
Academic Editor: Keun-Hyeok Yang

Received: 25 November 2025

Revised: 21 December 2025

Accepted: 29 December 2025

Published: 4 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Investigation on the Fresh and Mechanical Properties of Low
Carbon 3D Printed Concrete Incorporating Sugarcane Bagasse
Ash and Microfibers
A. H. M. Javed Hossain Talukdar 1 , Muge Belek Fialho Teixeira 2,3 , Sabrina Fawzia 1 , Tatheer Zahra 1 ,
Mohammad Eyni Kangavar 4 and Nor Hafizah Ramli Sulong 1,3,*

1 Group of Sustainable Engineered Construction Materials, School of Civil & Environmental Engineering,
Faculty of Engineering, Queensland University of Technology, 2 George St., Brisbane, QLD 4000, Australia;
ahmjavedhossain.talukdar@hdr.qut.edu.au (A.H.M.J.H.T.); sabrina.fawzia@qut.edu.au (S.F.);
t.zahra@qut.edu.au (T.Z.)

2 Construction and Architectural Robotics Lab, School of Architecture and Built Environment, Faculty of
Engineering, Queensland University of Technology, 2 George St., Brisbane, QLD 4000, Australia;
muge.teixeira@qut.edu.au

3 Building 4.0 CRC, Caulfield East, VIC 3145, Australia
4 Everhard Industries, 454 Newman Road, Geebung, QLD 4034, Australia;

mohammadkangavar@everhard.com.au
* Correspondence: hafizah.ramlisulong@qut.edu.au; Tel.: +61-73-138-4476

Abstract

The use of recycled materials and locally sourced alternative binders in 3D concrete print-
ing (3DCP) has significant potential to reduce carbon emissions in concrete construction.
This study examines the effect of sugarcane bagasse ash (SCBA), a byproducts from the
sugarcane industry, as a sustainable binder in 3DCP. SCBA was oven-dried at 105 ◦C, sieved
to 250 µm, and used to replace up to 25% of the total binder by weight in a supplementary
cementitious material (SCM) blended system. The impact of polypropylene (PP) and steel
(ST) microfibres on SCBA-based mixes was also investigated. The fresh properties of the
mortar were evaluated using the flow table, Vicat needle, shape retention, buildability,
and rheometer tests. The mortar was 3D printed using a small-scale robotic setup with a
RAM extruder. Mechanical properties were then tested, including compressive and flexural
strengths, and interlayer bonding, along with microstructure analysis. The results showed
that increasing the SCBA content led to greater slump and improved flowability, as well as
a slower rate of static yield stress development, with up to a 90 percent reduction compared
to the control mix. The addition of PP fibres doubled the static yield stress in the mixes
containing 20 percent SCBA. The 10 percent SCBA mix achieved the highest mechanical
strength, both in compression and flexure, due to its denser microstructure and enhanced
pozzolanic reaction.

Keywords: low carbon 3DCP; sugarcane bagasse ash; alternative binders; microfibres; fresh
properties; mechanical properties

1. Introduction
Traditional concrete construction significantly impacts the environment through high-

energy consumption, greenhouse gas emissions, and material waste [1,2]. Consequently,
researchers are actively exploring innovative methods to reduce the environmental footprint
and energy consumption of concrete construction. In the last two decades, 3D concrete
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printing (3DCP) has emerged as a sustainable alternative to traditional concrete casting
methods. This digital additive manufacturing technique enhances resource efficiency,
minimises waste, and enables the fabrication of complex geometries without formwork [3,4].
One of the key strategies to improve the sustainability of 3DCP is to replace ordinary
Portland cement (OPC) with supplementary cementitious materials (SCMs) derived from
industrial byproducts, such as fly ash (FA), silica fume (SF), and ground granulated blast-
furnace slag (GGBS) [5,6].

FA is widely studied in 3DCP due to its spherical particle morphology, which reduces
interparticle friction, enhances flowability, and facilitates pumpability [7–9]. Zahabizadeh
et al. [10] reported higher FA content at around 50% of cement replacement, decreased the
growth rate of static yield stress, and structural build-up due to slower early hydration.
The finding is further corroborated by Kaya et al. [11], highlighting that 60% FA led
to a decrease in green strength by up to 35.4 %, delayed formation of initial hydration
products, and a decrease in static yield stress by up to 36.9 %. SF, a byproduct of the
industrial production of silicon metal and ferrosilicon alloys, has ultrafine particles and is a
highly reactive SCM. Cui et al. [12] found that SF improved the buildability of 3DCP and
increased its mechanical properties, but may impair extrudability if not properly dosed.
Xue et al. [13] reported that SF significantly increased static and dynamic yield stress at
30% replacement, enhanced layer stability, and reduced deformation, but slower early-age
strength gain was observed due to reduced hydration. GGBS, a byproduct of the steel
industry, consists predominantly of CaO and SiO2, which govern its hydraulic activity
and pozzolanic reactivity, respectively [11]. Balanced workability and strength in 3DCP
typically occur in the range of 30–50% replacement level, with higher ratios resulting in
lower flowability and increased porosity [14]. The increase in the structuration rate can be
observed with 60% GGBS replacement, as fine particles and pozzolanic reactions accelerate
flocculation and early stiffness, enhancing the buildability of the mix [11].

The challenges of shrinkage, microcracks, mechanical properties, and buildability in
3DCP can be addressed by incorporating discrete microfibres [15,16]. During the extrusion
process, fibre alignment along the printing direction gives a positive influence on the
flexural and tensile strengths, although poor dispersion may lead to nozzle clogging [15].
Various types of fibres have been used in 3DCP, including polyethylene (PE), polypropylene
(PP), polyvinyl alcohol (PVA), steel and cellulose-based fibres. Ma et al. [16] found that PP
fibres improved the static yield stress and plastic viscosity, as well as reducing the total
shrinkage of 3DCP. PP fibres tend to reduce mix flowability due to increased cement paste
demand, with optimal mechanical performance at a fibre content of 0.5% [17]. Xia et al. [17]
also revealed that PP fibres are oriented vertically within printed layers, while fibres at the
interlayer interface align parallel to the cross-section. Steel fibres are commonly used in
fibre-reinforced 3DCP ultra-high performance concrete (UHPC). Pham et al. [18] reported
optimal flexural performance with 6 mm steel fibres at 0.75–1% volume, with 90% aligning
within 0–30◦ of the print direction. Consistently, Yang et al. [19] suggested that 1% steel
fibre content in 3DCP-UHPC offers superior flexural and tensile properties. A study by Xia
et al. [17] confirmed that steel fibres have significantly enhanced the static yield stress and
mechanical strength of the mixes because of their high stiffness, strong interlocking with
the cement matrix, and strong directional alignment.

Australia is the second-largest raw sugar exporter in the world, producing 31 million
tonnes of sugarcane annually [20]. The sugar industry generates substantial sugarcane
bagasse ash (SCBA) as a byproduct of energy production in sugar mills, with annual
worldwide production between 48 and 60 million tons [21]. SCBA, a fine particulate
aluminosilicate ash, offers an opportunity for valorisation in concrete construction, as it is
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typically discarded or used as a low-grade fertiliser and can; therefore, support circular
economy and sustainability goals [22].

Arif et al. [22] reported that SCBA varies in chemical composition depending on
growth conditions, combustion environment, purity of the bagasse feedstock, and ash
collection point. SCBA has emerged as a promising SCM for conventional concrete, used
as binary and ternary blends with a cement replacement ratio between 20% and 60% by
weight [23–26]. Studies revealed that replacing cement with 10–15% SCBA improved
mechanical properties by forming additional calcium silicate hydrate, thereby creating a
denser matrix, refining the microstructure, and reducing porosity [27,28]. At higher dosage
of SCBA, the dilution effect of cement and lower pozzolanic reactivity led to higher porosity
in the concrete matrix and decreased mechanical strength [29]. The physical properties
of SCBA particles with elongated, angular shapes, as well as fibrous, porous particles,
demand more water, which contributes to an increase in yield stress and viscosity [30].
Sankeeth et al. [31] found that higher SCBA content reduced slump and flowability, al-
though improved buildability. Amjad et al. [32] concluded that SCBA enhanced rheological
properties, while Cupim et al. [33] reported increased yield stress and shape retention
with SCBA addition. According to Jiménez–Quero et al. [23], the high loss on ignition
(LOI) of SCBA due to a significant amount of unburnt carbon increased both water and
superplasticiser demand, thereby adversely affecting the rheological properties. The SCBA
content impacted the durability performance of concrete, where Quedou et al. [27] reported
that water penetration increased by up to 112% compared to the control mix with 20%
SCBA content, due to the high porosity of the SCBA particles and the presence of voids. In
addition, Neto et al. [34] found that 15% SCBA resulted in reductions in porosity and sorp-
tivity owing to physical effects and enhanced packing density, which eventually reduced
chloride diffusion coefficients and increased the lifetime of concrete by up to 97.3%.

