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Abstract

This research presents a critical evaluation of the existing literature on the application of 3D printing in the building
industry, focusing on its methods, benefits, difficulties, and future directions. Various 3D printing techniques
utilized in building construction are explored and systematically assessed. The study classifies the primary benefits
of 3D printing over traditional construction techniques, highlighting its superior constructability and sustainability.
It also discusses the key difficulties and Potential dangers linked with implementation 3D printing technologies in
real-world construction projects. Two major 3D printing technologies- 3D printed concrete (3DPC) and 3D printed
reinforced concrete (3DPRC)- are analyzed in detail. The paper outlines the materials, techniques, and practical
applications of each technology in structural and material engineering. Notably, it identifies a gap in previous
studies, which often failed to differentiate between these two technologies. This study emphasizes their
distinctions: 3DPC research primarily focuses on enhancing printer capabilities and enhancing the rheological and
mechanical behaviors of concrete, while 3DPRC research is centered around developing novel reinforcement
patterns to strengthen concrete structures. Moreover, the challenges associated with each technology, including
print quality, material behavior, and structural performance, are discussed alongside proposed solutions. The
findings highlight the theoretical and practical opportunities of 3D printing technologies in improving construction
efficiency, promoting sustainability, and developing innovative structural designs. The review concludes by
identifying key research needs and directions for future advancements in 3D printing technologies, particularly in
optimizing material behavior and integrating advanced reinforcement strategies to ensure structural resilience
under various loading conditions.
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1 Introduction

The conventional building construction is time consuming due to the dependency on labor and has significant
impacts on the environment. It also requires skilled labors and difficult to maintain the quality of construction
which causes the lack of construction safety (Alhumayani et al., 2020; Schutter et al., 2018). In the recent decades,
3D Printed Concrete (3DPC) and 3D Printed Reinforced Concrete (3DPRC) have become a demand for the finest,
quality, fastest, safest and environment friendly construction. It opens new ideas for the engineers and other
stakeholders to replace the conventional construction mechanisms. Accordingly, 3D printing is a contemporary
technology that may be used to strengthen traditional concrete, increase its ductility and strength, or measure the
strength of reinforced concrete under various loading conditions (Chajec and Savija, 2024; Xu et al., 2024a; Xu et
al., 2024b). Different types and orientation mechanisms of nozzle in 3D printing is used for various types of
buildings construction (Buswell et al., 2007; Kazemian et al., 2017; Khoshnevis and Dutton, 1998; Vergara et al.,
2017). Formwork is not required in 3D print concrete which has the ability to print in flexible geometry for the
building. Therefore, both before and after extrusion, materials for 3D printed concrete need to have proper standing
qualities and the right amount of fluidity (Zhang et al., 2018c; Lim et al., 2012). Recent publications highlight the
different opinion on workability and flowability in 3D concrete. Le et al. (2012) considered material workability
is more important than flowability. However, the other works focused the flow behavior of the material cannot be
appropriately described as workability (Li et al., 2020b). Utilizing 3D printing technology can be better options to
reduce their impact on the environment (Nehme and Abeidi, 2022).
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In 3D printing concrete, the mechanical qualities can be controlled by various materials due to certain amount of
chemical and mineral constituents in concrete. For the long-term durable concrete, superplasticizers which acts as
accelerators can be used in 3D printed concrete. Sulfo-aluminate cement (SAC), the most crucial elements can be
used to build concrete material (Souza et al., 2020a; Souza et al., 2020b; Lossier, 1946; Prud encio, 1998). Fly
ashes and silica fume are mixed to concrete to enhance its long-term strength, durability and to offer economic
advantages (Juenger and Siddique, 2015). Additionally, 3D printed concrete is used to regulate the development
of compressive strength when used in reinforcement (Mohamed, 201 1; Rushing et al., 2019). Different percentages
of recycled materials, fibers and rebars can additionally be used in 3D printed concrete like the conventional
concrete (Evangelista and de Brito, 2007; Le et al., 2012; Jiang et al., 2019; Momeni et al., 2024; Vatin et al.,
2024). Furthermore, further research looked into a unique kind of “permanent formwork™ is cast using ordinary
concrete (Lim et al., 2012). For example, Panda et al. (2017) increased the mechanical behaviors of 3D printed
concrete by adding different kinds of small glass fibres (3 mm, 6 mm, and 8 mm) at concentrations of 0.25% and
1%. Current research focuses on replacing the cement powdered material containing fine aggregates that range
from 0.1 to 100 um (Xia and Sanjayan, 2016). Hambach and Volkmer (2017) introduced carbon fibers and basalt
into the 3D printing process of concrete, which led to an improvement in flexural strength. It has been demonstrated
that adding polythene (PE) fibres to 3D printed concrete improves its mechanical qualities and adds to its energy
and fibre bridging effects (Yu et al., 2018). After the peak load of concrete, strain softening effect was noted when
steel fibers were incorporated into 3D printed concrete (Bos et al., 2019). Faludi et al. (2015) integrated cast
concrete into the 3D printing process, which resulted in lower energy consumption compared to traditional
methods. Prasittisopin et al. (2019) made advancements in the 3D printed concrete buildings thermal performance.
As per Lpez-Mesa et al. (2009), the environmental impact was reduced by 12% by using 3D printed concrete rather
than the traditional in situ cast concrete method.

