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Abstract: This review presents a comprehensive analysis of polypropylene (PP) fibre incor-
poration in three-dimensional printed concrete (3DPC), focusing on the material behaviour
in both fresh and hardened states. PP fibres play a critical role in improving rheological
properties such as buildability, flowability, and extrudability. While increased fibre content
enhances interlayer bonding and shape retention through the fibre bridging mechanism, it
also raises yield stress and viscosity, which may compromise extrudability. In the hardened
state, PP fibres contribute to improvements in compressive and flexural strength up to
an optimal dosage, beyond which performance may decline due to fibre clustering and
reduced packing density. When aligned with the printing direction, fibres are particularly
effective in mitigating shrinkage-induced cracking by redistributing internal tensile stress.
However, their inclusion can lead to a slight increase in porosity and promote mechanical
anisotropy. This review also discusses mix design parameters, fibre characteristics, and
experimental protocols, while identifying key research gaps including the lack of standard-
ized testing methods, limited understanding of fibre orientation effects, and insufficient
exploration of hybrid fibre systems. Based on the synthesis of reported studies, optimal
print quality and structural consistency have been associated with the use of 6 mm long
fibres, nozzle diameters of 4 to 6 mm, and printing speeds ranging from 40 to 60 mm/s.
Overall, PP fibre reinforcement shows strong potential for enhancing the structural integrity
and dimensional stability of 3D-printed concrete, while emphasizing the need for further
studies to optimize its use in practice.

Keywords: 3D-printed concrete; fibre reinforcement; polypropylene fibres; mechanical
properties; mix design; compressive strength; flexural strength

1. Introduction

Three-dimensional printed concrete printing (3DPC) has emerged in recent years as
an innovative construction technology, representing a significant advancement over con-
ventional construction methods [1-3]. This additive manufacturing technique eliminates
the need for formwork, thus significantly reducing construction time, costs, and waste
generation [4]. The primary stages of the 3DPC process include material mixing, pumping,
and robotic-layered extrusion guided by digital models, enabling precise, efficient, and
sustainable construction practices. As illustrated in Figure 1, the 3D concrete printing pro-
cess specifically involves three key stages: material mixing, pumping, and robotic-layered
extrusion guided by a predesigned digital path [4]. A predefined digital path is designed
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and inputted into the printer, guiding the 3D concrete printer on a gantry girder, depositing
concrete via a robotic arm [5]. Despite these advantages, 3D-printed concrete faces inherent
challenges, notably reduced mechanical strength and susceptibility to shrinkage-induced
cracking when compared to traditional cast concrete [4]. Consequently, enhancing the me-
chanical properties and reducing the brittleness of printed concrete is critical to expanding
its practical applications.

(3) Printing

(1) Concrete Mixing

i
Motion
v

ST
Cementitious Material Aggregates
- OPC - Recycled Resources

Figure 1. The process of 3D concrete printing (modified from [5]).

To address these limitations, numerous reinforcement strategies have been explored,
including the integration of supplementary cementitious materials (SCMs) and various
fibre reinforcements. The incorporation of SCMs such as fly ash (FA), silica fume (SF),
ground-granulated blast furnace slag (GGBS), and nanosilica (NS) is well-documented
for enhancing both fresh and hardened state properties of concrete, optimizing rhe-
ological behaviour, reducing environmental impact, and improving overall material
durability [6-10]. Fibre reinforcement, another prominent enhancement strategy, signifi-
cantly improves tensile strength, ductility, toughness, and resistance to shrinkage cracking.
Fibres can be categorized into rigid fibres (e.g., steel fibres), flexible fibres (e.g., polypropy-
lene (PP) and polyvinyl alcohol (PVA) fibres), and fibre textiles or grids (e.g., glass fibre
textile (GFT)). Rigid fibres enhance mechanical strength and fracture toughness through
alignment effects during extrusion [11,12]. Flexible fibres improve buildability and reduce
shrinkage-induced cracking through their fibre-bridging capability, though they may in-
crease porosity [13-15]. Fibre textiles or grids strategically enhance flexural strength and
toughness without compromising workability [16]. Additionally, advanced reinforcement
strategies such as fibre-reinforced polymer (FRP) wrapping and polymeric or metallic fibres
have been explored, demonstrating improved compressive strength and ductility [17,18].

Among these fibres, polypropylene (PP) fibres offer distinct advantages, making them
particularly suitable for reinforcing 3D-printed concrete. PP fibres are characterized by
low density, excellent chemical resistance, affordability, and ease of dispersion within con-
crete mixtures [19-21]. Studies indicate that PP fibres effectively improve buildability and
mitigate shrinkage-induced cracking due to their fibre-bridging effect. This significantly en-
hances the interlayer bonding, reduces anisotropy in mechanical properties, and improves
the overall toughness of 3D-printed concrete structures [22,23]. Although PP fibres can
slightly reduce compressive strength due to fibre clustering and increased porosity, their
benefits in controlling cracking and enhancing structural durability far outweigh these
drawbacks, particularly when optimized through careful mix design.

Despite growing research on fibre-reinforced 3D-printed concrete, comprehensive
reviews specifically focused on the performance implications of PP fibres remain relatively
scarce. This review systematically examines the existing literature on PP fibre-reinforced
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3D-printed concrete, emphasizing mix design strategies, raw materials characterization,
experimental methodologies, and their influence on fresh state rheological behaviour,
printability, and hardened state performance, including compressive and flexural strengths,
shrinkage, fracture toughness, and porosity. Furthermore, critical research gaps such as
the lack of standardized testing protocols, insufficient studies addressing fibre orientation
and length effects, and limited exploration of hybrid fibre systems are identified and
discussed. By synthesizing current knowledge and highlighting these areas, this review
aims to provide valuable insights and guidance for the development and optimization of
PP fibre-reinforced 3D-printed concrete in future research and practical applications.

2. Raw Materials and Mix

The mix design for 3D-printed concrete must have the properties to provide the
necessary mechanical strength, pumpability, extrudability, and buildability [4]. These
properties are crucial to ensure it can be extruded in a smooth manner and can then hold
its shape once extruded. To improve one of these parameters, it has an inverse effect on
the other, so it is vital to find the line where both parameters are being satisfied. Some
materials can help achieve this, such as admixtures and SCMs.

2.1. Secondary Cementitious Materials (SCMs)

It is seen in various studies that 3D-printed concrete requires a high cement content,
which is not a sustainable solution as cement is responsible for a large portion of greenhouse
gases. High cement content also causes an increase in the heat of hydration, which can
increase the drying shrinkage of the concrete [4]. A way to decrease the need for cement
is to use SCMs. They reduce the cement concrete in the mix and improve the mechanical
and durability properties of the concrete along with the wet state of the concrete mix [4].
Forms of SCMs include FA, SE, and GGBS [24,25]. These are commonly used to enhance
the strength, durability, and rheological properties [26].