Although numerous studies have been conducted with different percentages of SCBA
in conventional concrete, the effects of SCBA in 3DCP remain underexplored. Jesus et al. [35]
found that 5% SCBA replacement matched OPC strength, while 20% improved durability.
However, higher dosages often impair the fresh properties of 3DCP due to SCBA’s porous
and irregular microstructure, which increases water demand and disrupts particle pack-
ing [35]. Chourasia et al. [36] examined the combination of SCBA and FA as partial cement
replacement in 3DCP, and the effects of printing direction and interlayer printing time on
mechanical performance and interlayer bond. They reported that the interlayer time gap
significantly affects the flexural and split tensile strengths. In promoting sustainable binders
from agricultural waste for low-carbon 3D printing applications, this paper investigates
the effects of SCBA on flowability, buildability, rheology, microstructure, and mechanical
properties in 3DCP, where up to 25% SCBA was incorporated as a direct replacement for
silica fume (SF) within a blended SCM system. As both SCBA and SF have similar chemical
and mineral compositions, evaluating this specific substitution and its combined effect with
PP and steel microfibers on 3DCP printability and mechanical performance, distinguishing
it from studies focused on SCBA as a primary cement substitute.

2. Experimental Procedure
2.1. Materials and Mix Design

In this study, General Purpose Cement (GPC), FA, GGBS, SF, and SCBA were used
as binders. A PCE-based Superplasticiser (SP), along with liquid and powder Viscosity
Modifying Agent (VMA), was used as an admixture to control flowability and buildability.
Sand with a maximum size of 1 mm was used as fine aggregate. SCBA was collected from
Rocky Point Sugar Mill, Woongoolba, Queensland, Australia. Raw SCBA often contains
fibrous particles and high levels of amorphous carbon due to incomplete combustion,
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reducing its pozzolanic activity. Sieving through 75–355 µm meshes helps remove unburnt
fibres and lower carbon content, producing finer, more reactive ash suitable for use as a
supplementary binder in concrete [37–39]. In this study, SCBA was oven dried at 105 ◦C
for 24 h, and then sieved with a 250 µm strainer to discard the coarse particles, similar to
the study by Jesus et al. [35]. The summary of constituent materials used in this study is
presented in Table 1.

Table 1. Constituent materials of the concrete mix.

Materials Descriptions Products and Manufacturers

Cement Type GP Cement Bastion GPC, Bunnings, Australia

SF Micro Silica Fume MasterLife SF100, MB Solutions
Pty Ltd., Australia

FA Fly Ash (Grade 1) Millmerran Flyash Pty Ltd.,
Australia

GGBS Ground Granulated Blast
Furnace Slag

Wagners Cement Pty Ltd.,
Australia

SCBA Sugarcane Bagasse Ash Rocky Point Sugar Mill,
Woongoolba, QLD, Australia

Fine Aggregate Sand (<1 mm) EasyMix Infill Sand, River Sands
Pty Ltd., Australia

Water Tap water

SP PCE base Superplasticiser MasterGlenium SKY 8379, MB
Solutions Pty Ltd., Australia

VMA Viscosity Modifying Agent

MasterMatrix 362 (Liquid), MB
Solutions Pty Ltd., Australia
MasterMatrix 220 (Powder), MB
Solutions Pty Ltd., Australia

PP Fibre Polypropylene Microfiber MasterFiber M018, MB Solutions
Pty Ltd., Australia

ST Fibre Steel Microfiber ConForce CCM 13, Conforce
(Australia) Pty Ltd., Australia

The binders and sand used in this study were characterised using established methods
shown in Table 2 to examine particle morphology, elemental identification, particle size
distribution, chemical composition, and mineral structure.

Table 2. Material Characterisation Methods.

Parameter Equipment/Method Description

Morphology/
Elemental composition

Scanning Electron Microscopy (SEM)/
Energy Dispersive Spectroscopy
(EDS)

Physical structure and elemental composition of
materials were investigated under Phenom XL
G2 Desktop Scanning Electron Microscope
operated at 5 KV~20 KV accelerating voltage and
using Secondary Electron Detector (SED).
Samples were coated with 10 nm Gold (Au)
using Gatan Model 682 Precision Etching and
Coating Systems (PECS) before imaging.
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Table 2. Cont.

Parameter Equipment/Method Description

Particle size distribution (PSD) Laser diffraction particle size analyser

Particle size distribution was determined by
laser diffraction using Malvern Mastersizer 3000.
Materials were dispersed in water by mechanical
stirring, and a laser beam was passed through
the dispersed sample, where scattered light
intensity at various angles was analysed to
calculate the particle size distribution based on
Mie theory.

Crystallinity X-ray diffraction (XRD)

XRD patterns were acquired using a Bruker D8
Advance powder diffractometer operating in
Bragg–Brentano geometry with a cobalt source
(35 kV, 40 mA). Patterns were collected
for 60 min from 2 to 90◦2θ at a step size of 0.015◦.
Samples were spun during data collection at
15 rpm. Incident optics included 2.5◦ Soller slits
and a variable divergence slit with an
illuminated length of 10 mm.

Compound analysis X-ray fluorescence (XRF)
spectroscopy

Oxide compositions were investigated using a
Bruker S8 Tiger Series II Wavelength Dispersive
X-ray Fluorescence (WD-XRF) Spectrometer.

The particle size distribution (PSD) of the materials (Figure 1) showed that SCBA has
a larger particle size, up to 250 µm, with 50% particles less than 70 µm and 90% particles
less than 245 µm. GGBS, FA, and GPC have the smallest particle sizes, with most particles
less than 40 µm. The findings of PSD correspond to another notable study [40]. Particles of
GGBS and SF may agglomerate and may exhibit larger particle sizes than cement particles.
The particle sizes of sand mostly range from 150 to 1000 µm, with 50% particles less than
500 µm and 90% particles less than 850 µm.
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Figure 1. PSD of the binders and sand.

Oxide compositions of the binders from XRF analysis are shown in Table 3. Cement
(GPC) is mainly composed of CaO (61.75%) followed by SiO2 (19.68%). The MgO content is
3.45%, which is below the 4.5% threshold set by AS3972 [41]. FA is mainly SiO2 (53.79%)
followed by Al2O3 (32.19%), with a cumulative percentage of SiO2, Al2O3, and Fe2O3

above 70%, which conforms to AS3582.1 [42]. GGBS is mainly CaO (41.18%) and SiO2

(33.92%) with Al2O3 (14.69%) < 18% and MgO (5.92%) < 15%, conforming to AS3582.2 [43].
SF is mostly SiO2 (95.95%) and has a loss on ignition (LOI) < 6%, which conforms to
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AS3582.3 [44]. SCBA conforms to AS3582.1 [42] for Class F pozzolans [22], with cumulative
percentages of SiO2, Al2O3 and Fe2O3 above 70%. However, the LOI of 10.55% is higher
than the allowable limit of 6% as per AS3582.1 [42], indicating that the SCBA is partially
burnt. Although the LOI of SCBA can be substantially reduced through high-temperature
calcination for extended durations [45,46], such processing is energy-intensive and leads
to additional atmospheric emissions. In this study, SCBA was therefore utilised in its
least processed form, avoiding calcination. SCBA with a similar LOI level has also been
successfully employed in high-strength concrete in previous studies [47–49].

Table 3. The percentage of the major elements present in the chemical composition of the materials.

Oxide Cement FA GGBS SF SCBA

CaO 61.75 3.12 41.18 0.16 3.97
SiO2 19.68 53.79 33.92 95.95 60.84

Al2O3 4.41 32.19 14.69 0.26 10.33
Fe2O3 3.2 2.3 0.52 0.08 5.87
MgO 3.45 1.07 5.92 0.34 1.36
Na2O 0.08 0.34 0.17 0.17 1.22
SO3 2.78 0.07 1.58 - 0.12
K2O 0.45 0.67 0.32 0.36 2.2

LOI 3.14 0.49 1.09 3.84 10.55

Mineral structures of GPC, FA, GGBS, SF, and SCBA from XRD analysis are presented
in Table 4. GPC particles are mostly composed of Alite, C3S (3CaO·SiO2) (58.8%), which is
the principal phase in Portland cement clinker and plays a crucial role in early strength
development. FA particles are composed of Amorphous Silica (64.5%), which is highly
reactive. FA also has 28.7% Mullite, which is a crystalline aluminosilicate phase, particularly
from coal combustion. Mullite itself is chemically inert in normal cement hydration but
provides a stable skeleton for microstructure development. GGBS particles are mainly
composed of the Amorphous state (96.8%), which is highly reactive, with minor crystalline
structures of Gypsum and Calcite. SF particles are also mainly composed of the Amorphous
state (97.2%), which is highly reactive, with minor Quartz. This highly reactive structure
enables rapid reaction with calcium hydroxide (Ca(OH)2) to form additional calcium
silicate hydrate (C–S–H), enhancing strength and durability. SCBA particles consist of
52% Amorphous state and 31.1% Quartz, which is a highly crystalline form of silica with
a strong Si–O bond network and is considered inert in normal conditions. Quartz acts
as a filler, refining microstructure and enhancing compressive strength through packing
efficiency in 3DCP. Moreover, Sub-10 µm quartz can act as nucleation sites for C–S–H
formation, improving early strength [50].

