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Abstract

Three-dimensional (3D) concrete printing has emerged as an innovative and sustainable construction technology due to
its capability for automated fabrication, reduced material wastage, and enhanced geometrical flexibility. Among various
influencing parameters, the geometrical configuration of printed elements plays a significant role in determining their
mechanical performance and buildability characteristics. This study investigates the influence of circular and rectangular
geometries on the performance of extrusion-based 3D printed concrete elements. Experimental investigations were
conducted to evaluate printability, dimensional stability, layer deformation and buildability of both geometrical
configurations under identical printing conditions and material compositions. The printed specimens were assessed for
shape retention, interlayer integrity, failure behaviour and structural efficiency. Results indicated that circular geometries
exhibited improved stress distribution and enhanced dimensional stability compared to rectangular specimens, whereas
rectangular elements demonstrated higher susceptibility to edge deformation and stress concentration. Furthermore, the
study highlights the importance of geometrical optimization in improving the structural and constructional efficiency of
3D printed concrete systems. The findings of this research provide valuable insights for the design and development of

sustainable and mechanically efficient 3D printed concrete structures for future construction applications.
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Introduction

The construction industry, often described as the worlds
oldest and largest industry is on the cusp of a
transformational revolution driven by the rapid
evolution of 3D printing technology. Traditionally
considered a low-tech sector, the construction market is
set to reach a global market size of USD 14.6 trillion and
is projected to reach a compound annual growth rate
(CAGR) of 11.9% from 2023 to 2030. The global
construction industry is increasingly adopting mobile
robotic platforms to perform in-situ maintenance and
repair of existing building components [1]. Integrating
these 3D printing operations into construction supply
chains alters traditional resource flows and requires
precise simulation to improve productivity [2].
Accounting for approximately 35% of total global
energy use and 38% of carbon dioxide emissions, the
sector faces immense pressure to adopt more efficient,
innovative and environmentally sustainable practices [1,
2]. Construction 3D Printing (C3DP) also known as
additive construction has emerged as a ground-breaking
technology poised to revolutionize traditional building
methods. This computer-controlled process builds three-
dimensional objects layer-by-layer through material
deposition based on a digital model. This shift toward
additive construction is effectively rewriting the
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industry’s established conventions by introducing
diverse wall patterns and structural configurations [3].
To successfully realize these forms advanced
segmentation strategies and tool path designs are
required to manage the strength requirements of
complex concrete geometries [4]. Consequently, a
systematic framework for material design is vital to
ensure that 3D-printed structural components satisfy
both architectural and structural standards [5]. This
approach must balance structural performance with the
need for environmental sustainability and energy saving
[6]. The evolution of 3D construction printing (3DCP)
from laboratory research to practical full-scale structural
applications highlights its growing viability across the
sector [7]. In these applications, the internal architecture
of the printed components is a primary determinant of
their final mechanical properties and durability [8].
Selecting appropriate materials remains crucial to
managing the inherent anisotropy and mechanical
variations seen in layered residential wall assemblies [9].
This digital approach not only accelerates construction
timelines potentially saving over 60% of on-site time but
also promotes a circular economy by utilizing local raw
materials, recycled aggregates and agricultural waste.
Innovation is extending into specialized fields such as
the use of real-time admixture control for successful 3D
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printing in dynamic underwater environments [10].
Furthermore, the integration of Building Information
Modelling (BIM) with additive manufacturing enhances
the precision and energy efficiency of sustainable
housing, 3DCP  promises greater  precision,
sustainability and coordination throughout the building
execution phase [11]. Establishing a seamless digital
workflow from BIM models to printer tool paths is
therefore  essential for achieving  automated
industrialization [12]. Technological tools like machine
learning are increasingly employed to optimize material
ratios and predict the structural behaviour of printed
concrete [13]. These digital methods facilitate the use of
circular materials such as construction and demolition
waste (CDW) in the development of sustainable
geopolymer binders [14]. To ensure high-quality
execution 3D scanning methodologies are becoming
indispensable for verifying geometric accuracy and
managing discrepancies in complex structural elements
[15]. Additionally, the technology allows for intricate
surface texturing through methods such as 3D-printing
assisted flexible formwork for precast pavements [16].
Beyond terrestrial applications, novel printing schemes
are being developed to construct habitats on the Moon
with extremely low binder utilization [17]. A critical
focus of current research is the comparative performance
of geometric forms, specifically how circular and
rectangular designs influence buildability and cost in
housing construction [18]. Sustainability assessments
indicate that 3D  printing offers significant
environmental benefits, particularly when building
houses in remote areas [19]. As this transformative
technology gains momentum, it is crucial to keep up
with its constant progression. For that, review papers
covering the latest advancements are in continuous
demand [20]. The smart manufacturing capabilities of
3DCP provide remarkable shape variety allowing for the
construction of sophisticated columns and free-form
shells [21]. Low-carbon binder alternatives such as
marine clay and limestone replacements are being
investigated to further reduce the carbon intensity of
these structures [22]. Recycled fine aggregates and
powders from construction waste can also be optimized
to improve the thixotropy and buildability of
cementations mixtures [23]. Comprehensive literature
reviews show recurring trends toward low-carbon
developments and optimized supplementary
cementations materials in the industry [24]. In regions
like India, the effectiveness of 3D printing over
conventional methods is already being demonstrated
through significant reductions in time and labour [25].
Ultimately, as 3D printing technology continues to
advance, it is poised to reshape the fundamental ways in
which our built environment is designed and constructed
[26]. The present research investigation has been carried
out with the following primary objectives:

1. To study the working principles and construction
methodology of extrusion-based 3D Concrete Printing
technology.

2. To prepare printable cementations material using
UltraTech Fixoblock block jointing mortar and
polycarboxylate-based superplasticizer.

3. To investigate the rheological and printability
characteristics of printable concrete material.

4. To conducta comparative study between circular and
rectangular shaped 3D printed concrete structures.

5. To assess how geometry influences printing time,
material consumption, buildability, extrudability, layer
stability, and structural performance of printed elements.
6. To identify the main defects and practical challenges
encountered in extrusion-based 3D concrete printing.

7. To establish the geometry that offers the best
combination of structural efficiency and
cost-effectiveness for use in automated construction
applications.

The scope of this work is restricted to extrusion-based
3D concrete printing, employing mortar-type printable
materials. The study mainly compares circular and
rectangular cross-sectional geometries under controlled,
laboratory-scale printing conditions. Key process
parameters such as nozzle diameter, layer height,
printing speed, and material composition are held
constant throughout the experimental program. The
research focuses on printability characteristics (such as
flow behaviour, shape retention, and layer adhesion) and
on the structural behaviour of the printed members. The
outcomes of this study may support the future
optimisation of automated construction systems and
inform geometry-driven design approaches in concrete
additive manufacturing.

2. Materials and methodology

The performance of 3D printed concrete structures is
highly dependent on the rheological and mechanical
properties of the printable material. Unlike conventional
concrete used in formwork casting, printable concrete
must  satisfy two  contradictory  requirements
simultaneously. The material must be sufficiently fluid
during pumping and extrusion while also possessing
enough rigidity after deposition to support subsequent
layers without deformation. Therefore, proper selection
of materials and careful control of mixture proportions
become essential for achieving successful printing
operations.

2.1 Materials used in the study

The present research work utilized a mortar-based
printable concrete mixture prepared using UltraTech
Fixoblock  block  jointing  mortar,  phosrock
polycarboxylate ether-based superplasticizer, quartz
sand and potable water.

Table No 1: Material properties used in 3DPC
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Parameter

Specification/

Target Value/

Test Method/

Category Requirement Range Standard Purpose
Cement Type  Portland cement or OPC Grade 43/53 IS 269; IS 1489; Ensures consistent
blended cement OR PPC per IS ICC 1150-2026 hydration and strength
grade 1489:2015 development
Maximum Fine aggregate only <2.36 mm (d50 = IS 383; ICC Prevents nozzle
Aggregate (no coarse aggregate) 240 um) 1150-2026 blockage in extrusion-
Size based 3DPC
Fine Quartz  sand or Sand-to-binder IS 2386; ACI Optimizes particle
Aggregate graded sand ratio: 1.2-2.0 211; ICC 1150- packing and
Type 2026 dimensional stability
Superplasticiz  Polycarboxylate Dosage: 0.5-2.0% BS EN 450; ICC Reduces water while
er Type ether (PCE) based by binder weight; 1150-2026 maintaining
30% SC flowability
Water-to- Controlled water 0.28-0.35 (max: ASTM C230; IS Low w/b ensures
Binder Ratio  content for 0.45 per codal) 10262; ICC 1150  higher strength,
strength/buildability reduced porosity,
better buildability
Water Quality Potable water, free pH: 6.0-7.5; CI" < IS 3025; ICC Prevents adverse
from impurities 200 ppm 1150-2026 chemical reactions
affecting durability
Minimum For strength  >320 kg/m? IS 3370; ICC Ensures adequate
Cement development 1150-2026 strength and durability
Content
Maximum To control shrinkage <400 kg/m? IS 3370; ICC Prevents shrinkage
Cement 1150-2026 cracks per  codal
Content provisions
Fibre =~ Type Polypropylene or 0.5-1.5% volume; IS 15950; AC 32; Improves tensile
(Optional) steel fibber’s for AC 32/AC 208 AC 208; ICC strength, crack
crack control compliant 1150 resistance, and
ductility
Batching Material proportion Batch-to-batch ISO 9001; ICC Ensures reproducible
Consistency uniformity variation <5% 1150-2026 print quality across
sessions
Mixing Time  Homogeneity of 5-7 minutes (high- ICC 1150-2026; Achieves uniform
mixture shear mixing) Process printable mixture
specification
Dry Mixing Particle distribution 2-3 minutes ICC 1150-2026 Prevents segregation
Time before wet mixing and ensures
homogeneity