2.1.1. Fly Ash (FA)

FA is a fine powder that is a by-product of coal combustion in power plants [26].
The effects that FA has on concrete are, it enhances workability, reduces the heat that is
generated during hydration process, and increases long-term strength and durability of
the concrete [27]. However it also decreases the static yield stress and viscosity [27], which
causes the bottom layer in printing to deform. It is seen that the finer the material is,
the better the flowability due to the enhanced dispersion and reduced particle-particle
interactions [28]. The optimal FA replacement is 20%, which strikes a balance between
fluidity, strength, and buildability. The buildability issue FA causes can be counteracted by
incorporating nano clays, improving flocculation strength and shear-yield stress [26].

2.1.2. Silica Fume (SF)

Silica fume is a formed as a result of silicon and ferrosilicon alloy production [29].
Using it in concrete causes a reaction with calcium hydroxide (CH), which is produced
during hydration to form an additional calcium silicate hydrate (C-5-H) gel [26]. Silica
fume hosts many improvements to the concrete, including increased mechanical strength,
improved durability, protection against chemical attack, sulfate attack, ASR, chloride
iron corrosion, improved workability, and enhanced thermal resistance against thermal
cracking [26]. A study reported that 2 wt.% of SF caused the buildability to increase by
117% when put into comparison to the control mix [30].
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2.1.3. Ground-Granulated Blast-Furnace Slag (GGBS)

GGBS is a waste material that is produced by the iron and steel industry. It is a reactive
pozzolan obtained by rapidly quenching molten slag from a blast furnace with water or
steam [26]. This gives off a material that is glassy and granular [29]. Like SF and FA, GGBS
also forms additional C-S-H gel due to its reaction with CH. Therefore, this improves the
material’s strength and durability, and GGBS is also responsible for reducing the amount
of heat generated from the hydration reaction [26]. A study, ref. [31], discovered that
the optimal mix design contained the following amounts: 20 wt.% FA, 15 wt.% SF, and
10 wt.% GGBS. This mix provided desirable rheological properties for printing and ob-
tained a compressive strength of 56.3 MPa, which was higher than the cast specimens
achieved [26].

2.2. Admixtures

The rheological properties have an effect on the extrudability, buildability, and pumpa-
bility. These properties can be altered through admixtures such as superplasticizers
and accelerators.

2.2.1. Superplasticizers

Superplasticizers are polymeric substances that are used to decrease the water de-
mands that the concrete requires and increase its flow while not affecting the mechanical
strength [32]. They can reduce the water requirement by over 30% [33]. An effective type of
superplasticizer is a poly-carboxylic ether-type (PCE); such superplasticizers are efficient,
boasting a high water-reducing capacity [34]. It was compared with Naphthalene Sulfonate
Formaldehyde (NSF), and the results concluded that both superplasticizers reduced the con-
crete’s dynamic yield stress and thixotropic behaviour [35]. This is ideal for fibre-induced
concrete as the fibres increase the dynamic yield stress and thixotropic behaviour, which
provides the concrete mix a good balance [33].

2.2.2. Accelerators

Accelerators are an admixture used to reduce the time it takes for the concrete to set
and, therefore, improve the mix’s buildability. Lithium carbonate is a type of accelerator
that reacts with cement, causing an increase in static yield stress and positively affecting
buildability [36]. However, this reduces the extrudability and open time for printing,
weakening the interlayer strength and impacting the printing process [37]. A proposed
solution is to spray the mix through the print head instead of mixing it beforehand, which
would provide a more considerable open time for printing. Another accelerator is Calcium
Formate (CF), which improves workability by reducing dynamic and static yield stress and
accelerates hydration [38]. Calcium chloride is said to be the most effective accelerator, but
it causes steel corrosion [33]. This is not a problem for polypropylene fibres, so it could be
seen as a viable accelerator.

2.3. Fibre Types

Many different types of fibres fall into either the high or low elastic modulus group. PP
fibre falls into the low elastic group, along with the likes of polyethylene fibres [39]. These
fibres are primarily used for crack mitigation. The high elastic modulus group contains
steel fibre, along with others. These fibres increase concrete’s rigidity, tensile and shear
strength [39]. Table 1 shows the properties of PP fibres, polyethylene, and steel fibres.
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Table 1. Fibre analysis.

Tensile Youngs Specific
Fibre Type Strength Modulus  Elongation (%) Gravit Ref.
(MPa) (GPa) ¥
PP fibres 310-760 3.45-4.9 15 0.90-0.91 [40]
Polyethylene 200-300 5 3 0.96 [40]
Steel fibres >1000 150-180 - 7.8 [40]

2.3.1. Polypropylene Fibres (PP)

PP fibre is a synthetic linear polymer obtained through propylene polymerization [41].
Many of its characteristics are beneficial for use in 3D-printed concrete, such as its
lightweight properties, elevated strength, exceptional toughness, resistance to corrosion,
and adequate heat insulation [41]. It is a fibre that falls into the low elastic modulus group
of fibres. PP has good ductility and is highly effective in mitigating plastic shrinking and
reducing cracking [39]. In a study [42], the addition of 0.5% fibre led to a 27% reduction
in shrinkage when put in comparison to the specimen without fibres. This occurs due to
the energy that the fibres can absorb and the orientation of the fibres, which has a bridging
effect through the cracks in the concrete-caused shrinkage [42].

2.3.2. Polyethylene Fibres (PE)

PE fibre is made from polymerized polyethylene units. It has various forms, such
as monofilaments, continuous filament yarns, and staple fibre [41]. In a study by Ding,
Xiao [43], PE fibres were incorporated into a recycled sand mix. The recycled sand neg-
atively affected the properties of the concrete, and it was seen that the PE fibres could
counteract these effects. The study discovered a 400% increase in flexural strength for 1.4%
PE fibre dosage compared to 0.25% [43]. The factors driving these improvements are strong
interfacial bonding between PE fibres and the matrix and their high tensile strength. The
study also compares PE fibres at lengths of 6 mm and 12 mm; the longer length bridge
cracks more effectively and shows improved fracture energy when compared to the shorter
fibre. However, it causes issues with extrudability [44]. Compared to PP fibres, Polyethy-
lene fibres have greater tensile strength and better interfacial bonding, resulting in higher
flexural strength, but PE fibres are better at controlling shrinkage. Compared to steel fibres,
the PE fibres are more ductile but have lesser tensile and flexural strength.