SEM and EDS were performed to establish particle morphology and match the size
and chemical compositions with PSD and XRF. Figure 2 shows the SEM images of the
binders under secondary electron (SE) mode. Particle morphology shows various irregular
shapes of GPC and GGBS particles, with most of the particles less than 50 µm. SEM of FA
shows predominantly spherical shapes with most of the particles less than 50 µm. SF has
mostly spherical shapes, with most of the particles less than 300 µm. Particle morphology of
SCBA shows various shapes, with most of the particles less than 150 µm. Figure 3 presents
an SEM image of SCBA at 720× magnification, where different shapes of particles can be
seen. SCBA is mainly an aluminosilicate, where EDS analysis performed on the selected
points also revealed oxides of aluminium and silicon to be dominant in SCBA (Table 5).
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Table 4. Percentage of major crystal structure of the materials obtained from XRD analysis.

Crystaline Structure Cement FA GGBS SF SCBA

Quartz 0.6 3.8 0.2 1.5 31.1
Magnetite 0.5 3.7
Periclase 2.7
Calcite 8.2 0.3 1.6 1.3
Gypsum 0.4 0.8 1.4
Alite, C3S 58.8 1.0
Belite, β-C2S 6.9
α′-C2S 3.3
Aluminate, C3A 2.1
Ferrite, C4AF 11.0
Plagioclase 1.2 4.9
K-Feldspar 5.8
Mullite (2:1 + 3:2) 28.7
Amorphous 0.3 64.5 96.8 97.2 52.0

   
(a) GPC (magnification of 5000×) (b) FA (magnification of 5000×) (c) GGBS (magnification of 5000×) 

  
(d) SF (magnification of 1000×) (e) SCBA (magnification of 1000×) 

Figure 2. SEM images under secondary electron (SE) mode of different binders.

 

Figure 3. SEM image (SED) of SCBA at 720× magnification. Particle 1, 4, 8: Incomplete combustion
showing cell structure (bright white lines), Particle 3: Spherical silica, Particle 2, 5: Irregular porous
silica, and Particle 6, 7: Irregular silica.
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Table 5. Elemental identification of particles in SCBA by EDS.

Particle/Spot ID Particle Morphology
Major Oxides from
EDS Elemental
Identification

1, 4, 8 Prismatic/Tubular SiO2, Al2O3
3 Spherical SiO2, Al2O3, CaO, Fe2O3
2, 5 Irregular porous SiO2, Al2O3, CaO, Fe2O3
6, 7 Irregular SiO2, Al2O3

For this study, eight mixes were prepared as shown in Table 6. The control mix PC
had 0% SCBA, and 10%, 20%, and 25% SCBA were incorporated into mix 10BA, 20BA, and
25BA, respectively. The incorporation of SCBA was limited to 25% as other studies have
reported that 20% replacement is optimal, considering strength and buildability [30,33,51].
All the materials were added on a weight basis, and admixtures were added as a percentage
of the total binder content. PP fibres (18 mm length and 32 µm dia.) and steel fibres (ST)
(13 mm length and 0.2 mm dia.) were added in mixes PC and 20BA to examine their
influence on fresh and mechanical properties of the control and SCBA-based mixes. The mix
with 20% SCBA was selected after evaluating its printability and mechanical performance,
with the aim of maximising the content of agricultural waste to promote a sustainable
solution in 3DPC. PP fibres were added as 0.1% of the total binder content by weight, while
steel fibres were added as 0.5% percentage of the concrete volume. Previous studies have
investigated polypropylene (PP) fibre dosages ranging from 0.1% to 0.5% [16,52]. Higher
PP fibre content can enhance mechanical strength, but it also increases the risk of nozzle
clogging. Accordingly, a PP fibre dosage of 0.1% by weight was adopted in this study in line
with the manufacturer’s recommendation [53]. Similarly, several studies have examined
the influence of steel fibre dosage on 3D printable concrete [18,54,55]. Increasing steel fibre
content generally reduces flowability and adversely affects filament extrusion [54,55]. Pham
et al. [18] identified an optimal steel fibre dosage of approximately 0.5% by volume for
mechanical performance, which was therefore adopted in the present study. Sand–Binder
ratio and Water–Binder ratio were kept constant at 1 and 0.30, respectively, for all the mixes.

Table 6. Mix Proportion.

PC 10BA 20BA 25BA PC-0.1%PP PC-0.5%ST 20BA-
0.1%PP

20BA-
0.5%ST

GPC 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60
FA 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
GGBS 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
SF 0.30 0.20 0.10 0.05 0.30 0.30 0.10 0.10
SCBA - 0.10 0.20 0.25 - - 0.20 0.20

Sand/Binder ratio 1 1 1 1 1 1 1 1

VMA (L) 0.57 0.57 057 0.57 0.57 0.57 0.57 0.57
VMA (P) 3 3 3 3 3 3 3 3
SP 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

PP Fibre (% of
binders) 0.10 - 0.10 -

Steel Fibre (% of
concrete volume) - 0.50 - 0.50

Water/Binder 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30

2.2. Mixing and Printing Procedure

The mixing was conducted using a Hobart A200 Planetary Mixer (product of Hobart,
Australia). All the dry materials were added to the bowl and mixed at low speed for 3 min,
then half of the water, along with admixtures, was added and mixed at 3 min at low speed,
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followed by 3 min at medium speed. Subsequently, full water was added, with 3 min of
mixing at medium speed and 3 min at high speed. Fibres were added last, and mixing was
performed at high speed for an additional 3 min.

The printing was performed by a ram extruder attached to a UR16e robot arm (product
of Universal Robots USA, Inc., Novi, MI, USA) (Figure 4). After mixing the mortar, it was
manually loaded into the extruder tube in two layers, with each layer compacted by rodding
25 times using a steel rod. The mortar was printed with a 19 mm circular nozzle, 8 mm
contour height, and printing speed up to 25 mm/s to extrude a stable filament with a width
of 20 mm and a height of 8 mm. The same mixes were cast into 50 × 50 × 50 mm3 cubes
and 40 × 40 × 160 mm3 prisms to compare the mechanical strength between the printed
and mould-cast specimens.

 
(a) Actual setup (b) Schematic diagram 

Figure 4. Printing setup with a ram extruder attached to the UR16e robot arm.

2.3. Fresh Properties Test

Fresh properties tests are important as they govern the printability of 3DCP mixes.
Printability is a collective term encompassing pumpability, extrudability, buildability and
open time, which is mainly described by the rheological properties of concrete [56]. Print-
ability of the 3DCP mixes depends on nozzle shape and size, printer type and size, pumping
distance, mix design, extrusion rate, amount of concrete and setting rate [57]. Therefore,
the rheological properties of 3DCP concrete are different from conventional cast concrete,
and different testing methods are warranted.

2.3.1. Mini Slump and Flow Table Test

Immediately after mixing, a flow table test was performed to assess the flowability
of the mix in accordance with ASTM C1437 [58]. Using a flow table apparatus and a mini
slump cone (50 mm height, 70 mm upper diameter and 100 mm bottom diameter), mini
slump was measured as the drop of vertical height from the top of the cone and flow
diameter was measured in two perpendicular directions after jolting the table 25 times in
15 s (Figure 5). Extrudability was determined through visual inspections during printing to
ensure that no nozzle blockages or filament breakage occurred.
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(a) (b) (c) 

Figure 5. (a) Flow table equipment, (b) Mini slump test and (c) Flow diameter for flowability test.

2.3.2. Setting Time

Setting time was determined using Vicat’s apparatus (Figure 6) following the method
of BS EN 480-2 [59]. The room temperature during the test was 23 ◦C. A needle of diameter
1.13 mm was dropped through the mould containing the specimen every 10 min, and the
distance from the bottom of the needle to the base was recorded. The initial setting time
was determined as the time from finishing mixing to the time when the needle penetration
to the base was 4 mm. The final setting time was determined as the time from finishing
mixing to the time when the needle penetrated less than 2.5 mm into the specimen.

 
Figure 6. Vicat’s apparatus.