Reinforced 3D printed concrete has also gained attention to researchers using different types fibers and rebars.
Continuous Fibre Reinforced Thermoplastic Polymers (CFRTPs) used to improve the 3D printed concrete quality
(Zeng et al., 2024). The flexural strength and strain hardening behavior increased significantly due to addition of
CFRTPs in 3D printed concrete. Reinforcing Fiber Reinforced Polymer (FRP) wrapping in Ultra High Performance
Concrete (UHPC) can improve the defects in concrete significantly (Yan et al., 2024). Using glass FRP (GFRP) in
3D printed concrete can improved the flexural strength by 179% (Feng et al., 2015). The bonding stress can be
improved using the basalt fiber-reinforced polymers (BFRP) having 0.48 mm to 1.46 mm layer (Sun et al., 2021).
The highest bond strength was greater than 0.24-0.65 MPa. Park et al. (2020) researched that to increase the
flexural strength of reinforced concrete beams, steel and FRP are used in 3D printing. The flexural strength of
3DPRC was 10.4 kN, whereas the flexural strength of 3DPC reinforced with steel and rebar was 26.6 kN. Luo et
al. (2022) conducted an analysis of the auxetic tube in concrete to improve the compressive strength. The
mechanical properties of the concrete can be enhanced by adjusting the thickness of the stainless tube and Poisson’s
ratio. A notable advancement in 3DPRC is the enhancement of mechanical behaviors, including both flexural and
compressive strength, alongside a transition from ‘strain softening’ to ‘strain hardening’ in response to flexural
load displacement. Other researches have demonstrated improvements in mechanical behaviors such as flexural
strength keeping the strain property remains unchanged due to the inherent characteristics of the polymer used as
a 3D printing material, which hardens and boosts compressive strength (Zhu et al., 2024; Lao et al., 2024; Liet al.,
2024).

When it is used as reinforcement in cementitious materials, auxetic patterns can improve compressive strength,
flexural strength, and tensile strength. The auxetic structure’s negative Poisson ratio is one of its main advantages.
(Chen et al., 2023; Xu and Savija, 2024). This characteristic can greatly improve the behaviors of reinforced
concrete. Miller et al. (2012) produced 3D printed auxetic fibers exhibiting a negative Poisson ratio of —6.8 and a
fiber volumetric fraction of 30%. Zahra and Dhanasekar (2017) employed auxetic foam to strengthen the cement
matrix. They found that auxetic foam may reduce the cement matrix’s brittleness. According to various studies,
the use of reinforced 3D printed auxetic patterns in reinforced concrete enhances stability, confinement effect,
shear resistance, and ductility (Tzortzinis et al., 2022; Zhong et al., 2022).

Two contemporary concrete construction technologies are assessed and compared in this study. 3D concrete
printing (3DPC) focuses on improving the mechanical behaviors of printed concrete, broadening material options,
and reducing construction time. Conversely, 3D printed reinforced concrete (3DPRC) emphasizes incorporating
diverse patterns and materials to enhance flexural strength and ductility through reinforcement. While 3DPC
primarily advances construction efficiency, 3DPRC functions as reinforcement in concrete structures. This
research contrasts both approaches, ensuring a comprehensive analysis to minimize potential errors and optimize
practical applications.

2 Research Methodology

The aims of the present study are to assess the applicability of 3DPC and 3DPRC, mechanical properties of them,
the challenges associated with each technology, including print quality, material behavior, and structural
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performance, are discussed alongside proposed solutions based on the literature. An extensive investigation of the
existing literature was conducted to carry out the review. Various databases, including ResearchGate, IEEE,
Elsevier (ScienceDirect), Google Scholar, Scopus, and SpringerLink, were employed to find peer-reviewed
academic literature. The publications encompassed books, reports, papers, scientific journals, building grading
systems, and grey literature (government reports, policy statements, and papers). Although the publishing period
was not strictly confined, recent research articles that focused on state-of-the-art research were prioritized.

3 3D Printed Concrete (3DPC)

From the extensive literature review, the main technological components focused and the limitations in the 3D
concrete printing process is described in Table 1.

Table 1. Key Technological Elements of 3DPC

Technological Description References
Element
Digital Workflow 3D digital model is carved into layers and converted to Pessoa et al. (2021)

STL (Standard Tessellation Language) for printing.

