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Abstract:

Three-dimensional concrete printing (3DCP) has emerged as a transformative technology in the
construction industry due to its ability to reduce material waste, eliminate formwork, and improve
construction efficiency. However, the absence of conventional reinforcement in printed concrete limits its
tensile and flexural performance. Fibre reinforcement has therefore become an effective strategy to
enhance the mechanical and durability properties of 3D printed concrete. This review examines various
printing methods, including extrusion-based printing, binder jetting, and spray-based systems, along with
the influence of different fibre types such as steel, polypropylene, basalt, carbon, and natural fibres. The
study highlights the role of fibres in improving tensile strength, ductility, crack resistance, and interlayer
bonding. In addition, the incorporation of supplementary cementitious materials and recycled materials
contributes to environmental sustainability by reducing cement consumption and carbon emissions. The
review also discusses fresh state properties, mechanical behaviour, durability characteristics, and
sustainability aspects of fibre-reinforced 3D printed concrete. Finally, key research gaps related to
standardization, long-term durability, interlayer bonding, and large-scale structural applications are
identified. The findings indicate that fibre-reinforced 3D concrete printing has significant potential for
sustainable and high-performance construction applications.

1.0 INTRODUCTION

Three-dimensional concrete printing (3DCP) has become one of the most innovative technologies in the
construction industry because of its ability to automate construction processes, reduce labour dependency,
and eliminate conventional formwork[1],[14]. Compared with traditional construction practices, 3DCP
minimizes material waste, reduces carbon emissions, and provides greater architectural flexibility[5],[15].
The technology has evolved from small-scale prototyping to large-scale structural applications through the
integration of robotics and additive manufacturing techniques[6],[13].

Extrusion-based printing is the most widely adopted technique in 3D concrete printing due to its
compatibility with cementitious materials and ease of fabrication. Successful printing requires a balance
between pumpability, extrudability, and buildability. The material should possess sufficient flowability for
smooth extrusion while maintaining adequate structural build-up to support subsequent layers[5-8].

Despite its advantages, 3D printed concrete suffers from poor tensile strength and weak interlayer bonding
because conventional steel reinforcement is difficult to incorporate during printing. Fibre reinforcement has
therefore emerged as a promising solution to improve ductility, tensile strength, crack resistance, and post-
crack behaviour. Different fibres such as steel, polypropylene, basalt, carbon, and natural fibres have been
investigated for enhancing the performance of 3D printed concrete.

In addition, sustainability has become an important research focus in 3DCP. The incorporation of
supplementary cementitious materials (SCMs), recycled aggregates, and waste materials helps reduce
cement consumption and environmental impact[37],[68]. This paper reviews the printing techniques, fibre
types, mechanical behaviour, durability characteristics, and sustainability aspects of fibre-reinforced 3D
printed concrete (3DCP-FRC).

2.0 DATA AND METHODS

The present study is based on an extensive review of journal articles, conference proceedings, theses, and
review papers related to fibre-reinforced 3D concrete printing[40],[41],[44].. The collected literature
primarily focuses on:

* Printing techniques used in 3DCP
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* Fresh and hardened properties of fibre-reinforced printable concrete
* Mechanical and durability performance

* Sustainability and life cycle considerations

» Structural applications and future challenges

The reviewed studies include investigations on extrusion-based printing, binder jetting, and spray-based
printing systems. Different fibre types such as steel, polypropylene, basalt, carbon, and natural fibres were
analysed based on their influence on rheology, printability, strength, and durability properties[4],[66].

The collected data from previous studies were comparatively analysed to identify the advantages,
limitations, and research gaps in the development of sustainable fibre-reinforced 3D printed concrete.

3.0 RESULTS AND DISCUSSION
3.1 Printing Methods for Fibre-Reinforced Concrete
3.1.1 Extrusion-Based Printing

Extrusion-based printing is the most commonly used technique in 3DCP. In this process, cementitious
material is pumped through a nozzle and deposited layer by layer. The addition of fibres improves tensile
and flexural properties but also increases yield stress and viscosity. Superplasticizers and viscosity-
modifying agents are therefore often required to maintain printability.[29],[34],[38].

Fibre alignment during extrusion significantly affects the anisotropic behaviour of printed concrete[33].
Although aligned fibres improve strength along the printing direction, interlayer bonding may become weak
if sufficient bridging between layers is not achieved[53-56].

3.1.2 Binder Jetting

Binder jetting involves selective deposition of a liquid binder onto a powder bed. This technique enables
the fabrication of complex geometries and improves surface finish[2],[5]. Studies reported that basalt fibre
incorporation significantly enhanced flexural strength. However, the printed components often exhibit
lower density and require post-processing for improved strength.

3.1.3 Spray-Based Printing

Spray-based systems utilize high-velocity deposition of cementitious materials. Carbon fibre-reinforced
mortars printed using spray techniques demonstrated improved fibre alignment and enhanced flexural
strength. This method is suitable for complex structural applications where conventional extrusion becomes
difficult.

3.2 Influence of Fibre Types
Steel Fibres

Steel fibres improve tensile strength, flexural strength, ductility, and toughness. However, their higher
density and stiffness create challenges such as nozzle clogging, fibre settlement, and equipment
wear[6],[20],[38].[63].

Polypropylene Fibres

Polypropylene fibres are widely used because of their low density, good dispersion, and crack control
ability. They improve printability and reduce shrinkage cracking, although their mechanical enhancement
is lower than steel or carbon fibres[5],[6],[57],[58],[61].