2.3.3. Shape Retention and Buildability

The shape retention ability, indicating the capacity of a printed layer to support sub-
sequent layers, was evaluated following the method used by Nematollahi et al. [60], as
shown in Figure 7. Immediately after mixing, the mixture was filled into a mini-slump cone
(used in the flowability test as per ASTM C1437) [58] and lifted after one minute. A 600 g
static load was then applied for another minute, and the resulting spread was measured in
two perpendicular directions. The average spread diameter under the 600 g load repre-
sented the shape retention ability; a smaller spread indicated higher stability. Subsequently,
the final height of the mixture was recorded. Mixtures exhibiting lower vertical deformation
(slump) or greater retained height were regarded as having superior shape retention ability.
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(a) Specimen under 600 g load (b) Slump measurement (c) Spread diameter measurement 

Figure 7. Shape retention test.

Several researchers have proposed various methods to evaluate buildability; however, no
standardised procedure currently exists for 3DCP structures. Buildability is typically assessed
through visual inspection, layer count, and measurement of layer deformation [60,61]. In
this study, buildability was evaluated by printing 300 mm length layers with an 8 mm layer
height, stacking them vertically to failure, and using 25 layers as a reference for deformation
calculation (Figure 8). Moreover, the total deformation of the layers was calculated based on
the theoretical height from the model (202 mm) and the actual height from the printed object,
according to Pham et al. [18]. The more the deformation, the less the buildability.

 
Figure 8. Assessment of buildability.

2.3.4. Rheology Test

The study of rheology is crucial in 3DCP as it directly influences the material’s print-
ability and structural integrity. The structural buildup of the 3DCP was studied using
an Anton Paar 302 Rheometer by Anton Paar Australia Pty Ltd, Australia with CC27
measuring system and ST10 vane spindle (Figure 9). The chiller temperature was kept at
20 ◦C, and the test chamber at 25 ◦C; 40 mL mortar mixes were prepared and filled into the
CC27 cup. Tests were performed with pre-shearing the sample at a constant shear rate of
100/s for 60 s to achieve a reference state for all samples. Subsequently, the samples were
sheared at a constant shear rate of 0.01/s for 60 s at intervals of 0, 5, 10, 15, 20, 25, 30, 40, 50,
60, 70, 80 and 90 min, with two measurements taken every second.
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(a) (b) 

Figure 9. (a) Rheology study setup with Anton Paar 302 Rheometer and (b) CC27 measuring system
with ST10 vane spindle.

2.4. Mechanical Properties

The anisotropic behaviour of 3D printed concrete significantly influences its mechan-
ical performance, as the layer-by-layer deposition process creates directional variations
in strength. Among these properties, compressive strength is generally lower in printed
specimens compared to mould-cast ones. The strength variations depend on the filament
orientation relative to the applied load. The interlayer adhesion of 3D printed concrete is a
critical parameter that influences the structural integrity and durability of printed elements.
Studies have shown that the bond strength between successive layers is highly sensitive
to process parameters, including the time interval between layer depositions, nozzle set-
tings, and surface moisture conditions [62,63]. Moreover, fibres can enhance mechanical
strength and crack resistance, significantly increasing tensile and flexural strength, fracture
toughness, and fracture energy [64,65].

In this study, hardened properties were tested for both mould-cast (MC) and printed
specimens after 28 days of ambient curing. For MC specimens, 50 mm cube (compression)
and 40 × 40 × 160 mm3 prism (flexure) specimens were prepared and tested in accordance
with ASTM C109/C109M [66] and ASTM C293/C293M [67], respectively. To test hardened
properties of printed specimens, three objects of size (A) 180 × 140 × 80 mm3 (compression),
(B) 140 × 180 × 80 mm3 (flexure) and (C) 80 × 160 × 180 mm3 (interlayer bond) were
printed for each mix, as shown in Figure 10. The printed objects were cut with a “Struers
Discotom-6” saw-cut machine (product of Struers Australia) for the specimens in the
mechanical tests.

  
 

(a) (b) (c) 

Figure 10. (a) Object (A) 180 × 140 × 80 mm3. (b) Object (B) 140 × 180 × 80 mm3. (c) Object (C)
80 × 160 × 180 mm3.
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2.4.1. Compressive Strength

As shown in Figure 11, Object (A) was cut to extract six 50 mm cube specimens for
compression testing. As 3D concrete printed structures exhibit anisotropic behaviour,
compression tests were performed in three different orientations of the 50 mm cube, such as
X (printing direction), Y (lateral direction) and Z (vertical direction). Loading was applied
to the specimens using a 2000 kN Instron compression testing machine (Instron Melbourne,
Australia) at a loading rate of 1 mm/min.

(a) (b) 

Figure 11. (a) Extraction location of specimens from Object (A). (b) Loading directions for the
compression test of printed specimens.

2.4.2. Flexural Strength Test

Object (B) was cut to extract three 40 × 40 × 160 mm3 prism specimens for flexural
strength testing, as shown in Figure 12a,b. A three-point bending test was performed
on the extracted prism specimens to assess the flexural strength. As with compressive
strength, the loading direction of 3D printed specimens also affects the flexural strength.
However, due to the limitations of specimen fabrication, the flexural test was performed
in one direction only. The specimen was positioned in the X–Z plane, and the load was
applied in the Z-direction. The supported span was set as 120 mm. The flexure test was
conducted using the 10 kN Instron machine with a loading rate of 400 N/min.

 
(a) (b) (c) (d) 

Figure 12. (a) Extraction location of specimens for Object (B) and (b) loading orientation for flexure
test. (c) extraction location of specimens for Object (C), and (d) loading orientation for interlayer
bond strength test.

2.4.3. Interlayer Bond Strength Test

Object (C) was cut to extract three 40 × 40 × 160 mm3 prism specimens for interlayer
bond strength testing (Figure 12c,d). A three-point bending test was performed on the
extracted prism specimens to assess the interlayer bond strength. The specimen was
positioned in the Z–X plane, and the load was applied in the X-direction. The supported
span was set as 120 mm using the same equipment and loading rate as per the flexure test.
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2.5. Microstructural Investigation

The interlayer bond area is of great significance in 3DCP as it is the weakest region due
to layer-by-layer construction. Studies have shown that the interlayer bond area in 3DCP is
characterised by increased voids and dehydrated particles due to a lack of compaction and
moisture loss during printing [61,62]. To investigate microstructure behaviour at the interlayer
area, scanning electron microscopy (SEM) was performed on printed concrete using Phenom
XL G2 Desktop SEM with an integrated energy dispersive spectroscopy (EDS) detector, which
was used for elemental analysis. Specimens were prepared by cutting along the interlayer
bond area between two vertically stacked layers. 15 × 15 × 10 mm3 concrete pieces were cut
from printed objects. The pieces were embedded into resin, ground and polished, then coated
with a 10 nm gold coating. Figure 13 shows the samples prepared for SEM and EDS. In SEM,
Secondary Electron Detector (SED) and Back-Scattered Electron Detector (BSED) were used to
study surface morphology and compositional heterogeneity, respectively.

  

(a) (b) (c) 

Figure 13. SEM samples preparation and testing (a) yellow dotted rectangle shows the extraction
location of the sample, (b) samples embedded in resin, and (c) Samples on the sample-holder inside
the SEM chamber.

3. Results
3.1. Fresh Properties
3.1.1. Mini Slump and Flow Diameter

The mini-slump and flow diameters measured immediately after mixing are presented
in Table 7. Both the mini-slump and flow diameter increased progressively with increasing
SCBA content. The mixes containing SCBA exhibited higher mini-slump values, ranging
from 15 to 25 mm. Relative to the control mix PC, the mini-slump increased linearly by 50%,
100%, and 150% for the 10BA, 20BA, and 25BA mixes, respectively, as shown in Figure 14a.

Table 7. Flow table test results.

Mix ID PC 10BA 20BA 25BA PC-0.1%PP PC-0.5%ST 20BA-
0.1%PP

20BA-
0.5%ST

Mini slump
(mm) 10 15 20 25 8 8 10 12

Flow dia.
(mm) 165 185 190 195 160 160 170 170

The flow diameters of the SCBA mixes ranged from 185 to 195 mm, representing
increases of 12.1%, 15.2%, and 18.2% compared to the PC mix. Except for the 25BA
mix, these values fall within the recommended flow range of 150–190 mm according
to Tay et al. [68], indicating that mixes with up to 20% SCBA remain within acceptable
printability limits.
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Figure 14. (a) Effect of SCBA content on flowability, (b) effect of microfibers on flowability of mix PC
and (c) effect of microfibres on flowability of mix 20BA.