Layering Process

To consider the geometric height and other complexity the
model is divided into printable layers.

Pessoa et al. (2021)

Two types: Round nozzle—smooth finish but weaker bond;

Nozzle Design Flat nozzle-rectangular opening, stronger mechanical Liu et al. (2020)
strength, better shaping.

Interlayer Bonding Depend.er.lt on: .M01.sture content; Viscosity and .rr.laterlal Sanjayan et al. (2018)

Factors composition; Time interval between layer depositions.

Common Technical
Limitations

Shrinkage cracking (temp, humidity); Cold joints (fast
hydration); Nozzle clogging (due to high aggregate
content) Layer inconsistency

Schutter et al. (2018)

Labonnote et al. (2016)

Eco-friendly Attributes

Eliminates need for formwork; Reduces labor intensity,
Sustainable construction practices

Schutter et al. (2018)

Labonnote et al. (2016)

The mechanical properties including flexural and compressive strength of 3D printed concrete using different
material compositions is demonstrated in Table 2. The key findings of the study are briefly described based on the

literature review.

Table 2. Strength and Material and of 3D printed concrete

Compressive Flexural
Reference Material Strength Strength Remarks
(MPa) (MPa)
. Fine aggregates + mineral Early strength
]()2‘6321()111 et al additives +  slag-alkaline 7.6-18.7 - development; layer
binder height <4 cm
Arched path improved
. Arched path + cement, sand, flexural strength by 30%
Jiang et al. (2024) silica fume, fly ash 12.4 6.3 due to Dbetter inter-
filament bonds
Hieeins and Baile Baseline mechanical
a §7g6) Y Portland cement 20-60 3-10 properties of traditional
3DPC
Zhang and Aslani 1.5% PVA fibers + silica fume Balan.ced strength;
45.05 10.81 effective use of polymer
(2021) + cement + aggregates
fibers
Major boost in flexural
Hambach et al Horizontal fiber orientation - 120+ strength via orientation

(2016)

control
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+ + .
Steel fibers + 483g cement High strength concrete

Pham et al. (2020)  268g silica fume + 1074g 109 -
ageregates + 10.7g SP due to steel fiber synergy
>1% Polyethylene (PE) fibers, Imoroved  mechanical
Xiao et al. (2021) w/b = 35%, 1000g cement, 27.3+ - P

1.28¢ SP response using PE fibers.

4 3D Printed Reinforced Concrete (3DPRC)

In this section, the mechanical performance of the 3DPRC has been discussed and the key findings are presented
in Table 3. The strength, ductility, deformation of high and UHPC is demonstrated herein.

Table 3. Influence of 3DPRC Patterns on the Mechanical Performance of Concrete Material

Reinforcement Photos
Study Sample Pattern Remarks
T . High- .
Chiadighikaobi et al. erformance Various 3D Improved flexural strength
(2024a) Ic) oncrete (HPC) printed trusses and ductility
S:r?;f;teand Various 3D ' ﬁ w
Hao et al. (2023) reinforeed with printed lattice Improved compressive ’ ﬁ '
’ polymer strength of concrete
polymer
patterns
patterns
Ultra-high- 3D printed Reduced | 4 ‘
Hematibahar et al. performance h Erboloi d compressive/tensile/flexural ! "
concrete strength, ut  1ncreases )
2023 sk}llfI:)ll structure gth, b .
(UHPC) deformation and ductility
Tzortzinis et al. (2022) Cement mortar improved by more than [
pattern (FDM-
. 140%
printed) ,
he - s T 7 > .v—‘”
Uelgirﬁiﬂce {:j:)tltce Lrsuzsf Increased  flexural —and S5 )
Salazar et al. (2020) P yP compressive strength, but IR
concrete polymer no strain hardenin !
(UHPC) materials &
Cement and
concrete Polymer %E
samples materials with Improved ductility and -

Rosewitz et al. (2019)

reinforced with
auxetic
patterns

different auxetic
patterns

flexural strength

Some research has been conducted to explore influences of different auxetic geometries on the mechanical
properties including strength, stiffness, and ductility of 3D printed reinforced concrete, as depicted in Table 4.

Table 4. Effects of Auxetic Structures in 3D Printed Reinforced Concrete.