2.3.3. Steel Fibres

Steel fibres are excellent fibres that have many advantages, such as the enhancement
of fracture resistance, impact resistance, fatigue resistance, and bending resistance, on
top of tenacity and durability [41]. They manufacture cold-drawn wire, cut sheet, melt-
extracted, mill cut, and modified cold-drawn wire. A study [45] found that using 6mm
short steel fibres significantly increased the flexural strength by up to 500% compared
to the unreinforced printed concrete, which was twice as strong as the casted sample.
Steel fibres provide superior properties for high-load and durable structures compared to
polypropylene. PP fibres are more effective for enhancing ductility, flexibility, and crack
resistance and are more suitable for lightweight structures [41]. Steel fibres can be combined
with other fibres such as PP, PVA, and carbon fibres. Doing this allows the concrete to gain
high strength from the steel. Also, it allows for the concrete to gain other fibre benefits,
such as polypropylene crack mitigation properties [41].
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2.4. Mixes from Literature Review

A detailed examination of Table 2 reveals a diverse range of fibre types and contents
used in 3D-printed concrete (3DPC) mixes to enhance performance characteristics, includ-
ing interlayer bonding, tensile strength, shrinkage control, and buildability. PP fibres are the
most widely used, appearing in over 15 mixes with volumetric dosages ranging from 0.1%
to 1.5%. These synthetic fibres are preferred for their crack-bridging capabilities and com-
patibility with extrusion-based printing. The optimal performance was observed around
0.5-1.0%, where improvements in buildability and interlayer strength were significant,
without critically compromising extrudability. However, as the dosage of fibres increase,
particularly at 1.5%, mixes tend to require higher superplasticizer (SP) dosages (up to
5.95 kg/m?) and exhibit increased static and dynamic yield stress, which can negatively
impact print stability.

Polyethylene (PE) fibres, used in incremental dosages from 0.25% to 1.4%, were found
to contribute significantly. Notably, the mix with 1.4% PE fibres demonstrated SP demand
(1.98%) and reduced extrudability. The longer PE fibres also posed alignment challenges in
narrow nozzles, affecting filament continuity. Steel fibres, incorporated at dosages of 0.5%
and 1.0%, primarily enhanced flexural and compressive strengths. Their high modulus and
aspect ratio contribute to better post-cracking behaviour, but their high density and rigidity
limit their use in mixes requiring high pumpability and print precision.

In addition to single-fibre systems, several hybrid combinations were evaluated, par-
ticularly PP and PET (polyethylene terephthalate) blends in volumetric ratios ranging from
0.2PP + 0.8PET to 0.8PP + 0.2PET. These hybrids aim to synergize the ductility and shrink-
age resistance of PP with the stiffness and tensile capacity of PET. Although promising,
these mixes exhibited elevated plastic viscosities and required fine-tuning of admixture
content to avoid print defects such as nozzle clogging or filament instability. Further, mixes
using recycled PET and PP fibres indicated potential for sustainable construction, but
data on long-term durability, fibre dispersion, and fibre-matrix interfacial bonding are
still limited.

Advanced mixes also featured alternative fibre types such as polyvinyl alcohol (PVA)
and polyacrylonitrile (PAN). For instance, PVA at 1.82% by mass and PAN up to 0.4% by
volume (relative to sand) were used in textile-reinforced or ultra-ductile systems. These
fibres demonstrated good synergy with low water-to-binder (W /B) ratios (e.g., 0.26-0.3) and
performed well under flexural loading; however, they introduced challenges in achieving
uniform dispersion and preventing fibre clumping during mixing.

In summary, the analysis shows that fibre type, content, and interaction with ad-
mixtures are critical to optimizing printability and mechanical performance in 3DPC.
Polypropylene remains the most balanced choice in terms of processability and perfor-
mance, whereas PE and steel fibres are more suitable for applications requiring higher
load-bearing or energy dissipation. Hybrid systems, especially involving recycled fibres,
present a promising research direction but require further validation. Future work should
focus on tailoring fibre geometry (length, diameter, aspect ratio) and orientation relative to
the print path to develop anisotropic behaviour and improve structural efficiency.

2.5. Printing Parameters Design

The following discussion addresses 3DPC in general. Currently, there is limited
research specifically focused on the effect of printing parameters on PP fiber-reinforced
3DPC. Printing parameters play a large role in how the printed structure performs; the way
in which the printing parameters and mix composition interact is a key area to be explored.
Key parameters such as nozzle diameter, layer height, and printing speed have a significant
role in the determination of the print quality, buildability, and mechanical performance.
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Table 2. Mixes from the literature review.
Mix Cement FA SF Water W/B Sand SP VMA Fibre MK RLP LC?> Gypsum GGBS Clay Units Ref.
M1 1000 - - 350 0.35 1000 0.70 1.28 0.00% - - - - - -
M2 1000 - - 350 0.35 1000 0.71 1.28 PE 0.25% - - - - - -
M3 1000 - - 350 0.35 1000 0.73 1.28 PE 0.50% - - - - - - (g) [46]
M4 1000 - - 350 0.35 1000 1.12 1.28 PE 1.00% - - - - - -
M5 1000 - - 350 0.35 1000 1.98 1.28 PE 1.40% - - - - - -
FA 521 161 81 235 0.31 1229 7.64 2.29 PP 1.00% - - - - - - ke /m? [24]
LC2 382 - - 344 045 1229 7.64 2.29 PP 1.00% - - 3437 382 - - (kg/m?)
C 962 - 107 299 0.28 1068 3.20 1.07 0.00% - - - - - -
F0.5 957 - 106 298 0.28 1063 3.19 1.06 Steel 0.50% - - - - - - (kg/m3) [47]
F1.0 953 - 106 296 0.28 1058 3.18 1.06 Steel 1.00% - - - - - -
Pn GPC - 0.25 - 0.26 1 0.012 - 0.00% - - - - 0.3 - .
0.45 By weight of
GPC bind [48]
PnF 045 - 0.25 - 0.26 1 0.012 - Steel 0.055% - - - - 0.3 - mhder
F0.0% 697 - 60.6 227 0.3 1213 1.29 0.38 0.00% - - - - - -
F0.1% 697 - 60.6 227 0.3 1213 1.29 0.38 PP 0.1% - - - - - - ke /m3 [39]
F0.3% 697 - 60.6 227 0.3 1213 1.29 0.38 PP 0.3% - - - - - - (kg/m") -
F0.5% 697 - 60.6 227 0.3 1213 1.29 0.38 PP 0.5% - - - - - -
09PC o
BO 0.1 SAC 0.1 - 0.3 1 0.01 - 0.00% 002 0.1 - - - -
0.9 PC .
C1 0.1SAC - 0.1 - 0.3 1 0.01 - PAN 0.10% 0.02 0.1 - - - -
0.9 PC .
C2 0.1 SAC - 0.1 - 0.3 1 0.01 - PAN 0.20% 0.02 0.1 - - - By ratio to sand [49]
09PC o
C3 0.1SAC - 0.1 - 0.3 1 0.01 - PAN 0.30% 0.02 0.1 - - - -
09 PC o
C4 0.1SAC - 0.1 - 0.3 1 0.01 - PAN 0.40% 0.02 0.1 - - - -
PP
0.3% 850 - - 255 0.3 1275 5.95 1.088 PP 0.3% - - - - - -
OPSI:/ 850 - - 255 0.3 1275 5.95 1.088 PP 0.5% - - - - - - (kg/ md) [50]
PP 850 - - 255 0.3 1275 5.95 1.088 PP 1.0% - - - - - -

