatively well.
Mengesha et al. (2023) developed a numerical model using the layer-wise FEM and pseudo-density approach. This approach tried to incorporate the layering feature of 3DCP, and the variation in material properties due to the time dependency of the curing process was captured. The model could reliably estimate the failure mechanisms in a concrete wall. A numerical model was developed by (Asprone et al., 2018a) to predict the flexural response of 3DP RC beams. The RC beam is developed by printing individual 3D-printed elements and joining them together using external reinforcements. The numerical model study helped decipher the impact on the concrete joints and the steel external reinforcement sections, concluding that further in-depth study is required for practical implementation at sites.
5 CONCLUSION
This review grouped the publications based on issues addressed and the technologies developed for implementing the 3D printing process of structural elements. From sections 3 and 4, the major problems found concerning structural load-carrying members are discussed in Table 2.
TABLE 2 | Major problems that need to be addressed for 3D-printed structural members.
[image: Table 2]Table 2 gives the areas and the issues/problems that need to be addressed for the successful large-scale implementation of concrete 3DP. Further, the following significant conclusions can be arrived.
• Multiple reinforcement methodologies are available, each with problems and associated issues. Hence, the selection of reinforcement methodology is subjective and shall be decided depending on the application involved.
• A proper combination of mix design (with/without mix reinforcing elements like the addition of fibers), additional reinforcement technique (steel bars/cables, etc.), and the inter-layer bonding technique (materials/design to increase the bonding surface area) is required to achieve maximum structural strength capacities. More studies on the potential combination techniques shall be studied to attain maximum strength-carrying capacities.
• Also, the design and geometry of the elements influence the interlayer bonding strength. This adds to the complexity of the problem in achieving required flexural and tensile strength requirements. It makes this an objective function with multiple parameters that must be solved for large-scale industrial implementation.
• There are many unconventional reinforcement strategies, but reinforcement selection should also consider the automation level. Reinforcements like barbed wires and cables must be synchronized with the printing process and involve much manual work. Automating the entire process is essential to realize the advantages of 3D printing.
• Though there are studies with the entrainment of reinforcement fibers or cables along with the concrete printing process to enhance the structural properties of the element, the evolution of the rheological properties of the concrete with time is not studied extensively. It needs to be given more importance as understanding rheological properties requires application in varied environmental conditions.
Apart from the above points, the review of other structural member’s implementation studies brought out the following points.
• There are limited analytical or numerical models to predict the failure pattern or the fractural energy of the 3D-printed structural members.
• The shotcrete method of printing is gaining interest and momentum. It provides an alternative and faster approach to extrusion-based 3D printing while allowing the integration of reinforcement in a comparatively easier way than the other methods being studied. However, further research is needed on the strength aspects of shotcrete 3D-printed columns and walls. Also, procedures must be well-defined to develop highly automated digital fabrication systems.
• Researchers and organizations are implementing large-scale 3D printing systems. But, there is huge scope for future studies in improving productivity, further automating the process, improving positional accuracy of systems, integrating robots in the process, and incorporating safety issues and weather conditions while developing the process.
• 3D Printed formworks are great in terms of saving the conventional formwork cost and giving flexibility in design. But, due to their complex shapes, reinforcement integration becomes a problem. Also, these formworks need to be tested against harsh climatic conditions they may get exposed to; studies to eliminate these challenges are desired.
• Topology optimization helps in saving the material, making the structure lightweight while maintaining the structural performance. However, studies like incorporating advanced properties like layer cohesion, relaxation shrinkage, the release of hydration energy, incorporating anisotropic behavior of 3D printed material, and a trade-off between geometric complexity and ease of integrating reinforcement are needed for its successful and complete transition into 3D Concrete Printing
The paper summarizes state-of-the-art methodologies related to the fabrication, testing, and optimization of 3D-printed structural elements. It is concluded that research in this area is increasing exponentially. However, it is still in a nascent stage, and more studies are needed to realize 3D printing technology as a large-scale construction technology.
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Description