2.1.1 UltraTech Fixoblock Block Jointing Mortar

UltraTech Fixoblock block jointing mortar was selected
as the primary cementations material for this study
owing to its fine particle size distribution, strong
bonding characteristics, and enhanced workability. In
contrast to conventional concrete mixes that include
coarse aggregates, mortar-based systems are generally
favoured in extrusion-based 3D printing, as larger
aggregate particles tend to block the nozzle and interrupt
the continuity of extrusion. The use of block jointing
mortar offers several benefits in additive manufacturing
applications. The material shows improved adhesion to

underlying layers, smooth extrusion behavior, and
stronger interlayer bonding. The absence of coarse
aggregates further aids in sustaining a continuous and
stable filament throughout the printing process. The
relatively fine particle grading also promotes a smoother
surface finish and better dimensional accuracy of the
printed layers. Since UltraTech Fixoblock is
manufactured under controlled factory conditions, it
delivers consistent composition and quality, which is
crucial for reliable performance in automated
construction processes.
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Fig 1: UltraTech Fixoblock block jointing mortar ba (40kg)

2.1.2 Quartz Sand

Fine quartz sand having particle size less than 2 mm was
incorporated into the printable mixture to improve
particle packing density and enhance dimensional
stability. Quartz sand also contributes toward reducing
shrinkage and improving the mechanical performance of
the printed layers. The use of fine aggregate in controlled
proportions improves extrusion continuity while
maintaining adequate buildability of the deposited
layers.

2.1.3 Superplasticizer

A phosrock polycarboxylate ether-based
superplasticizer was utilized to improve the flowability
and workability of the printable concrete mix.
Superplasticizers play an important role in 3D Concrete
Printing because they allow reduction in water content
while maintaining sufficient fluidity for pumping and
extrusion. The admixture improves rheological
behaviour, extrusion smoothness and hydration kinetics.
It also reduces internal friction between particles,
thereby improving pumpability and preventing nozzle
blockage. By lowering the water-to-binder ratio without
compromising  workability, the  superplasticizer
contributes toward achieving higher buildability and
improved structural stability of the printed layers.

2.1.4 Water

Clean potable water free from impurities was used for
preparing the printable concrete mixture. Water plays a
critical role in cement hydration and significantly
influences the rheological characteristics of the printable
material. A controlled water-to-binder ratio of 0.28 was
maintained throughout the experimental study. Proper
control of water content is essential because excessive
water reduces buildability and causes layer collapse,
whereas insufficient water reduces flowability and
results in poor extrusion continuity.

2.2 Material Preparation

The preparation of printable concrete followed a
systematic digital-to-physical workflow designed to
ensure uniformity, rheological stability and extrusion
consistency. Initially, dry materials consisting of
UltraTech Fixoblock mortar and fine quartz sand were
thoroughly mixed for approximately 2 to 3 minutes to
achieve uniform particle distribution. Proper dry mixing
helps in preventing segregation and ensures
homogeneity throughout the mixture. In the next stage,
potable water was pre-mixed with the required dosage of
polycarboxylate-based superplasticizer to form a
homogeneous liquid solution. This solution was then
gradually introduced into the dry mixture while
continuous high-shear mixing was carried out by Bosch
GBM 1600 RE Professional.
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The high-shear mixing process continued for
approximately 5 to 7 minutes until a uniform printable
mixture was obtained. The resulting material exhibited
smooth consistency suitable for extrusion-based printing
applications. Priorly a dry run of models prepared on
Autodesk AutoCAD 2026 were exported to Simply 3D
design i.e. from .dwg format to .stl format and G-code
created was conducted setting with initial coordinates at
0,0,0. After preparation, the printable concrete was
transferred into a Deltasys E-Forming concrete 3D
printer extrusion system.