1.0%
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Table 2. Cont.
Mix Cement FA SF Water W/B Sand SP VMA Fibre MK RLP LC?> Gypsum GGBS Clay Units Ref.
121; 850 - - 255 0.3 1275 5.95 1.088 PP 1.5% - - - - - -
é) 5(3 850 - - 255 0.3 1275 5.95 1.088 PET 0.3% - - - - - -
é) 152;5 850 - - 255 0.3 1275 5.95 1.088 PET 0.5% - - - - - -
PET
1.0% 850 - - 255 0.3 1275 5.95 1.088 PET 1.0% - - - - - -
PET 3
1.5% 850 - - 255 0.3 1275 5.95 1.088 PET 1.5% - - - - - - (kg/m?) [50]
0.2PP + 0.2PP +
0.8PET 850 - - 255 0.3 1275 5.95 1.088 0.8PET - - - - - -
0.4PP + 0.4PP +
0.6PET 850 - - 255 0.3 1275 5.95 1.088 0.6PET - - - - - -
0.6PP + 0.6PP +
04PET 850 - - 255 0.3 1275 5.95 1.088 0.4PET - - - - - -
0.8PP + 0.8PP +
0.2PET 850 - - 255 0.3 1275 5.95 1.088 0.2PET - - - - - -
Mix 562 162 814 256 032 1144 49 24 PP 1.00% L ; ; - (kg/m®) [51]
’ ’ Malmesbury ’ ' e g/m
0.45 PC By mass ratio to
Mix 0.05 0.4 0.1 - 0.26 0.28 0.0105  0.003% PVA 1.82% - - - - - 0.0035  cementitious [52]
SAC material
Mix 810 0.14 2025F 204 0.20 665 10.14 - PE 0.5% - - - - - - (kg/m?3) [53]
450SP
Mix 1 560 160 80 240 0.3 - - - 0.00% - - - - -
Polye x (kg/m3) [54]
Mix 2 560 160 80 240 0.3 - - - y - - - - - -

3 kg/m?
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2.5.1. Nozzle Diameter

The nozzle diameter significantly affects the mechanical properties and geometric
accuracy of the printed strands. Larger nozzle diameters facilitate material flow by re-
ducing shear stress at the nozzle exit, thus decreasing extrusion resistance and enhancing
buildability. However, excessively large nozzle diameters lead to increased filament width,
reducing the precision and surface smoothness of printed components [55,56]. Conversely,
smaller nozzle diameters enhance printing accuracy and improve fibre alignment along the
printing direction, thereby substantially improving mechanical performance. Nonetheless,
smaller diameters increase the risk of clogging and extrusion resistance, requiring careful
selection based on the rheological characteristics of the concrete mixture [57].

2.5.2. Layer Height

Layer height is another critical factor influencing the interlayer bonding strength and
mechanical performance of printed concrete. Lower layer heights, despite resulting in
increased printing times and more interfaces, provide better interface adhesion, denser
interlayer regions, and improved overall flexural and fracture properties. Smaller layer
heights minimize interface defects such as increased porosity and crack propagation,
enhancing the durability and mechanical robustness of the printed structures. Higher
layer heights, however, often induce interlayer defects, increasing porosity and weakening
interlayer bonding, ultimately diminishing the strength and durability of the final printed
element [58-60].

2.5.3. Printing Speed

Printing speed directly impacts the accuracy, interlayer adhesion, and overall qual-
ity of 3D-printed structures. Higher printing speeds reduce material extrusion per unit
length, leading to thinner and narrower filaments, which compromise the buildability and
geometrical accuracy of printed layers. Additionally, rapid printing speeds negatively
affect interlayer bonding, exacerbating interfacial defects and increasing void formation,
thereby diminishing structural integrity and mechanical performance [61,62]. Conversely,
moderate to slower printing speeds enhance the stability and quality of the printed layers,
mitigating stress concentrations and resulting in improved interlayer bonding strength and
overall print quality [57,60].

3. Experimental Procedure for 3D-Printed Concrete
3.1. Mixing Procedure

The mixing procedure involves mixing the dry ingredients first, then mixing with the
wet ingredients, and then adding the fibres in for a final mix. In one study [47], the mix
consisted of “ordinary Portland cement, according to IS 8112: 2013 and densified silica fume
(SF)” as the binder. For the aggregate, “sand with a maximum particle size of 2.36 mm and
a specific gravity of 2.65 and fineness moduli of 2.75 was used”. The superplasticiser used
was a “polycarboxylate ether-based superplasticizer (SP) in liquid form with 48.48 wt.%
solids and having pH of 6.8 and a cellulose-based VMA”. Lastly, fibres were included [47].
A Hobart planetary mixer was used for the preparation of the concrete mix. A mixing speed
of 107 rpm was used for 2 min on the dry materials to create a homogeneous dry mixture.
After this, the water was added and mixed for 1 min. Once that step was completed, the
steel fibres were added, and the mixing was resumed for 1 min at 361 rpm. The mixing
was paused for 30 s to scrape the bowl and then resumed for 2 min at 198 rpm to achieve a
homogeneous mix [47].
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Layer interface

3.2. Flexural and Compressive Tests

Three-dimensional-printed components are anisotropic, so it is necessary to test them
in the x, y, and z directions [63]. In a study [64], the cast specimens were made in a
cubic and rectangular prism shape to match the printed samples. Rectangular slabs mea-
suring 1000 mm x 200 mm X 120 mm were printed for compressive strength tests and
500 mm x 200 mm x 180 mm for flexural strength tests. These were then allowed to cure for
28 days, so that full strength could be acquired. Once cured, the printed samples were cut
and polished to the dimensions of the moulded samples. The resulting dimensions of the
printed cut samples were 70.7 mm x 70.7 mm X 70.7 mm for the compressive test and
40 mm x 40 mm x 160 mm for the flexural test. The 3D-printed samples were loaded in
all three directions, and the cast specimen was loaded in one direction, as it was isotropic.
The loading direction for the compressive test can be seen in Figure 2, and the cutting and
loading direction for the flexural test specimens can be seen in Figure 3. Tests were carried
out on days at 1, 3, 7, and 28, to observe how the strength increased over time.