Previous studies have attributed the improved flowability at higher SCBA contents
to the smooth, glassy particles of SCBA, which reduce interparticle friction [26,69]. Addi-
tionally, increasing SCBA content corresponds to a reduction in silica fume (SF) content to
20%, 10%, and 5% in the 10BA, 20BA, and 25BA mixes, respectively. As the proportion of
SF replaced decreases, flowability improves due to the lower water demand is required to
disperse the finer SF particles [70,71].

Both PP and ST microfibers reduced the mini-slump and flow diameter values in both
the control and SCBA-based mixes. For the control mix PC, the addition of either type of
microfiber resulted in a 20% reduction in mini slump to 8 mm. The flow diameter decreased
by only 3% in the fibre-reinforced specimens, with both PP and ST mixes exhibiting similar
values of 160 mm, compared to 165 mm for the unreinforced mix (as shown in Figure 14b).

In the 20% SCBA mixes, the incorporation of PP and ST microfibers led to substantial
reductions in mini-slump values of 50% for PP and 40% for ST compared to the unreinforced
specimen. As illustrated in Figure 14c, the flow diameters of the reinforced specimens were
comparable for both fibre types, showing a 10% reduction compared to the unreinforced
mix and resulting in a flow value of 170 mm, which remains within the recommended
printable range [68].

3.1.2. Setting Time

In 3DCP, the setting time governs the duration available for transporting and extruding
the mortar from the storage system through the nozzle. An excessively short initial setting
time can lead to premature stiffening, reducing workability and interlayer adhesion. While
a shorter setting time promotes early strength gain, it also increases the risk of hardening
within the reservoir, potentially causing nozzle blockage and interrupting the printing pro-
cess. Conversely, a prolonged final setting time enhances flowability and extrudability but
compromises buildability and interlayer bonding, increasing the likelihood of deformation
or structural collapse [72].

In this study, the setting times of four mixes containing 0–25% SCBA were evaluated
using Vicat’s apparatus. Fibre-reinforced mixes were excluded as the penetration of the
Vicat needle could be obstructed by fibres, leading to inaccurate readings. Results of the
setting time test are presented in Figure 15a. The results showed that both initial and final
setting times increased with higher SCBA content. For 10% SCBA, the initial setting time
rose from 167 min to 188 min (a 12.5% increase), while the final setting time remained
nearly unchanged. For the 20% SCBA mix, the initial and final setting times increased
by 30.5% and 17.4%, respectively, and for 25% SCBA, by 40.7% and 19.7%, respectively.
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This demonstrates a stronger retardation effect of SCBA primarily due to its higher silica
and unburnt carbon content, which slows the early hydration [73]. Other studies also
found a similar effect of SCBA on setting time [22,24,73]. Consequently, SCBA improves
workability and extrusion time but may reduce early buildability in 3D printing applications
(as illustrated in Section 3.1.3). A strong linear correlation (R2 = 0.99) was observed
between SCBA content and initial setting time, indicating a clear proportional relationship
(Figure 15b). In addition, the increase in setting time at higher SCBA replacement levels is
associated with a reduction in the silica fume content in those mixes.
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Figure 15. (a) Comparison of initial and final setting time across SCBA-mixes, and (b) linearity of
initial setting time for increasing SCBA content.

3.1.3. Shape Retention and Buildability

Shape retention and buildability are critical parameters in 3DCP, as the mix must be
sufficiently flowable and extrudable while maintaining its form after deposition. The shape
retention test results are summarised in Table 8 and Figure 16a. As illustrated in Figure 16b,
minimal effect on shape retention was observed for SCBA content up to 10%. However, the
percentage fall in height and increase in spread diameter rose sharply beyond 10% SCBA.
For 20BA and 25BA, the changes in height (42.22% and 55.56%) and spread (33.67% and
43.88%), respectively, exhibited strong linearity, confirming that shape retention ability
declined linearly with increasing SCBA content above 10%.

Table 8. Shape retention test results.

Mix ID Height (mm) Spread (mm)

PC 45 98
10BA 42 101.25
20BA 26 131
25BA 20 141

PC-0.1%PP 48 98
PC-0.5%ST 46 99.5

20BA-0.1%PP 31 126
20BA-0.5%ST 28 128.5

Fibre inclusion enhanced the shape retention, with a more profound effect in 20BA
mixes compared to PC specimens, as depicted in Figure 16a. Specimens reinforced with
PP fibres exhibited superior shape stability compared to those with ST fibres, achieving a
19.2% (PP) and 7.7% (ST) increase in height and a corresponding 3.8% (PP) and 1.9% (ST)
reduction in spread diameter compared to the unreinforced 20BA mix.

Table 9 shows the buildability test results. The vertical deformations of the layers
measured up to 25 layers for mix PC, 10BA, and 20BA, compared to the theoretical height
from the model, are 0, 1, and 4 mm, respectively. The test could not be conducted for
25BA due to excessive deformations and early collapse. PP and ST fibres were added to
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the mix 20BA, and the buildability test revealed lower deformations of 1 mm and 2 mm,
respectively, indicating an improvement in buildability due to the added fibres. Images
from the buildability tests are shown in Figure 17. Fibre addition affected extrusion by
intermittently blocking the nozzle, leading to increased filament breakage, as shown in
Figure 17d,e. From these results, the microfibre types and their physical properties have an
impact on the extrudability, buildability, and printing process performance [15].
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Figure 16. Analysis of shape retention test results (a) comparision of height and spread diameter
across different mixes, and (b) decreasing shape retention ability with increasing SCBA content.

Table 9. Buildability test results.

Mix ID PC 10BA 20BA 20BA-0.1%PP 20BA-0.5%ST

Actual height
(mm) 202 201 198 200 201

Vertical
Deformation (mm) 0 1 4 1 2

 

   
(a) Mix PC (b) Mix 10BA (c) Mix 20BA 

  
(d) Mix 20BA-0.1%PP (e) Mix 20BA-0.5%ST 

Figure 17. Buildability test of different mixes.
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3.1.4. Rheology Test

The structural build-up behaviour of the 3DCP mixes containing SCBA was evaluated
by monitoring the evolution of static yield stress over time. Figure 18a–d presents the shear
stress–time responses of the mixes, measured over 60 s at successive time intervals, up
to 90 min. The peak stress in each curve was identified as the static yield stress for that
specific resting time. As shown, the static yield stress consistently increased with time,
and the peak became more distinct at longer resting periods, reflecting the progressive
development of internal structure and thixotropic rebuilding within the mixes [74,75].

   
(a) Mix PC (b) Mix 10BA 

  
(c) Mix 20BA (d) Mix 25BA 
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Figure 18. Development of static yield stress for SCBA mixes.
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Figure 18e summarises the temporal evolution of static yield stress for all four mixes at
different resting times. The control mix (PC) exhibited a gradual increase in yield stress up
to approximately 7000 Pa within the first hour, followed by a rapid rise to over 14,000 Pa in
the subsequent 30 min. This behaviour indicates the presence of two distinct structuration
stages in cementitious materials, which can be described as an early flocculation phase
dominated by physical particle interactions, and a subsequent hydration-driven stiffening
phase [76–78].

In contrast, the SCBA-incorporated mixes demonstrated a noticeably slower rate of
structural build-up. After 90 min, the static yield stress reached only 4000 Pa for mix 10BA,
while mixes 20BA and 25BA attained just 1500 Pa and 1400 Pa, respectively.

Figure 19 illustrates the development of static yield stress in the fibre-reinforced mixes
(PP and ST) for both PC and 20BA compositions. For the PC mix, both PP and ST fibre-
reinforced specimens exhibited a similar two-stage structuration rate. After 60 min of
resting time, the static yield stress of mix PC-0.1%PP increased sharply, reaching 29.8 kPa
at 90 min, compared with 19.3 kPa for PC-0.5%ST. These values correspond to increases
of 111.3% and 36.9%, respectively, compared to the unreinforced control. Significant
enhancement was observed in the 20BA mixes, where PP and ST fibre-reinforced samples
achieved maximum static yield stresses of 9.2 kPa and 7.1 kPa at 90 min, which are 6.1 and
4.7 times the static yield stress of the unreinforced mix. In all cases, the inclusion of fibres
enhanced the rate of static yield stress build-up over time with variable viscosity, indicating
improved structural build-up and resistance to deformation in the resting state [15].
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Figure 19. Development of static yield stress for fibre-reinforced mixes.

3.2. Mechanical Properties

The influence of Sugarcane Bagasse Ash (SCBA) and fibre addition on the mechanical
performance of 3D printed concrete was examined through compressive, flexural, and
interlayer bond strength tests. These parameters were selected to evaluate both the intrinsic
material strength and the interfacial integrity between printed layers, which are critical
for structural performance in 3DCP applications. The overall results of the mechanical
tests, encompassing compressive, flexural, and interlayer bond strengths for all mixes, are
summarised in Table 10, highlighting the influence of SCBA content and fibre reinforcement
on the structural performance of 3D printed concrete.
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Table 10. Summary of mechanical test results.