3. Methodology

The experimental methodology adopted in the present
study involved comparative printing and evaluation of
circular and rectangular geometries under controlled
printing conditions. The study utilized Digital models of
circular and rectangular forms were created using
Computer-Aided Design software and converted into
printable tool paths compatible with the extrusion-based
3D printing system. The preparation of a digital model
for 3D Concrete Printing (3DCP) follows a structured
workflow that transitions from architectural design to
machine-readable instructions. Based on the sources, the
process involves modelling, format conversion and
slicing to generate the final execution code. First in the
process we get 3DPC models is firstly prepared in
Autodesk AutoCAD 2026 in .dwg format in 2D
modelling then which is to be converted in 3D annotative
and drawing format which is measured and

3.1 Model Preparation

3.1.1 Model Preparation in Autodesk AutoCAD

The initial phase of the digital-to-physical workflow
begins with creating the architectural design.

e 2D Drafting to 3D Modelling: Designs typically
originate as 2D plans in AutoCAD. For 3DCP, these 2D
layouts are then transformed into 3D solid models within
the software.

e Geometric Considerations: During the modelling
phase, it is essential to consider the structural stability of
the chosen form. Research indicates that while
rectangular geometries are common, circular geometries

Fig 2: Bosch GBM 1600 RE Professional used for mixing concrete

often provide superior buildability and resistance to
overturning forces.

e Dimensional Accuracy: The digital model should
explicitly account for the actual width of the extruded
filament. For instance, when using a 25 mm nozzle, the
printed wall may appear wider than the digital geometry
due to material spreading and settlement. To
compensate, the model’s outer surfaces are typically
shifted inward by approximately half the extrude width,
ensuring that the as-printed dimensions align more
closely with the intended design.

3.1.2 Exporting from .dwg to .stl Format

Once the 3D solid model is finalised in AutoCAD, it
must be exported into a format that can be read by slicing
software used in the printing workflow.

e STL (Stereo-Lithography) Conversion: The
completed 3D solid model is saved or exported as a .stl
file. This format is widely adopted as the industry
standard for rapid prototyping because it represents only
the surface geometry of the object, without storing
colour, texture, or internal structure.

e Triangle Meshing: In the STL format, the surfaces of
the solid model are approximated using a triangular
mesh. Curved or complex geometries are represented as
a collection of small, planar triangles, each defined by
its vertices and normal vector.

e Accuracy and Faceting: The export settings control
the level of triangulation, often referred to as the “poly
count.” Higher triangle density produces a smoother
surface representation but increases file size. It is
important to strike a balance: a coarse mesh leads to
faceted and visibly stepped printed surfaces, while an
overly dense mesh can generate excessively large STL
files that may exceed the memory or processing limits of
the slicing or printing software.

3.1.3 Slicing and G-code Generation

The STL file is then processed to create the layer-by-
layer instructions required by the 3D printer.

e Slicing Software: The STL model is imported into
slicing software such as Ultimaker Cura. In this step, the
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model is intersected with a series of parallel horizontal
planes to determine the contour of each individual
material layer.

e Parameter Configuration: Technical arrangements
are made in the slicer for material assignment, nozzle
diameter (e.g., 10 mm or 20 mm), and layer height.
These settings ensure the "printability window" is
maintained, balancing the flow of material with its
ability to support subsequent layers.

= 8 pEN e
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e Generating G-code: The final output of the slicing
software is G-code, a standardized text file format
containing numerical control instructions for the printer.
e Alternative Tools: In some advanced workflows,
tools like Autodesk ArtCAM are used to capture G-code
data from the architectural designs effectively.

Fig 3: The final output of the slicing software i.e. G-code

3.1.4 Verification and Simulation

Before physical execution, the generated instructions
should be verified.

e Path Simulation: The printing path is simulated
within the slicing software to check for continuity,
corner turns, and potential collisions.

e G-code Verification: Programs like NC Viewer are
used to inspect the G-code data and confirm that the
printer will follow the intended toolpath without errors.
To ensure reliable comparison between the two
geometries, several printing parameters were maintained
constant throughout the experimental investigation.