- Fz

<

Fx /470 ‘/y@% Fy

Figure 2. Loading directions for compressive strength test. Reprinted with permission from [64].

(b)

Fzx
v
£
\&®
_F7/qo Fyx
P
© Fzy @ Fz

<t

quo/\\/ . Fxy ‘g/qo e </\ : Fyz

Figure 3. Cutting and loading directions for flexural test: (a) Cutting direction; (b) Prism cut along
the x-axis and loaded from z- and y-directions; (c¢) Prism cut along the y-axis and loaded from z-
and x-directions; (d) Prism cut along the z-axis and loaded from x- and y-directions. Reprinted with
permission from [64].
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3.3. Shrinkage Test

In one study [39], the total shrinkage was measured. To measure the shrinkage of the
concrete, specimens of 40 mm x 40 mm x 160 mm were made from cut printed elements
2 h after mixing. Copper heads are put 5 mm into the specimen to allow for the humidity
data to be collected. The printed specimens were cured 5 h after printing and placed into a
controlled indoor environment of 20 &= 1 °C and 60 £ 2 RH. To measure the length of the
samples, digital comparators with an accuracy of 0.001 mm were used [39]. The shrinkage
was tested in both the parallel and perpendicular direction to printing. Casted samples
were also tested to allow for comparison. The initial length was taken at 24 h mark after
the water was added, and measurements were taken every day in the first week, and then
at the 10, 14, and 28-day mark. The specimen samples and digital length comparators are
shown in Figure 4a—c below.
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Figure 4. Shrinkage measurement: (a) Cutting specimens from 3D-printed elements; (b) Length test
parallel to printing direction; (c) Length test perpendicular to printing direction. Reprinted with
permission from [39].

3.4. Interlayer Bond Strength Test

In one study [65], the interlayer bond strength was measured by applying uniaxial
tension to printed specimens sized 50 mm x 25 mm x 30 mm. Notches of 5 mm depth
were cut into the samples and then put under loading, as shown in Figure 5. To ensure
that the specimen failed between the two layers, notches of 5mm depth were cut into
the edges of the layer interface. Metal brackets were attached to each side of the sample
using epoxy resin. A 1 mm/min displacement was the force applied to calculate the
interlayer bond strength, and the failure displacement was noted. It was essential that the
sample was aligned in the testing apparatus to ensure that eccentricities remained out of
the equation [65].
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Epoxy resin

Figure 5. Interlayer bond strength test [65].

3.5. Fracture Energy Test

In one study [66], extensive research was conducted on fracture behaviour in PVA fibre-
reinforced 3D-printed concrete. The following procedure was used to measure the fracture
energy. A printed specimen was cut to 100 mm x 100 mm x 400 mm, and a cast specimen
was made to the same size to compare results. A gap was cut at the mid-span of the sample
with a standard ally-to-height ratio of 0.4, as shown in Figure 6. After cutting the surface,
the specimen is painted black and white speckled. This process is done to allow precise
tracking of cracking using Digital Image Correlation (DIC) technology (Figure 7a,b) [67].
The black-and-white speckle appearance provides a high-contrast surface, which is what
the DIC system needs to detect and measure fine details of displacement and strain on the
surface during the fracture of the specimen. The loading equipment used was a Shimadzu
AGX-100 KN precision electronic universal testing machine, as shown in the experimental
set-up in Figure 7. It applied displacement loading of 0.05 mm/min [66]. This procedure
was performed in the directions X, y, and z for the printed samples and one direction for
the casted samples. The DIC cameras captured how the samples deformed and images of

the failure point.

be=2
—>| l— D=100
”i a—=40
' B=100
. $=300 N [——>
™~ ”|
L=400

Figure 6. Specimen dimensions of notched beam. Reprinted with permission from [66].
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Figure 7. Fracture test: (a) Test set up; (b) Schematic diagram of DIC. Reprinted with permission
from [66].

3.6. Fluidity Test

To measure how the fibres affect the fluidity of the mix, a flow table test was carried out.
The standards set in ASTM C230 [68] require the mortar being filled into a mould on a flow
table, once the mould was filled it was removed and the mortar was subjected to 25 drops.
The diameter recorded was then taken as the fluidity result [50]. The recommended flow is
between 150 mm and 182 mm, according to a study done [50]. The test apparatus is shown
in Figure 8.

Figure 8. Flow table test. Reprinted with permission from [50].

3.7. Buildability Test

To test the buildability, a 200 mm square was printed and the number of successive
layers printed on top of one other before failure was measured (Figure 9). The number of
layers achieved before failure was the measure of the mix’s buildability [50]. This test was
done with a control mix with no fibres to observe the increase in buildability.
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(b)
Figure 9. (a) Buildability test for control. (b) Buildability test for fibre-induced concrete. Reprinted
with permission from [50].

3.8. Extrudability Test

The measure the extrudability, a physical exam of the filament is performed (Figure 10).
The average width was taken from 3 different locations along the filament. This average
width was then taken as the extrudability indicator. The optimal extrudability had a smooth
surface with no cracks or blockages, according to the study by Nasr, Duan [50].

Figure 10. (a) Extrudability test for control. (b) Extrudability test for fibre induced concrete. Reprinted
with permission from [50].

3.9. Rheological Test

A Brookfield rheometer with a vane spindle of 30 mm x 15 mm in size within a beaker
of 500 mL was used to test the rheological properties, plastic viscosity, dynamic yield stress,
and static yield stress (Figure 11) [69]. Samples with different fibre dosages were used to
compare the influence of fibres. A constant shearing rate of 0.1 s~ was sustained for 3 min
to measure the static yield stress [70]. The peak of the shear stress was taken as the static
yield stress [71]. This process was repeated at intervals of 10 min till the 40 min mark after
the water was added to dry powder [39]. To measure the dynamic stress and viscosity,
the vane spindle rotation was linearly increased from 0 s71 t0 50 s~! within 60 s, then
decreased to 0 s~! linearly in the 60 s after [72]. The Bingham equation, T = 19 + 1y was
used to fit the curve with decreasing shear rate from 50 s 110051, where T is shear stress,
Tp is dynamic yield stress, 7 is plastic viscosity, and vy is shear rate [73]. Higher doses may
interfere with the machine; if this is the case, the testing methods stated in Sections 3.7-3.9
can be used for evaluation of fresh properties.
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Figure 11. Brookfield rheometer. Reprinted with permission from [69].

4. Effects of Polypropylene Fibres in 3D-Printed Concrete
4.1. On Fresh State Properties

The key parameters to look at for the fresh-state properties of the concrete are build-
ability and flowability. The mixture needs to be extrudable and buildable, meaning that it
should have the ability to flow through the nozzle without any blockages smoothly and
have the required stiffness to be able to retain its shape after extrusion [65]. Polypropy-
lene fibres reduce the fluidity of the geopolymer mortar but increase its buildability. This
decrease in fluidity can be improved by adjusting the water-binder ratio [42].