Mix ID

Compressive Strength (MPa) Flexural Strength (MPa)

Interlayer
Bond

Strength
(MPa)

Mould-Cast
(MC) Printed-X Printed-Y Printed-Z Mould-Cast

(MC) Printed Printed

PC 85.08 79.20 73.45 76.83 9.97 7.84 6.35
10BA 92.76 86.41 74.25 83.94 10.88 8.37 6.71
20BA 74.13 71.92 62.28 70.06 9.03 6.88 6.27
25BA 69.24 65.75 58.18 62.45 8.10 6.54 6.40

PC-0.1%PP 90.40 81.05 76.46 78.19 11.91 9.59 6.11
PC-0.5%ST 95.08 86.65 81.34 83.51 13.72 10.17 6.23

20BA-
0.1%PP 78.65 74.85 63.66 72.06 10.89 8.34 6.02

20BA-0.5%ST 83.56 79.06 67.89 75.13 12.87 9.61 6.00

3.2.1. Compressive Strength

Results showed that mould-cast (MC) specimens of the 10BA mix achieved the highest
compressive strength of 92.76 MPa, exceeding that of the control mix (PC) by 9%. However,
further replacement of cement with SCBA beyond 10% led to a gradual reduction in
strength, with 20BA and 25BA exhibiting lower compressive strengths than the control
(refer to Figure 20a), by 12.9% and 18.6%, respectively.
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Figure 20. Compressive strength for (a) Mix PC and 10–25% SCBA mixes, (b) fibre-reinforced mixes.

For 3D printed specimens, a similar trend was observed, where the 10BA mix showed im-
proved strength (74.25–86.41 MPa), while 20BA (62.28–71.92 MPa) and 25BA (58.18–65.75 MPa)
displayed reduced performance compared to the control (refer to Figure 20a). The slight en-
hancement in the compression strength of 10BA may be attributed to less dehydrated particles
and a denser microstructure in the mix (as illustrated in Section 3.3). The compressive strength
of the mould-cast specimen was higher than that of the printed specimen for all mixes. Among
the print orientations, specimens loaded in the X-direction exhibited the highest compressive
strength, owing to the continuous material path and minimal interlayer interfaces. The Z-
direction showed slightly lower strength, while the Y-direction demonstrated the weakest
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performance due to the presence of more interlayer planes and weaker bonding between
printed filaments. Similar anisotropic behaviour in compressive strength was reported by
other researchers [64,65].

Compressive strength increased in the fibre-reinforced mixes for both PC and 20BA
compositions in mould-cast and all loading directions for printed specimens (refer to
Figure 20b). For the mould-cast, 6% and 11.8% improvements in the compressive strength
were observed in the PC mix with PP and ST microfibres, with corresponding similar
increments of 6% and 12.7% in the 20BA mixes, respectively. The inclusion of steel (ST) and
polypropylene (PP) fibres enhanced the capacity by improving matrix cohesion and crack
resistance [17]. For the printed specimens, on average, steel fibre reinforcement resulted
in approximately 9.6% and 8.7% increases in compressive strength, while polypropylene
fibre led to 2.7% and 3.1% increase compared to the unreinforced specimens in PC and
20BA mixes, respectively. The superior performance of steel fibres is attributed to their
higher strength, stiffness and their restraint effect, which could improve the strength and
toughness of concrete [19].

3.2.2. Flexural Strength

A similar trend was observed in the flexural behaviour of both mould-cast and 3D
printed specimens (Figure 21a). The mix containing 10% SCBA achieved the highest flexural
strength, where 9.1% and 6.8% increments were observed compared to the control mix for
the mould-cast and printed specimens, respectively. However, increasing the SCBA content
to 20% and 25% caused progressive strength reductions, with flexural strength decreasing
by 9.4% and 18.8%, respectively, in the mould-cast specimens, and by 12.2% and 16.6%,
respectively, in the printed specimens. This behaviour corresponds with the compressive
strength trend and can be attributed to the reduced early-age reactivity and weaker matrix
formation at higher SCBA levels [28,29].
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Figure 21. Comparison of (a) flexural strength for mould-cast and printed and (b) interlayer bond
strength for printed specimens for different mixes.

Flexural strength increased further with the inclusion of fibres in both PC and 20BA
mixes. The addition of steel (ST) and polypropylene (PP) fibres enhanced the capacity by
improving matrix cohesion, crack resistance, and stress redistribution [17]. On average,
steel fibres resulted in about a 40% increase in flexural strength, while polypropylene fibres
produced a 20% increase relative to the corresponding unreinforced mixes. Specimens
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reinforced with steel fibres exhibited a more ductile failure mode than those reinforced
with polypropylene. This enhanced ductility is attributed to the higher tensile strength and
greater pull-out resistance of steel fibres, as illustrated in Figure 22.

(a) Mix 20BA-0.1%PP  (b) Mix 20BA-0.5%ST 

Figure 22. Failure modes of fibre-reinforced SCBA-based mixes under flexure.

3.2.3. Interlayer Bond Strength

In the present study, the interlayer bond strength of all SCBA and fibre-reinforced
mixes remained relatively stable, ranging between 6 and 7 MPa, with only a slight increase
in strength (5.7%) for the 10BA mix compared to the control (Figure 21b). The incorporation
of SCBA up to 25% did not adversely affect the interlayer adhesion, suggesting that the
SCBA replacement did not hinder chemical bonding at the layer interface. This was likely
because the SCBA particles, owing to their fine size and irregular morphology, filled
interfacial voids, promoting mechanical interlocking even though the pozzolanic reactivity
at early ages was relatively low [34].

Similarly, the inclusion of fibres, polypropylene (PP) and steel (ST), did not significantly
alter interlayer bond strength. This observation can be explained by the orientation of
fibres predominantly along the printing direction, which enhanced in-plane mechanical
properties but provided little bridging across layer interfaces [17]. Figure 23 illustrates the
failure of fibre-reinforced specimens tested for interlayer strength. In PP-based mixes, only
minimal fibres contributed to bridging cracks across the interlayer, as evident in the tensile
region of the tested specimen shown in Figure 23a. A similar observation can be seen in ST-
based mixes, where most ST fibres were aligned parallel to the printing direction, with few
fibres penetrating between adjacent layers (as shown in Figure 23b). Consequently, their
contribution to interlayer bond strength was limited. Additionally, Figure 23b reveals the
presence of large pores between adjacent concrete filaments in the perpendicular printing
direction, which can further reduce interlayer adhesion strength. This effect is reflected in
the slightly larger error bars observed for the ST fibre-reinforced specimens in Figure 21b.
Overall, the results indicate that interlayer bond strength remained consistent (6–7 MPa)
across all formulations, confirming that moderate SCBA incorporation and fibre addition
can be implemented without compromising interlayer adhesion.

  
(a) Minimal PP fibres in the tensile region (b) Cross-section of failure plane in ST fibre mixes 

Figure 23. Failure of fibre-reinforced specimens in the interlayer bond strength test.
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3.3. Microstructural Investigation

To examine the microstructure of SCBA-based mixes at the interlayer zone, SEM and
EDS analyses were performed on specimens obtained from mix PC and 10–25% SCBA
mixes. Microstructural investigations on the interlayer area between two vertically stacked
layers are shown in Figure 24. Back-scattered electron (BSE) mode was used to identify
the dehydrated particles (bright areas) indicated by red arrows and the voids/pores (black
areas) indicated by yellow arrows. The corresponding EDS spectra obtained from the
blue-marked regions are presented alongside the micrograph (Figure 24, right side).

  
(a) Mix PC 

  
(b) Mix 10BA 

  
(c) Mix 20BA 

  
(d) Mix 25BA 

Figure 24. (Left side)—SEM images (BSE) at the interlayer zone at 1000× magnification. Red
arrows refer to unhydrated areas, and yellow arrows refer to pores/voids in the cement matrix.
(Right side)—result of EDS performed on the blue rectangular region.
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Among the four mixes, the 10BA specimen exhibited a comparatively denser mi-
crostructure, characterised by fewer dehydrated particles and reduced porosity. This
refined microstructure correlates with the superior compressive and flexural strength ob-
served for this mix. A dense interlayer zone is particularly critical in extrusion-based
3D concrete printing, as interlayer bond strength is governed by both chemical bonding
through hydration products and mechanical interlocking across adjacent layers [79,80].

In cementitious systems, mechanical strength primarily originates from calcium sili-
cate hydrate (C–S–H) formed during cement hydration. Primary C–S–H generated from
ordinary Portland cement (OPC) hydration typically exhibits Ca/Si ratios in the range
of approximately 1.5–2.0. In contrast, secondary C–S–H produced through pozzolanic
reactions involving supplementary cementitious materials (SCMs), such as silica fume, fly
ash, and biomass ashes, is leaner in calcium, with Ca/Si ratios generally ranging from 0.8
to 1.5 [81–83]. A lower Ca/Si ratio is therefore indicative of enhanced pozzolanic activity
and increased formation of secondary C–S–H.