The controlled parameters included:

Nozzle diameter: 25 mm

Printing speed: 50 mm/s

Layer height: 7-10 mm

Water-to-binder ratio: 0.27

e Material composition: For the preparation of 10 kg
of dry mix, 6.67 kg of UltraTech Fixoblock Block
Jointing Mortar and 3.33 kg of quartz sand were used.
Approximately 2.7 kg of water and 80—100 g of PCE
superplasticizer were added.

e o o o

Table No 2: Printability Parameters of 3DPC

Parameter Requirement Target Value / Test Method / Purpose of Test
Category Range Code Name
Extrudability Continuous Visual inspection: T/CBMF  184- Ensures
filament  without unbroken  filament, 2022; ASTM  uninterrupted
breaks, tearing, or consistent cross- Cl1437 pumping and
jamming section extrusion
through nozzle
Buildability Maximum >40 layers (circular); T/CBMF  184- Determines
printable  layers >25 layers 2022; Layer structural
before (rectangular) count evaluation  stability and
collapse/deformati maximum
on printable height
Flowability Workability ~ for 140-160 mm (mini- ASTM C230; IS Ensures smooth
(Slump) pumping/extrusion  slump) 959; T/CBMF pumping without
184-2022 segregation
Flow Table Material  spread 16.5-24 cm ASTM C230 Indicates
Spread under own weight adequate

1JDDT, Volumel6 Issue 63s, 2026

Page: 1950



Influence of Circular and Rectangular Geometries on the Mechanical and Buildability Performance of 3D Printed

Concrete Elements

workability  for

extrusion
Open Time Time window for 30-60 minutes T/CBMF  184- Defines usable
successful 2022 printing duration
extrusion after before material
mixing stiffens
Rest Time Time between 10-30 minutes T/CBMF  184- Determines
layers before optimal 2022 maximum layer
failure stacking interval
Shape Retention  Dimensional Deviation <t1 mm [ISO/ASTM Ensures as-
stability after from target geometry  52939:2023; 3D printed
deposition scanning dimensions
match digital
model
Layer Stability Resistance to No slumping or tilting Visual Confirms layer
deformation under inspection; can support
subsequent layers ISO/ASTM weight of upper
52939 layers

Printing operations were carried out layer by layer while continuously monitoring extrusion continuity, material flow

behaviour, structural stability, and dimensional accuracy.

= ISP M =D
R e
— o

Fig 4: Deltasys E-Forming concrete 3D printer gantry (1m x 1m x 1m)

Circular geometries were printed using continuous
curved nozzle vase movement, whereas rectangular
geometries involved multiple axis transitions and
directional changes at corner regions. After completion
of the printing process, the specimens were assessed
based on a range of fresh-state and hardened-state
properties.

3.2 Tests Conducted on 3D Printed Concrete
A series of experimental tests were carried out to
evaluate both the printability and the structural
performance of the printable concrete material.

3.2.1 Flowability Test
Flowability is a critical rheological property that governs
the pumpability and extrudability of cementations

materials intended for extrusion-based applications. In
this study, the flowability of the freshly prepared mortar
was evaluated in accordance with ASTM C1437 using
the standard flow table test. The mortar was placed into
a truncated cone mold positioned at the center of the
flow table and compacted uniformly. The mold was then
lifted vertically, allowing the mortar to spread freely.
Subsequently, the flow table was subjected to 25 drops
within 15 s, as prescribed by the standard procedure. The
diameter of the spread mortar was measured along two
perpendicular directions, and the average value was
recorded as the flow diameter. To ensure repeatability
and reliability, the test was performed in triplicate, and
the mean flow diameter was calculated.
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3.2.2 Slump cone Test

The slump cone test was conducted to evaluate the
consistency, workability, and deformation
characteristics of the fresh mortar, which are essential
parameters for extrusion-based 3D printing applications.
The test provides an indication of the material’s ability
to deform under its own weight while maintaining
sufficient stability for layer-by-layer construction.
Freshly prepared mortar was placed into a standard mini-

Fig 5: Flow test table as per ASTM-C1437

slump cone positioned on a flat, non-absorbent surface.
The cone was filled uniformly and carefully lifted
vertically to allow the mortar to spread freely. The
reduction in height (slump) was measured immediately
after lifting the cone. To ensure the repeatability and
reliability of the experimental results, the test was
performed three times under identical conditions, and
the average slump value was calculated.