Effect of Auxetic

Study Auxetic Structure Remarks
Structures
Tested 4 auxetic shapes RS type increased )
Xu and Savija include Missing-rib (MR), compressive strength by Shape-dependent effects;,

RS provides strength, but

(2024) Chiral (CR), Rotating-Square  18.5%, but reduced ductility L
(RS), and Re-Entrant (RE). by 32.2% reduces flexibility
Observed  strain-hardening

Bol et al. (2024)

Added  generic  auxetic
structure into cement matrix
under compression loading

behavior improved by 40%,
plateau stiffness ~120 MPa,
strength ~3 Mpa

Auxetic geometry helps
distribute stress and delay
cracking
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Chiral lattices with holes

Created chiral lattices with

Zhang et al
(2022)

and without circular holes to
reinforce concrete

improved load-bearing,
volume fraction increased up
to 0.5

Hole
auxetic patterns enhances
strength and efficiency

integration within

5 Mechanical behaviors of 3DPC & 3DPRC

The key factors that govern the strength properties of 3D printed concrete are briefly shown in Table 5.

Table 5. Mechanical properties of in 3D Printed Concrete

Category Key Findings References

. . Fresh flowability during extrusion influences mechanical Pal et al. (2014)
Material Flowability strength and layer bonding Wolfs et al. (2018)
Silica Fume Addition Forms C-S-H gel, enhancing interlayer bonding, Hosseini et al. (2019)

durability, and strength

Zhang et al. (2018b)

Interface Bonding

Affected by geometry, time interval, reinforcement type,
and anisotropic property

Paul et al. (2018)
Sanjayan et al. (2018)

No standardized theory yet for 3DPC structural design due

Suiker (2018)

Lack of Design Theory to variable properties Salet et al. (2018)
Flpe o Aggregate Mpst be clontrolled to prevent nozzle blockage and ensure Rushing et al. (2017)
Distribution print quality

Recycled Materials Often lead to lower mechanical strength if not optimized Xiao et al. (2020)

Ma et al. (2018)

Compressive Strength

Typically, lower than cast concrete, the strength-loss
coefficient is applied to modify the design.

Nerella et al. (2019)

Water-to-Binder Ratio

Must be optimized; excess water weakens strength despite
improving flow

Papachristoforou et al.
(2018)

Anisotropy

Mechanical strength depends
(anisotropic behavior)

on printing direction

Keita et al. (2019)

Print Timing

Short intervals risk collapse; long intervals cause poor
interlayer bonding

Buswell et al. (2018)

This following Table 6 depicts how different reinforcements impact the mechanical performance of 3D printed

reinforced concrete.

Table 6. Mechanical behaviors of in 3D Printed Reinforced Concrete

Study / Author Reinforcement Type / Material Key Findings
Evans (1991), Lakes Auxetic material (general) Defined auxetics; Poisson ratio —0.7;
(1987) & known for energy absorption, resistance

Zhong et al. (2022)

L Increases
Alloy-based auxetic reinforcement

ultimate
strength; improved energy absorption

compressive

GODEK et al. (2023)

Honeycomb, triangular patterns (PLA,

ABS, PETG) hardening

Load-deflection

became deflection

Barri et al. (2023)

Auxetic polymer lattice + graphite

. cyclic
conductive cement y

conductivity

Increases 15% compressibility under
loading;

stress-sensitive

Katzer and Szatkiewicz
(2020)

Honeycomb 3D print in mortar

Increases Flexural strength >6 kN;
strain hardened

Salazar et al. (2020)

Lattice polymer in UHPC

Increases Flexural strength; strain

altered to strain hardening

Hematibahar et al. (2023)

3D-printed shell in HPC

Increases Flexural deformation, but
strength decreases; strain altered to
softening

Chiadighikaobi et al.
(2024a)

Polymer truss in UHPC

Increases Flexural strength; but strain
softening behavior observed

Belay et al. (2024)

Steel rebar, GFRP, BFRP

All caused strain hardening in flexural
behavior

Imjai et al. (2024)

Steel rebar

Flexural strain has shifted to strain
hardening.
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6 Conclusion

This study has evaluated the advancements, process and mechanical behavior of 3DPC and 3DPRC. 3DPC are
becoming a competitive alternative towards conventional construction methods due to it’s labor efficiency,
geometric flexibility, reduced material usages and environmental sustainability. But there have some challenges
considering it’s strength, interlayer bonding and dimensional accuracy. The research and practical applications are
more required to find out the ways. The challenges are facing in flexural strength, ductility and strain behavior,
3DPRC can be an alternative solution by integrating the reinforcement patterns, auxetic structures through additive
manufacturing and others. Auxetic materials having negative Poisson’s ratio showing the improved energy
absorption, shear resistance and crack distribution. But interaction between mix design, fiber type, nozzle design
and layer intervals are remains complex and yet not fully codified. So, higher research works are necessary
corresponding these issues of 3DPC and 3DPRC. There were lack of development of standard theories in the 3DPC
structures. Finally, the fusion of computational design, advanced material engineering and additive manufacturing
3DPC and 3DPRC holds a great potential for the future construction. Further researches are essential for the
development of these two technologies and their standardization and public usage, which can support safe,
sustainable and high-performance concrete structures in 21% century.
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