EDS analysis revealed Ca/Si ratios of 0.99, 0.91, 1.39, and 1.70 for the PC, 10BA, 20BA,
and 25BA mixes, respectively. The 10BA mix exhibited the lowest Ca/Si ratio, indicating
the highest contribution from secondary C–S–H formed through pozzolanic reactions.
This enhanced secondary C–S–H formation promotes improved particle packing, pore
refinement, and stronger interfacial bonding between printed layers, thereby improving
mechanical performance [84,85].

4. Discussions
The use of SCMs derived from industrial byproducts and agricultural wastes as partial

cement replacements in 3DCP provides significant environmental benefits by reducing the
carbon footprint associated with cement production [13]. As a fine aluminosilicate ash,
SCBA offers considerable potential for valorisation in concrete, helping to minimise waste
while advancing circular-economy and sustainability goals [22]. The following discussion
provides a broader comparison of the findings from this study with the existing literature
on the properties of 3DCP with a combination of industrial byproducts and agricultural
waste as alternative binders in 3DCP.

4.1. Printability Characteristics of SCBA-Based Mixes with Microfibres

The printability characteristics of SCBA-based 3DCP mix with microfibres were in-
vestigated in this paper, including flowability, setting time, shape retention, buildability
and rheological properties. Based on the results, it was found that the SCBA has a positive
impact on flowability, but at 25% SCBA content, the flow diameter exceeds the acceptable
printability range [68]. Previous studies have also demonstrated improved workability
with increasing SCBA replacement. Wu et al. [26] and Zareei et al. [69] observed increased
slump with higher SCBA replacement levels, which they attributed to the presence of
smooth, glassy particles formed during high-temperature combustion. These particles act
as micro ball bearings, reducing interparticle friction and improving flowability. Similar
improvements in workability have been widely reported for SCMs with glassy or smooth
particle morphology, such as Class F fly ash and processed biomass ashes, where reduced
interparticle friction dominates over water absorption effects [86,87].

In contrast, many studies have reported a reduction in slump and flowability with
increasing SCBA content, attributing this behaviour to the hygroscopic nature of SCBA,
irregular particle morphology, porous structure, and high unburnt carbon content, all
of which increase water demand and interparticle friction [35,88,89]. Such behaviour is
particularly evident when SCBA contains high unburnt carbon content or is used as a fine
replacement without adequate grading control [89].
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In addition, the observed increase in workability in the present study is strongly
influenced by the concurrent reduction in silica fume (SF) content as SCBA replacement
increases. Lucen et al. [90] and Zhang et al. [91] reported that reducing SF content leads to
significant improvements in slump and flow due to the reduction in total specific surface
area and water adsorption. Therefore, the observed increase in mini-slump and flow
diameter in this study is attributed to the combined effect of increasing SCBA content
and decreasing silica fume (SF) content. Although SCBA can exert competing influences
on workability depending on its physical and chemical characteristics, the reduction in
SF content had a more dominant effect on flowability. The SCBA used in the present
study exhibited high loss on ignition (LOI), indicating a significant amount of unburnt
carbon, and possessed a porous, shell-like morphology, which would typically increase
water demand. However, sieving the SCBA through a 250 µm mesh ensured controlled
particle grading, mitigated excessive water absorption, and allowed the effects of reduced
SF content to govern the overall flowability behaviour [45].

Incorporation of microfibres has significantly reduced the flowability of SCBA-based
mixes. The lower flowability of PP fibre-reinforced mixes resulted from the finer fibre
size and larger total surface area, which produced a denser fibre network and higher
interlocking within the matrix [17,92]. A study conducted by Liao et al. [54], which used
a similar ST microfiber, found that steel fibre incorporation decreased workability (flow
diameter), with a generally linear decrease as the fibre content increased.

Flowability has a direct correlation with the shape retention and buildability of SCBA-
based mixes. At higher SCBA dosages, reductions in shape retention and buildability can
be attributed to the presence of unburnt carbon and fibrous particles, which lower packing
density and disrupt the flocculated particle network responsible for early structural build-
up [73]. Conversely, the incorporation of fibres improved shape stability in both PC and
20BA mixes as fibres form a bridging network that increases cohesion and yield stress, help-
ing the printed filament regain stiffness and resist deformation [93–95]. PP fibres exhibited
slightly higher enhancement compared to ST fibres, likely due to their larger surface area,
finer distribution and stronger interparticle bridging effects [96]. These findings suggest
that controlled fibre addition can be an effective means to counteract reduced buildability
in SCBA-based 3DCP mixes, while simultaneously improving mechanical performance in
the hardened state [15].

Open time is a critical parameter for printability, as it ensures that the mix maintains
adequate pumpability and extrudability while supporting layer-by-layer structural build-
up. In this study, initial and final setting times were measured to evaluate the open time
of SCBA-based mixes. A strong correlation was observed between setting time and SCBA
content, with both initial and final setting times increasing as SCBA content increased. At
low replacement levels (i.e., 10%), the increase in setting time was minimal, but it became
much more pronounced beyond 20% replacement [22]. This prolongation of setting time
can be attributed to several interacting mechanisms. The finer particles of SCBA exhibit
higher water absorption, reducing the amount of free water available for hydration, thereby
slowing early-age hydration reactions and delaying setting [22,73]. Additionally, SCBA
dilutes the clinker minerals (C3A and C3S) responsible for early hydration, thereby reducing
the heat of hydration and slowing the formation of initial hydration products, which further
postpones setting [24]. Moreover, the delayed setting is associated with a corresponding
reduction in silica fume content at higher SCBA percentages. Sahin et al. [70] reported
that the increase in setting time is most significant at the lowest silica fume content, due to
reduced water consumption and a lower heat of hydration resulting from the decreased
presence of fine silica fume particles.
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The shape stability and buildability of 3DCP mixes are closely linked to their rheo-
logical properties [91]. In this study, the static yield stress of mixtures with varying SCBA
contents was measured to assess rheological behaviour and its correlation with other print-
ability aspects. Results showed that an increase in SCBA content leads to a reduction in the
static yield stress. This delayed structuration is attributed to the slower hydration kinetics
and reduced early-age reactivity of SCBA, which contains unburned carbon and partially
amorphous silica that react later in the curing process [97–99]. Consequently, mixes with
higher SCBA content developed internal structure more gradually, leading to insufficient
early-age rigidity. This caused deformation in the lower layers during printing and com-
promised overall buildability. In contrast, the PC mix with 30% silica fume exhibited rapid
yield stress development, effectively preventing such deformations and achieving superior
shape retention and buildability. These findings align with prior research demonstrating
that silica fume, due to its ultrafine particle size and high surface energy, significantly
increases yield stress and plastic viscosity even at low dosages [91].

The complementary material properties and fibre dosage used in 3DPC mixtures
significantly affect the rheological properties [15–17]. The incorporation of PP and ST
microfibres has significantly improved the static yield stress of the SCBA-based mixes.
This enhancement can be attributed to the rigidity of steel fibres, which act as micro-
reinforcement to resist shear deformation and improve internal stress transfer [100], and the
matrix interlocking and entanglement effects of PP fibres, which increase particle cohesion
and network stability within the fresh mix [101]. Notably, the static yield stress build-up
for PP fibre-reinforced mixes was higher than that for steel fibre-reinforced mixes, likely
due to the finer distribution and greater surface area of PP fibres, which promote stronger
interaction with the cement matrix and accelerate thixotropic recovery [96]. This study
is limited to a single fibre dosage, used in a 20% SCBA mix. Future research on a wide
range of PP and ST dosages could be considered to evaluate the impact of fibres on the
rheological properties of SCBA-based 3DCP mixes.

4.2. Impact of SCBA and Microfibres on Mechanical Performance

The influence of SCBA content and microfibres on the compression, flexural and
interlayer bond strength was also studied in this paper. The results of the compression
strength reveal that 10% SCBA content gives the highest strength; beyond this range,
the strength decreased gradually. This trend aligns with previous studies, which also
reported an increase in compressive strength at around 10% SCBA replacement, followed
by a decrease at higher levels due to the lower pozzolanic reactivity and unburnt carbon
content of SCBA [45,89]. In contrast, Ganesan et al. [73] observed an optimal replace-
ment level of 20%, beyond which the strength dropped significantly. The improvement
in strength at lower SCBA contents was mainly attributed to the increased silica content,
finer particle size, higher specific surface area, and presence of amorphous reactive sil-
ica, all of which promoted additional formation of calcium silicate hydrate (C–S–H) and
densified the microstructure [73]. Consistent with the compression strength, the incor-
poration of SCBA resulted in a similar trend in the flexural strength of the specimens,
where 10% SCBA content gave the highest strength, with a progressive reduction as the
percentages increased.