3.2.3 Extrudability Test

Extrudability is a key performance parameter for 3D
printable cementations materials and refers to the ability
of the fresh mortar to be pumped and continuously
extruded through a nozzle without blockage, tearing, or
interruption. Good extrudability ensures a stable and
uniform deposition process, which is essential for
producing high-quality printed elements. In the present
study, the extrudability of the prepared mortar was
evaluated using an extrusion system equipped with a 25

Fig. 6: Slump Cone test

mm diameter nozzle. Freshly mixed mortar was fed into
the extrusion setup and continuously extruded under
controlled conditions. The extrusion process was
visually monitored for nozzle blockage, discontinuity,
filament breakage, and surface defects. The time
required to produce a 1 m long extruded filament was
recorded, and the uniformity of the deposited layer was
assessed based on its dimensional consistency and
surface finish. The overall extrudability was estimated
from the continuity and quality of the extrusion process.
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Fig 7: Extruding Process through 3DPC Gantry

3.2.4 Buildability Test

Buildability is one of the most critical fresh-state
properties of 3D printable cementations materials and
refers to the ability of the deposited layers to withstand
the weight of subsequently printed layers without
excessive deformation, buckling, or collapse. Adequate
buildability is essential to ensure dimensional stability
and structural integrity during the layer-by-layer printing
process. In the present study, buildability was evaluated
by continuously extruding and stacking mortar layers

3.2.5 Initial and Final Setting Time

The setting characteristics of 3D printable mortar play a
crucial role in determining its printability and overall
performance during extrusion-based construction. An
appropriate setting time provides sufficient working
duration for material mixing, transportation, pumping,
and deposition while enabling rapid stiffening after
printing to maintain structural stability. In the present
study, the initial and final setting times of the prepared
mortar were determined using the Vicat apparatus. Fresh
mortar was prepared and placed in the Vicat mould

Fig 8: Hardened 3DPC circular and rectangular Models

until noticeable deformation or structural instability was
observed. The printing process was carried out under
identical operating conditions using the developed
mortar mix, with each deposited layer having an average
height of 10 mm. The maximum number of layers that
could be successfully printed while maintaining
geometric stability was recorded. The total printable
height achieved before any significant deformation or
collapse was also measured to assess the load-bearing
capacity of the fresh material.

immediately after mixing. The penetration of the Vicat
needle was monitored at regular intervals to determine
the initial and final setting times. In addition, the total
time required to complete the printing operation for each
printed geometry was recorded and compared with the
measured setting characteristics to evaluate the
suitability of the mortar for practical 3D printing
applications.

3.2.6 Casting Time Observation

1JDDT, Volumel6 Issue 63s, 2026
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The total time required to complete the printing
operation for each geometry was recorded and
compared. Casting time is an important parameter for
evaluating construction efficiency and automation
benefits.

4. Results and Discussion

4.1 Flowability Test

The measured flow diameters for the three independent
trials were 148 mm, 152 mm, and 150 mm, resulting in
an average flow diameter of 148 mm. The close
agreement among the three measurements indicates
good consistency and reproducibility of the prepared
mortar mix. The average flow value of 148 mm falls
within the recommended range of 140-160 mm for
extrusion-based cementations materials, suggesting an
appropriate balance between fluidity and cohesiveness.
Mortars with insufficient flowability may lead to
difficulties in pumping and nozzle blockage, whereas
excessively high flowability can result in segregation
and poor shape retention after extrusion. The obtained
flow diameter indicates that the developed mortar
possesses adequate workability to facilitate smooth
pumping and continuous extrusion while maintaining
sufficient structural integrity to preserve the geometry of
the deposited layers. Furthermore, the limited variation
between the measured values demonstrates the
homogeneity of the mix and the stability of the fresh-
state properties. The achieved flowability is expected to
contribute positively to extrusion quality by ensuring
uninterrupted material delivery and minimizing defects
during deposition. Therefore, the developed mortar
formulation exhibits suitable rheological characteristics
for extrusion-based additive manufacturing and can be
considered appropriate for further investigation in 3D
concrete printing applications.