4.1.1. Fluidity

Fluidity is responsible for the ability of the mixture to flow and be transferred from
the mix container to the printing head [49]. In one study [42], the effect of fibres on fluidity
with respect to time was studied for a geopolymer mortar mix. It was found that fluidity
decreases with respect to time and that adding fibres decreases the fluidity marginally, as
shown in Figure 12a. The rheological properties were also investigated in a study [39].
It was found that static yield stress increases with fibre dosage, as shown in Figure 13a.
The static yield stress is required to initiate the flow [39]. A high value gives the mix good
buildability, but a value that is too high will reduce the workability of the mix. In this study,
all the fibre dosage mixes were printable.
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Figure 12. Geopolymer mortar: (a) Effect of fibre on fluidity; (b) Effect of fibre buildability index.
Reprinted with permission from [42].
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Figure 13. Fresh properties: (a) Dynamic yield stress versus fibre dosage; (b) Plastic viscosity versus
fibre dosage. Data adapted from [74].

4.1.2. Buildability

Buildability is responsible for keeping the structure stable directly after printing, so it
is essential that this property is of strong value. The addition of fibres can help improve
this value. Figure 12b shows how different fibre percentages and water-binder ratios affect
the fluidity and buildability with respect to time [42]. The legend has “F” representing the
fibre content and “W/B” representing the water-binder ratio. The buildability increased
with fibre content from 5-15 min but then decreased from 25 min onwards. This is due
to how the low yield stress mortar interacts with the fibres. It increases the yield stress,
initially boosting the buildability [39]. However, over time, the workability loss from the
fibre causes a decrease in buildability [75]. The graph shows that the optimal time for
printing is 15-25 min after printing, as fluidity and buildability are both good values for
printing [42].

4.1.3. Extrudability

Dynamic yield stress is one of the main factors responsible for extrudability [76].
It must be within a range that allows the concrete to flow and remain cohesive. There
is a linear relationship between the dynamic yield stress and fibre dosage, as shown in
Figure 13a. This is due to the entanglement of fibre, which slows down the recovery
of flow [77]. Plastic viscosity describes how much the material resists flowing once it
has started to move. As shown in Figure 13b, the plastic viscosity increases with fibre
dosage, indicating that the extrudability is affected by the fibres [74]. A too-high plastic
viscosity could cause the printer to clog. The dynamic yield stresses found for each
fibre dosage in the study, as shown in Figure 13a, were all within the printable range for
3D-printed concrete.

4.2. Hardened State Properties

Polypropylene fibres significantly enhance the hardened state properties of the 3D-
printed concrete. They enhance flexural strength, compressive strength, fracture energy,
and crack resistance. The following discussion concerns the addition of fibre.
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4.2.1. Flexural and Compressive Strength

The addition of fibres improves flexural and compressive strength. However, it
experiences anisotropic behaviours as the fibres work best parallel to the print direction and
are less effective in the perpendicular direction [42]. Figure 14 shows fibre dosage affects
compressive and flexural strength at 7 days, 14 days, and 28 days after casting/printing.
The difference between the strength in the casted specimens and the 3D-printed specimens
in both the parallel (XY) and perpendicular (YZ) is also shown [42]. The compressive
strength initially drops at 0.1% fibre content but then increases from 0.2% to 0.5%. The
strength at 28 days for fibre content of 0.5% was 37.86 MPa in the XY-axis and 36.68 MPa in
the YZ-axis, representing increases of 23.89% and 26.04%, respectively, when compared
to the specimen with no fibres [42]. This indicates that the fibres enhance compressive
strength, and the anisotropic behaviour is minimal in terms of compressive strength.
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Figure 14. Effect of fibre content on anisotropic compressive strength and flexural strength:
(a—c) Compressive strength at 7, 14, and 28 days in XY and YZ directions; (d—f) Flexural strength at 7,
14, and 28 days in XY and YZ directions. Reprinted with permission from [42].

The anisotropic behaviour is much more apparent in the flexural strength, as shown
in Figure 15. The flexural strength in the XY-axis is much higher than in the YZ-axis. This
is because of the way the fibres are orientated. In the parallel (XY) direction, they are
much more efficient at taking the load and bridging gaps [42]. It is also seen that the cast
specimen provides the highest capacity up to 0.2% fibre dosage, but from 0.2-0.5%, the
printed specimen in the XY-axis has the highest capacity. At 28 days, the flexural strength
in the XY-axis and YZ-axis of the specimen with 0.5% fibre content was 5.39 MPa and
2.62 MPa, respectively. This resulted in a 40.94% increase in the XY-axis and 14.35% in the
YZ-axis compared to the specimen with no fibres [42].

Interval time is a factor that affects the flexural and compressive strength of the
concrete. It is the time between the deposition of successive printed layers. Figure 15 shows
how the flexural and compressive strength can be affected by interval time. It is seen that as
the interval time increases, the flexural and compressive strength decreases. This is because
of the formation of cold joints, which causes a weak bond in the layers because the lower
layer is partially set before the upper layer. From the results, it is best to keep the interval
time below 30 min [42].
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Figure 15. Effect of interval time on anisotropic compressive strength and flexural strength:
(a—c) Compressive strength at 7, 14, and 28 days in XY and YZ directions; (d—f) Flexural strength at 7,
14, and 28 days in XY and YZ directions. Reprinted with permission from [42].

4.2.2. Interlayer Bonding

Interlayer bonding is the strength of the bond between successive printed layers. It
can be seen in Figure 16 that there is a relationship between the fibre dosage and the
interlayer strength. At first, it decreases at 0.1% fibre dosage, but then it increases from
0.2-0.5%. The increase in interlayer bonding strength can be due to the fibre’s bridging
effect, which is when they span through the interlayer gaps and increase the overall bonding
properties [42]. As is seen with the relationship between compressive and flexural stress
with interval time, the same is seen with the interlayer bonding and interval time. As the
interval time increases, the bonding decreases. The strength growth rate was highest at
30 min intervals, so the interval should be kept to less than 30 min [42].
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Figure 16. Effect of fibre content and interval time on interlayer bonding strength: (a) Fibre content;
(b) Interval time. Reprinted with permission from [42].