Overall, the microstructural analyses confirm that a moderate SCBA replacement
level (10%) optimises secondary C–S–H formation and densification, thereby enhancing
mechanical strength. These findings highlight the importance of optimising SCBA dosage,
particle grading, and binder synergy to achieve both printability and structural integrity in
low-carbon 3D concrete printing systems. At higher SCBA replacement levels (20BA and
25BA), the Ca/Si ratio increased markedly, indicating a reduction in effective pozzolanic
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contribution. This behaviour can be attributed to the reduction in silica fume content and the
presence of unreactive or slowly reactive phases in SCBA, particularly at higher dosages [45].
The resulting increase in dehydrated particles and porosity weakens chemical bonding
and reduces the continuity of the C–S–H network, thereby compromising mechanical
strength [102,103].

The interlayer adhesion of 3D printed concrete is a critical factor governing the struc-
tural integrity and durability of printed elements. Previous studies have reported that
interlayer bond strength was highly sensitive to various process parameters, including
the time interval between layer depositions, nozzle configuration, and surface moisture
conditions [62,63]. Wolfs et al. [102] demonstrated that shorter interlayer intervals helped
preserve bond quality, whereas longer delays caused surface drying and weak interfacial
bonding, resulting in reduced tensile and compressive strengths. Notably, despite the
higher LOI and porous, shell-like morphology of the SCBA used in this study, a consis-
tent interlayer bond strength was achieved at all replacement levels due to controlled
particle grading (<250 µm) and the synergistic interaction with silica fume. The com-
bination of controlled SCBA content and reduced silica fume dosage enabled sufficient
workability for proper layer deposition while maintaining adequate reactivity for inter-
layer adhesion [79,102]. This balance is essential in 3D concrete printing, where excessive
workability can impair buildability, while insufficient hydration at the interface can lead
to weak interlayer adhesion [36]. The consistency of the interlayer bonding can also be
attributed to the controlled printing conditions maintained during specimen fabrication,
particularly uniform layer deposition intervals, identical nozzle settings, and constant
environmental humidity. As a result, the interface between layers experienced similar
hydration and moisture retention conditions across all mixes, minimising variability in
bonding behaviour [62,63].

The incorporation of fibres significantly enhanced the mechanical strength of SCBA-
based 3DCP. Notably, a flexural strength increase of up to 40% was achieved in mixtures
incorporating 20% SCBA. Under flexure loading, steel fibres have substantially improved
ductility, with the fibres sustaining additional load after crack initiation through an ef-
fective fibre-bridging mechanism, leading to higher post-crack load capacity and energy
absorption [17,19]. The pull-out resistance of 13 mm steel fibres contributed to this 40%
enhancement in flexural strength, approximately double the performance of PP fibre speci-
mens. Similar improvements in flexural behaviour with steel fibre reinforcement in 3DCP
have been reported by other researchers [54,55]. Previous studies have further indicated
that PP fibres provide modest gains in compressive strength while significantly improving
ductility, flexural capacity, and crack resistance through micro-crack bridging, with only a
minor increase in porosity [95,96].

4.3. Applications, Limitations and Future Research

Sugarcane bagasse ash (SCBA) offers strong potential as a sustainable cement replace-
ment due to its pozzolanic properties, which enhance strength, durability, and rheology
while reducing reliance on energy-intensive cement [27]. As a widely available agricul-
tural byproduct, incorporating SCBA in concrete reduces disposal problems, promotes
resource efficiency and transforms an abundant global waste stream into a valuable con-
struction material [99]. In countries with substantial sources of SCBA, such as Brazil, India,
China, Thailand, Mexico, and Australia [21], there is considerable opportunity to adopt
this sustainable material to promote the circular economy in both conventional concrete
construction and emerging 3DCP technology.

The current work is limited by the use of as-received SCBA with an LOI value of
10.55%. The high carbon content and the presence of unburnt particles contributed to
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inferior printability characteristics in mixtures with higher SCBA replacement levels. Pre-
vious research has demonstrated the benefits of processing raw SCBA to mitigate these
limitations. Jagadesh et al. [29] subjected raw SCBA to grinding and reburning at 400 ◦C,
resulting in a particle size distribution in which 85% passed through a 40 µm sieve. Their
findings revealed enhanced mechanical properties, reduced porosity, and improved reac-
tivity attributable to the increased specific surface area. In a related investigation, Jittin
et al. [30] ground raw SCBA for 180 min to obtain a mean particle size of 15.5 µm. This
treatment not only increased reactivity but also lowered LOI by removing carbon-rich
fibrous unburnt particles. Additionally, the processed SCBA led to higher plastic viscosity
and yield stress in fresh mixtures, alongside reduced permeability in hardened concrete.
Accordingly, future studies could explore various treatment methods for SCBA to reduce
LOI and carbon content, hence improving printability, mechanical strength, and long-term
durability for 3DCP applications.

The scope of the present study is restricted to evaluating the fresh properties and
strength performance of 3DCP mortar with SCBA at replacement levels up to 25%, together
with silica fume contents up to 30%. Prior research on combinations of SCMs such as
SCBA, silica fume, and fly ash in conventional concrete has consistently demonstrated
improvements in mechanical and durability performance, supporting their application
in structural members [45]. Future research should investigate SCBA in combination
with other industrial byproducts at varying replacement levels in 3D printed concrete.
In addition, integrating climatic and environmental factors into future research of SCBA-
based 3DCP materials is essential because they control the hydration process, strength
development, anisotropy, pore structure, and durability performance for applications in
3DCP technology.

The present study is limited to evaluating a single dosage of polypropylene (PP) and
steel (ST) fibres in sugarcane bagasse ash (SCBA)-based mixtures. Future investigations
could examine a range of PP and ST fibre dosages to enhance the printability and build-
ability of SCBA-incorporated mixes. Additionally, research is needed to assess the effects
of varying fibre length and aspect ratio on key properties, including flowability, crack
control, and fracture behaviour in SCBA-based mixes. Most importantly, the long-term
performance of fibre-reinforced SCBA-based 3DCP materials under diverse environmental
exposures such as freeze–thaw cycles, carbonation, chloride penetration, and chemical
resistance is required to ensure structural integrity for real-world applications.

5. Conclusions
In this study, sugarcane bagasse ash (SCBA) was used as a partial cement replacement

for low-carbon 3DCP. Printable mixes with up to 25% SCBA were evaluated for flowability,
setting time, shape retention, buildability, rheology, mechanical properties and microstruc-
ture. The effects of Polypropylene (PP) and steel (ST) microfibres on 20% SCBA content
were examined further to understand their contributions to buildability and strength. The
following conclusions are drawn:

SCBA increased flowability and extended setting times, which benefited extrusion but
delayed early structural build-up. Mini slump increased from 10 mm (control) to 25 mm
(25% SCBA), and flow diameter rose from 165 mm to 195 mm. The flowability increment
was partially due to the reduction in SF content with increasing SCBA replacement levels.

Increasing SCBA content delayed the setting time, where a linear correlation was
observed between SCBA percentages and the initial setting time. The retardation is mainly
due to SCBA’s high silica and unburned carbon, which slowed the early hydration.

Higher SCBA content significantly slowed static yield stress development, reducing
early rigidity and print stability. Static yield stress after 90 min was 14,000 Pa for the control
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mix but only 1400 Pa for the 25% SCBA mix, indicating up to 90% reduction in the structural
build-up rate.

Replacement with 10% SCBA resulted in the highest compressive and flexural
strengths, due to enhanced pozzolanic activity and microstructural densification. This
was supported by SEM and EDS results, which showed fewer dehydrated particles and
minimal pores in the interlayer region.

The interlayer interface exhibited comparable hydration conditions and moisture
retention across all mixes, resulting in consistent and minimal variability in bonding
performance. Incorporating SCBA up to 25% did not negatively impact interlayer adhesion.

Polypropylene (PP) and steel (ST) microfibres improved shape retention, accelerated
yield stress recovery, and enhanced mechanical properties, with steel fibres providing
superior performance. Steel fibres increased compressive strength by ~12% and flexural
strength by ~40% compared to unreinforced specimens.

Overall, SCBA has demonstrated to be a suitable binder for low-carbon 3DCP, espe-
cially at lower replacement levels, with improved mechanical performance. Although the
results showed promising strength and printability characteristics, the long-term perfor-
mance of SCBA-based 3DCP remained a critical consideration for practical implementation.
To address this gap, future investigations will focus on evaluating durability performance,
including porosity, drying shrinkage, chemical resistance, and carbonation behaviour of
SCBA-based 3DCP.
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