4.2 Slump Cone Test

The measured slump values obtained from the three
independent trials were 36 mm, 38 mm, and 37 mm,
resulting in an average slump of 37 mm. The minimal
variation among the measurements demonstrates the
consistency and uniformity of the prepared mortar mix.
The average slump value of 37 mm falls within the
recommended range of 35-45 mm for 3D printable
cementations materials, indicating an appropriate
balance between workability and shape stability. A
slump value within this range suggests that the mortar
possesses sufficient plasticity to facilitate pumping and
extrusion while maintaining adequate green strength to
support successive layers without excessive deformation
or collapse. The observed consistency indicates that the
developed mix can be extruded smoothly through the
printing nozzle while retaining its geometric profile after
deposition.  Furthermore, the controlled slump
minimizes the risk of material segregation and ensures
dimensional accuracy during the printing process. The
close agreement among the three trials also reflects the
reproducibility of the mix design and confirms its
suitability for additive manufacturing applications.
Overall, the slump cone test demonstrates that the

prepared mortar exhibits the fresh-state properties
required for successful 3D concrete printing, providing
an optimum combination of flowability, buildability,
and shape retention.

4.3 Extrudability Test

The developed mortar exhibited excellent extrusion
performance throughout the testing period. No nozzle
blockage, tearing, or interruption was observed during
extrusion through the 25 mm diameter nozzle, indicating
that the material possessed appropriate rheological
characteristics for continuous printing. The extruded
filament maintained a uniform cross-section and smooth
surface texture, reflecting the homogeneous nature of the
mortar and its ability to flow consistently under applied
pressure. The average time required to extrude a 1 m
long layer was approximately 20-25 s, demonstrating
efficient material delivery and stable extrusion behavior.
Based on the observed continuity, dimensional stability,
and absence of extrusion-related defects, the
extrudability of the mortar was estimated to be
approximately 95%. The high extrudability rating
suggests that the developed mix provides an optimal
balance between flowability and cohesiveness.
Sufficient fluidity enables smooth passage through the
nozzle, while adequate cohesion prevents filament
rupture and maintains the integrity of the extruded
strand. Furthermore, the uniform filament geometry and
smooth surface finish indicate that the mortar is capable
of producing consistent printed layers with minimal
defects, which is essential for achieving dimensional
accuracy and structural reliability in 3D concrete
printing.

Overall, the obtained results confirm that the prepared
mortar possesses excellent extrudability and is highly
suitable for extrusion-based additive manufacturing
applications. The combination of continuous material
flow, absence of nozzle blockage, and stable filament
formation demonstrate its potential for reliable and
efficient 3D printing operations.

4.4 Buildability Test

The developed mortar demonstrated excellent
buildability throughout the printing process. The
deposited layers remained stable and effectively
supported the weight of the subsequently printed layers
without exhibiting significant deformation, lateral
spreading, or collapse. The material successfully
maintained its structural integrity up to 18 layers,
corresponding to a total printable height of
approximately 180 mm. The ability to sustain 18
consecutive layers indicates that the mortar possesses
sufficient early-age stiffness and green strength to resist
compressive stresses induced by the overlying material
while retaining the intended geometry. The absence of
noticeable deformation during stacking suggests that the
rheological properties of the mix provide an appropriate
balance between workability and structural stability,
enabling continuous printing without compromising
dimensional accuracy. Furthermore, the achieved
printable height demonstrates that the mortar has
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adequate load-bearing capacity in its fresh state, making
it suitable for the fabrication of multilayered structural
components. The successful maintenance of layer
geometry throughout the buildability test also indicates
good interlayer stability and reduced risk of collapse
during printing operations. Overall, the results confirm
that the developed mortar exhibits excellent buildability
characteristics, with the capability to support multiple
deposited layers and achieve a printable height of 180
mm without structural failure. These findings highlight
the suitability of the proposed mix for extrusion-based
3D concrete printing applications, where high
buildability is essential for producing stable and
geometrically accurate structures.

4.5 Initial and Final Setting Time

The developed mortar exhibited an initial setting time of
85 min and a final setting time of 260 min. These setting
characteristics provide a balanced combination of
workability and early-age hardening required for
extrusion-based additive manufacturing. The initial
setting time of 85 min offers adequate working time for
batching, mixing, transportation, pumping, and
continuous extrusion without the risk of premature
stiffening or nozzle blockage. This extended open time
allows sufficient flexibility during the printing process,
particularly for complex geometries or large-scale
components that require uninterrupted material flow.
The final setting time of 260 min ensures that the
deposited layers gradually gain rigidity after placement,
promoting dimensional stability and reducing the
likelihood of deformation or collapse during the
hardening stage. The observed setting behavior is well
suited for layer-by-layer construction, where the
material must remain workable during deposition while
developing sufficient stiffness to support subsequent
layers. Furthermore, the recorded printing durations for
the fabricated geometries were well within the measured
setting window, confirming that the mortar retained its
extrudability throughout the printing operation without
adversely affecting buildability or interlayer bonding.
The combination of an adequate initial setting period and
controlled final hardening demonstrates that the
developed mix satisfies the practical requirements of 3D
concrete printing. Overall, the obtained setting times
indicate that the mortar provides sufficient operational
flexibility while ensuring timely strength development
after deposition. These characteristics, together with its
favorable flowability, extrudability, and buildability,
confirm the suitability of the developed mix for
extrusion-based 3D printing applications.