4.2.3. Shrinkage

Drying shrinkage is a major issue in 3D-printed concrete, leading to cracking. It
happens due to a high hydration level, leading to “plastic shrinkage, autogenous shrinkage,
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drying shrinkage, and cracking” [33]. Polypropylene fibres are added to mitigate these
effects and prevent cracks from forming. The orientation of the fibres in the printing
direction restricts the printed strips stress and strain, improving their tensile strength. When
the concrete experiences shrinkage stress, the fibres can absorb a sizeable amount of that
energy, reducing shrinkage effects [42]. Figure 17 shows the effect that the polypropylene
fibres have on shrinkage. Printed and cast specimens were compared with a number of
different fibre dosages, and the results indicate that as the fibre dosage was increased, the
total shrinkage was reduced. Adding 0.5% fibre resulted in a 19.6% reduction in shrinkage
compared to the specimen without fibres [39].
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Figure 17. Comparison of shrinkage in printed and cast specimens with different fibre dosages.
Reprinted with permission from [39].
4.2.4. Fracture Energy and Deflection
Adding polypropylene fibres improves the ductility of the material, as evident in the
deflection and fracture energy tests. The polypropylene fibre’s bridging effect allows them
to take the load when the concrete fails. A study [65] shows how the fibres in geopolymer
mortar impact the fracture energy and deflection of the 3D-printed specimens, as shown
in Figure 18 It can be seen in Figure 18a that the specimen with no fibres experiences a
brittle failure. The specimens with 0.25% and 0.5% fibres experienced a phenomenon called
deflection-softening, while the samples with 0.75% and 1% fibre showed behaviours of
deflection-hardening. Figure 18b shows that the fracture energy increases as fibre dosage
increases. This confirms the crack bridging theory and reaffirms the data in Figure 18a.
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Figure 18. (a) Flexural stress versus mid-span deflection. (b) Fracture energy values [65].

4.2.5. Porosity

Porosity is the presence of voids within the microstructure of a material. These
voids come in a range of forms and sizes, starting with gel pores, which are very small
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(0.5-5 nm) within the cement hydrating product; capillary pores, which are slightly larger
(5 nm-10 pm) that are formed during hydration stage; and entrapped voids, which are
larger voids (>10 pm) that remain after the material’s placement and compaction [51].
The factors that affect the overall porosity in hardened concrete are as follows: “the
type of cement, water-to-cement (w/c) ratio, incorporated additives and admixtures,
degree of hydration, paste viscosity, coarse aggregate size and grading, duration and
intensity of vibration during extrusion and compaction via overlay pressure, along with
curing conditions” [78]. The inclusion of fibres increases the porosity of the concrete.
The lower density of PP fibres (0.92 kg/m?®) compared to the surrounding cement paste
(~2150 kg/m?) can cause the fibres to appear as voids in microstructural analysis, so the
apparent porosity may not be slightly increased. The reduced particle packing density
and increased viscosity due to the fibres could also contribute to the increase in porosity.
Including fibres caused an increase in porosity by 2.9% in the horizontal direction and 2.4%
in the vertical direction [51]. These voids negatively impact compressive strength; however,
the strength that polypropylene fibre offers in terms of ductility and resistance to shrinkage
cracking can offset this decrease [79]. Air-entraining admixtures can potentially minimize
these air voids [79]. In one study [39], the fibre’s effect on porosity was studied, and it was
found that the porosity decreased at 0.1% fibres but then increased from 0.1% to 0.5%, as
shown in Figure 19. This is due to the increased viscosity caused by the fibres and the lack
of densification in the concrete.
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Figure 19. The porosity of concretes with different dosages of PP fibre. Reprinted with permission
from [39].

4.3. Effect of PP Fibre Variables

Based on the foregoing discussion of individual performance parameters, a compre-
hensive summary of the effects of PP fibre incorporation in 3D-printed concrete is presented
in Table 3. The incorporation of PP fibres exhibits significant improvements in multiple
performance aspects, which are closely dependent on the fibre dosage, length, and printing
parameters. At low dosages (0.1-0.3 vol%), PP fibres mainly enhance shape retention and
green stability, while their effect on mechanical performance remains limited. With increas-
ing fibre dosage up to approximately 0.5 vol%, the rheological properties are significantly
optimized, as reflected in increased yield stress and improved thixotropy. Simultaneously,
moderate improvements in compressive and flexural strength are observed, along with
a noticeable reduction in shrinkage deformation. Further increasing the fibre content to
1.0-1.25 vol% leads to a transition from deflection-softening to deflection-hardening be-
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haviour, accompanied by substantial enhancements in toughness and crack resistance, and
maximum shrinkage reduction.

Table 3. PP fibre performance summary.

PP Fibre Fibre Length ~ Optimal Printing Fresh State Mechanical Shrinkage
Content (vol.%) (mm) Parameter Performance Improvement Reduction
Nozzle diameter: .
Marginal
6-10 mm, Improved shape :
Speed: retention, comp}fes}flve Moderate
01-0.3 3,6 50-100 mm/s, Decreased strength change, shrinkage
S 1 Improved
Layer height: workability
flexural strength
5-10 mm
Nozzle diameter: Increased yield ccl)\l/i? drz;asf/e
6-8 mm, Speed: S tressy s trzn th Reduced
0.2-0.5 6 50-80 mm/s, Improved e shrinkage
. . 7 o,
Layer height: thixotropy Enhanced (up to 20%)
5-8 mm
toughness
Nozzle diameter: Enhanced com 1\12’;2];\12 and Significant
4-6 mm, Speed: buildability ten spile strenoth shrinkage
0.5-1.0 6 40-60 mm/s, (up to 67%), mDroveme r%ts control
Layer height: Reduced slump P ’ (up to 46%
o Reduced )
4-6 mm (~46%) . reduction)
anisotropy
Nozzle diameter: Superior shape Deﬂect1.or1- Maximum
. hardening :
4-6 mm, Speed: stability, behaviour shrinkage
1.0-1.25 6 30-50 mm/s, Significantly o ’ reduction,
Lo . Significantly .
Layer height: improved ; superior crack
. o increased
4-6 mm buildability control
toughness

In terms of fibre geometry, 6 mm fibres consistently exhibit superior performance in

enhancing flexural strength and ductility. Regarding printing process parameters, a smaller
nozzle diameter (4-6 mm) and a relatively low printing speed (30-60 mm/s) contribute to
improved print precision and mechanical performance due to better fibre alignment and
reduced interlayer defects. Based on the overall performance evaluation, the optimal fibre

configuration is recommended within the range of 0.5-1.0 vol% dosage and 6 mm length,
combined with moderate printing speeds (40-60 mm/s) and a controlled nozzle diameter
(4-6 mm), which enables a balanced improvement in rheology, mechanical strength, and

dimensional stability of printed structures.