Flexural and tensile strength carrying
capacities

Inter-layer bond strength

Required mechanical properties and
mix design

‘Topology optimization, printing
overhang, and geometrically complex
structures

Large Scale 3D Printing Systems

Technological developments

‘Without steel reinforcement: Addition of fibers, ECC

Carbon and Polymer fibers
Introduction/entrainment of rebars/cables directly during
the printing process

Interlayer reinforcement: Direct penetration of
conventional bars in fresh 3DP element

Interlayer reinforcement: Keeping fibers on a printed layer
in a particular orientation after the printing of each layer

C-Staples, barbed wires, nails

U-nails

Mesh reinforcement

External reinforcement techniques

Addition of coarse aggregate (5 mm-12 mm) and providing
interlocking pattern between layers to increase the surface
area of bonding

Adding superplasticizer to increase the surface moisture

High-performance concrete with high cementitious content
and finer aggregates to facilitate ease of printing through
nozzles

Topology optimization

Dome and overhang structures printing

Optimizing support structures to give more robust support
‘material in required places and lesser support in other places

3D printed formworks

Shoterete technique for 3D printing

Mobile 3D Printing

Robotic Arm 3D Printing

Gantry-Based 3D Printing

Problems that need to be focussed

1. Increases flexural strength but requires additional
steel reinforcements for overall enhancement

2. Orientation of fibers significantly impact the strength
capacities

3. Selection of fiber reinforcement is subjective and
changes from case to case

4. Rheological properties of the mix and its changes with
time need to be studied

At high-temperature, fibers melt, losing the element’s
strength

The bond strength between the rebar/cables to the
concrete plays a predominant role

1. Freshly printed layers create distortions and voids on
the interface

2. Beyond a certain penetration length, the bond reduces
from the bottom to the top

The placement of reinforcement elements after each
layer’s printing will increase the printing time and
complexity

‘The added strength properties matched only material
level replacement for reinforcement and not structural
level

Printing unconventional curved layers are difficult and
require fabrication and stitching of mesh reinforcement
in real time during printing

Reduction in stress over time and fire resistance

Requirement of larger nozzle and printing systems to
print with coarse aggregates

Interlocking pattern dependency on geometric
constraints

It causes changes in the workability and buildability
aspects of concrete and requires active monitoring to
check on the layer deformations

The printed specimen’s size and geometry significantly
affect the printing time and the bond strength. Detailed
studies on the design and path planning are required

1. Shrinkage problems due to large cement content and
low, coarse aggregate

2. Different parameters like mixing intensity during
concrete mix-making significantly changed the strength
aspects

3. Need sufficient studies to increase sustainability for
replacing cement content with supplementary
cementitious materials

4. Aggregate sizes need to be increased to reduce the
shrinkage effects

1. Need investigation on incorporating advanced
properties like layer interaction, layer cohesion, the
release of hydration energy, thermal strain, and
relaxation shrinkage

2. Analysis of topologically optimized 3D printed
elements in the fresh state

3. Study on incorporating anisotropic behavior and
properties of 3D printed elements to prevent optimized
clements from suffering damage or failure

4. Studies to incorporate constraints for controlling the
trade-off between the complexity of structure and ease
of placing reinforcement

The staircase effect due to horizontal offset printing
reduces the load-carrying capacity and affects the
printed elements’ aesthetic aspects

Requirement of multiple nozzles/multi-material to print
different cellular structure elements

1. Difficulty in the introduction of reinforcement
techniques (steel cables/bars)

2. Difficulty in lifting and installation at the site

3. Study is needed to analyze the external environment
effect on thin-walled printed formworks

4. Increasing complexity creates problems in placing
reinforcements

1. Structural performance of the shotcrete printed
elements needs to be analyzed

2. Studies are desired to eliminate or reduce positional
accuracy barriers and high surface roughness

1. Studies on positional accuracy while printing to check
the deflection of long arms

2. Integrating reinforcement techniques, safety
requirements, and effects of harsh weather conditions in
process planning

At a very nascent stage of development, optimization
studies to eliminate clashes between the robot and
external environment printed element and other
printing robots are desired

1. Assembly and disassembly of the printing structure is
a cumbersome and tedious process

2. Limited movement capability of the girder leads to

frequent changes of locations for printing the same
structure
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