Basalt Fibres

Basalt fibres provide excellent durability in aggressive environments such as seawater and cold climates.
They improve flexural performance and reduce brittle failure. However, higher fibre dosages may reduce
flowability and extrudability[21],[25-30].

Carbon Fibres

Carbon fibres provide superior mechanical performance and significantly improve tensile and flexural
strength. Hybrid fibre systems containing carbon and basalt fibres also enhance interlayer bonding.
However, carbon fibres are expensive and require careful rheological control [22],[24],[32].
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Natural Fibres

Natural fibres such as jute,coconut, and wool offer sustainable alternatives with lower environmental
impact. Although they improve crack resistance and flexural behaviour, their long-term durability and water
absorption characteristics require further investigation[3],[7][23],[26],[59],[64].

3.3 Mechanical Properties

The incorporation of fibres improves the overall mechanical performance of 3D printed
concrete[50],[51],[65].

Compressive Strength

The increase in compressive strength due to fibre addition is generally moderate and depends on fibre type,
content, orientation, and loading direction. Studies reported that printed specimens loaded perpendicular to
the layers often exhibit lower strength compared to specimens loaded parallel to the layers]. [42],[48],[52.

Most studies indicate that compressive strength varies with loading direction, with specimens loaded
perpendicular to the layers exhibiting 10-30% lower strength compared to those loaded parallel to the
layers.

Tensile and Flexural Strength

Fibres significantly improve tensile and flexural strength through crack-bridging mechanisms and enhanced
energy absorption. Strain-hardening behaviour with multiple fine cracks instead of catastrophic failure has
been reported in fibre-reinforced mixes. Studies by Figueiredo et al., Sun et al., and Li et al. demonstrated
that fibres enable strain-hardening behavior, with tensile strain capacities exceeding 2—-3%, indicating
significant improvement in tensile performance [47],[60].

Figures 4 and 5 indicate that the incorporation of fibres significantly enhances the mechanical properties
and interlayer bonding characteristics of 3D printed concrete, depending on the fibre type and dosage used.

Interlayer Bonding

Interlayer bonding is a critical factor in 3DCP because weak interfaces can reduce structural integrity. Fibre
reinforcement improves interlayer strength by bridging adjacent layers and providing mechanical
interlocking[36].

3.4 Durability Properties

Fibre incorporation improves several durability characteristics of 3D printed concrete[50],[51].

* Fibres reduce shrinkage cracking by controlling crack propagation.

* Freeze—thaw resistance is enhanced due to reduced permeability and improved crack control.

* Fire resistance improves because fibres reduce thermal cracking and spalling.

 Long-term durability in aggressive environmental conditions remains an active area of research.

Table 1 synthesizes the reported effects of different fiber types on 3DCP-FRC based on the reviewed
literature.

3.5 Sustainability Considerations

Sustainability is one of the major advantages of 3D concrete printing. The elimination of formwork reduces
material waste and labour requirements. The use of SCMs such as fly ash, silica fume, GGBS, and calcined
clay further decreases cement consumption and carbon emissions[10],[12],[17],[18],[43],[64]. The usage
of recycled materials like natural sand with recycled glass powder,recycled sand or recycled concrete
aggregates, waste tire rubber as aggregate, copper tailings or copper slag in printable mortars is a major
trend[5],[10],[11],[16],[20].

Life cycle assessment studies indicate that 3DCP can provide considerable environmental benefits
compared with conventional construction methods. However, higher cement contents and the use of steel
reinforcement may offset some sustainability gains. Comprehensive building-scale life cycle assessments
are still limited and require further investigation[4],[9],[10],[19].
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4.0 CONCLUSION AND SUGGESTIONS

Fibre-reinforced 3D concrete printing has emerged as a promising technology for sustainable and
automated construction. Different fibre types contribute to improvements in tensile strength, flexural
strength, ductility, crack resistance, and durability performance.

Steel and carbon fibres provide superior mechanical performance, while basalt fibres offer excellent
durability in harsh environments. Polypropylene fibres improve printability and shrinkage resistance,
whereas natural fibres provide sustainable alternatives with lower environmental impact.

Although significant advancements have been achieved, several challenges remain. Standardized testing
methods for printability, interlayer bonding, and anisotropic behaviour are still lacking. Long-term
durability studies under field conditions are limited, and large-scale structural applications require further
validation.

Future research should focus on:

* Development of standardized evaluation methods

* Improvement of interlayer bonding mechanisms

* Optimization of hybrid fibre systems

» Large-scale life cycle assessment studies

* Development of sustainable low-carbon printable materials

Overall, the integration of fibre reinforcement, sustainable materials, and advanced printing technologies
can significantly enhance the performance and environmental sustainability of future construction
practices.
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Table 1: Comparitive analysis of Fiber performance
Type of Fibre Process of | Improved Durability and | Limitations
printability mechanical environmental
behaviour sustainability

Carbon Requires rheology | Maximum Enhanced High cost; high
tuning compressive and | performance and | environmental
(SP/accelerators). | bending strength | suitability for footprint.

hybrid systems
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ggIng risk. High durability | 3DCP LCA. Y
. Compatibility i Control crack Polymer .ag'ing Lower  strength
Synthetic (PP) better; easy to offectivel concerns; limited than steel/carbon

extrude. Y 3DCP LCA. '
Variable Lower  strength; Potential .

Natural dispersion; water goqd degradation; high Ma.terl.a.l

N environmental . variability.
absorption issues. moisture uptake.
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Fig.5. Interlayer bonding characteristics of 3D printed fibre reinforced geopolymer

Source: Reproduced from Liu, X. et al. (2024).
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