5. Gaps in Knowledge and Future Research

Polypropylene fibres in 3D-printed concrete are a relatively new research topic, result-
ing in numerous knowledge gaps. Some of the gaps in the research are as follows:

e  Most studies use a fixed fibre length, often neglecting the impact of variations in
length or aspect ratio on fracture toughness, crack control, and workability. The
influence of fibre alignment on anisotropic properties in the z-direction also remains
underexplored. There is limited research on the effect of fibre length in areas such as

its impact on crack propagation and fracture behaviour, as well as its influence on

long-term durability and shrinkage. The papers researched in this review focused on

limited fibre length and dosages, as no detailed variety in length was examined.
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e  There is limited research on recycled fibres. However, some good research exists with
positive results in a study [50] on the effect of recycled PP and PET fibres is available
but still limited. Further research could be conducted in this area to confirm their
results and to investigate the reduced drying shrinkage in recycled fibres compared to
non-recycled fibres.

e  Existing literature offers limited insight into combining PP fibres with other fibres
(e.g., steel, basalt, carbon). Hybrid systems may offer synergistic improvements in
strength, ductility, and shrinkage resistance but require in-depth study to determine
optimal configurations and dosages. Combining the two different fibres could enable
the 3D-printed concrete to benefit from both. The 3DPC would obtain the strong
mechanical properties from the steel and the substantial shrinkage and crack control
properties that polypropylene provides. In this area, the dosage amounts and lengths
of each fibre can be varied to determine the most effective one.

e  Although promising results have been reported using recycled PP and PET fibres,
comprehensive life-cycle analyses and performance assessments (durability, bond
strength, environmental aging) are lacking.

e  Studies largely focus on early-age strength and shrinkage. Long-term behaviour under
various environmental conditions, including freeze-thaw cycles, carbonation, and
chloride ingress, needs further evaluation.

e  Variability in testing methods (e.g., interlayer bonding strength, rheology, buildability)
limits comparison across studies. Development of uniform testing standards is crucial
for advancing this field.

e  Modelling the fibre-matrix interaction and incorporating Al or machine learning for
mix optimisation is still in its beginnings, presenting an opportunity for predictive
and efficient mix design frameworks.

6. Conclusions

This comprehensive review examines how incorporating polypropylene (PP) fibres
can significantly enhance the performance of 3D-printed concrete, provided the mix design
is carefully optimised. Three-dimensional printable concretes often rely on high cement
content, which is mitigated by blending in supplementary cementitious materials (SCMs)
such as silica fume, fly ash, and ground slag to improve sustainability and overall material
properties. These SCM replacements reduce the cement content and carbon footprint
while refining workability and strength development. When PP fibres are introduced
into such mixes, further adjustments are necessary: lowering the water-to-binder ratio
and using chemical admixtures (superplasticisers and set accelerators) help counteract the
fibre-induced loss of fluidity. An optimal balance of binder composition, fibre volume, and
admixture dosage must be struck to ensure the material remains extrudable and workable
without sacrificing buildability or early strength. This careful mix tailoring enables the
effective use of PP fibres in 3DPC, leveraging their benefits while maintaining print quality
and sustainability.

In its fresh state, PP fibre reinforcement predominantly improves the rheological
profile of the concrete, benefiting printing stability. The added fibres increase the static
yield stress and plastic viscosity of the mix, which enhances shape retention (buildability)
and enables stronger interlayer adhesion through fibre bridging, although they affect
the flowability. Moderate fibre dosages (approximately 0.5-1.0% by volume) have been
shown to significantly improve buildability and interlayer bond strength without critically
compromising extrudability. Within this range, the fibres bond the layers together and
resist layer deformation, leading to well-bonded, stable prints. Beyond an optimal content,
however, rheology management becomes challenging. For example, at 1.5% fibre content,
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the mix exhibits substantially higher yield stresses and requires roughly 5-6 kg/m? of
superplasticiser to remain pumpable. Such high dosages, while possible, can introduce
their own side effects (e.g., set retardation or segregation), underscoring the importance
of balancing fibre content with admixture tuning. In practice, careful control of mix
parameters ensures that PP fibres confer maximum benefits in their fresh state, increasing
green strength and dimensional stability while avoiding nozzle clogging or collapse. The
need for real-time rheological control and perhaps mix-on-demand approaches (e.g., inline
addition of accelerators) is evident to maintain an adequate open time and smooth extrusion
in fibre-rich 3DPC mixes. Overall, PP fibre integration in the fresh phase enhances layer
cohesiveness and builds height, with a proper mix design allowing these advantages to be
realized without compromising workability.

In the hardened state, PP fibres provide measurable gains in mechanical performance
and cracking resistance for 3D-printed concrete, transforming a brittle printed matrix into
a more ductile composite. The fibres act as micro-reinforcement bridging cracks, which
elevates both compressive and flexural strength, especially when fibres are oriented parallel
to the load direction (along print layers). Notably, incorporating as little as 0.5% PP fibre
by volume can increase 28-day compressive strength by roughly 23-26% compared to
unreinforced 3DPC, with reported strengths on the order of 37-38 MPa in printed elements.
Improvements in flexural/tensile capacity are similarly observed; while the absolute gains
are more modest than with steel fibre reinforcement, they are significant for a polymer
fibre and contribute greatly to post-crack load bearing. More importantly, PP fibres dra-
matically mitigate shrinkage-related cracking: a 0.5% fibre dosage was shown to reduce
total drying shrinkage by about 19.6% relative to a fibre-free mix. By absorbing internal
stresses and restraining volumetric changes, the fibres prevent many micro-cracks from
propagating, thereby enhancing long-term dimensional stability. As fibre dosage increases,
the material sees a marked increase in ductility and energy absorption capacity—printed
specimens that are unreinforced fail in a brittle manner, whereas those with >0.75% PP
exhibit deflection-hardening behaviour, with higher fracture energy and the ability to
sustain loads after cracking. This is explained by the greater toughness and resilience of
the 3D-printed structure under load. These benefits do come with minor compromises: the
inclusion of PP fibres tends to slightly increase the porosity of the hardened concrete due
to their low specific gravity and the potential for entrapped voids around fibre filaments.
Experiments have documented only a modest ~2-3% rise in porosity with typical fibre addi-
tions, which can marginally reduce the net compressive strength. However, the associated
improvements in crack control, ductility, and load redistribution largely offset this strength
penalty, as the fibre’s contribution to post-cracking resistance compensates for the small loss
in initial matrix strength. PP fibre reinforcement yields a more robust hardened material,
characterized by higher flexural strength, comparable or slightly improved compressive
strength, significantly reduced shrinkage cracking, and enhanced toughness. In conclusion,
using a nozzle of 4-6 mm, a layer height of 3-5 mm, and a print speed of 40-60 mm/s gives
smooth, accurate layers and strong bonds between them. Adding 6 mm-long PP fibres at
0.5-1.0 vol% with the discussed printing settings strikes the best balance of flowability,
strength, toughness, and dimensional stability. This literature study offers a valuable in-
sight into the existing work in the area and highlights the understudied aspects, as outlined
in the Section 5 above.
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