4.6 Casting Time Analysis

The casting time required to print a single layer was
significantly influenced by the geometry of the printed
element. The circular 3D concrete printing (3DPC)
specimen required only 19.4 s to complete one layer,
whereas the rectangular specimen required 25 s. This
corresponds to a 22.4% reduction in printing time for the
circular geometry. The shorter casting time of the
circular specimen can be attributed to the continuous and

uninterrupted printing path. Since the nozzle follows a
smooth curved trajectory, there is no need for frequent
deceleration and acceleration during printing. In
contrast, the rectangular geometry contains four corners
where the print head must reduce its speed to maintain
dimensional accuracy, thereby increasing the overall
layer deposition time. These results indicate that circular
geometries can enhance printing productivity and reduce
construction time in large-scale additive manufacturing
applications.

4.7 Material Consumption

The quantity of material required for a single printed
layer also varied with geometry. The circular specimen
consumed 366.39 gram of printable concrete, while the
rectangular  specimen  required 430.1  gram.
Consequently, the circular geometry achieved a 14.8%
reduction in material usage. The lower material
consumption observed in the circular specimen is
primarily related to its geometric efficiency and
smoother deposition path. The rectangular geometry
requires additional material accumulation at corner
regions to maintain dimensional stability and continuity
of the printed filament. Such localized material
deposition increases the overall material demand.
Therefore, the circular configuration offers a more
resource-efficient solution, contributing to reduced
material costs and improved sustainability.

4.8 Cost Evaluation

The economic assessment showed that the circular
specimen achieved a cost score of 12, representing the
optimum performance among the evaluated geometries,
whereas the rectangular specimen achieved a cost score
of only 2. The higher cost efficiency of the circular
geometry is directly related to its reduced printing time
and lower material consumption. Since material cost and
machine operating time constitute a substantial portion
of the total printing cost, improvements in these
parameters translate into significant economic benefits.
Furthermore, the elimination of printing defects and
collapse-related failures reduces the need for rework and
material wastage. These findings suggest that adopting
circular geometries in 3D concrete printing can improve
overall project economics while maintaining structural
performance.

4.9 Surface Quality and Defect Formation

Surface quality observations indicated that the circular
specimen produced uniform and defect-free layers with
smooth printing paths. No visible joint defects,
discontinuities, or surface irregularities were detected
throughout the printing process. In contrast, the
rectangular specimen exhibited noticeable material
accumulation at corner regions, leading to uneven layer
deposition and localized surface defects. The corners
acted as critical zones where changes in nozzle direction
affected extrusion consistency. These regions are also
susceptible to stress concentration, potentially
compromising both aesthetic quality and structural
performance. The absence of corners in the circular
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geometry eliminated these issues and resulted in a more
homogeneous printed structure. This improved surface
finish can reduce post-processing requirements and
enhance the overall quality of printed concrete
components. The experimental results clearly
demonstrate that the circular 3D concrete printing
geometry outperformed the rectangular geometry in all
evaluated parameters. The circular specimen achieved
faster printing, lower material consumption, superior
extrusion consistency, enhanced buildability, improved

surface quality, and greater cost efficiency. The
continuous curved printing path minimized nozzle speed
variations and prevented corner-related defects, while
the uniform stress distribution contributed to higher
structural stability. Therefore, from both engineering
and economic perspectives, circular geometries
represent a more effective design configuration for
large-scale 3D concrete printing applications and offer
substantial advantages in terms of printability,
buildability, sustainability, and construction efficiency.

4.10 Defects in 3D Concrete Printing

Several types of defects can arise during 3D concrete
printing, often due to unsuitable material properties,
improper printing parameters, or unfavourable
environmental conditions. Layer separation is one of the

Fig 6: Freshly 3D printed circular and rectangular models

most frequently observed defects in printed concrete,
occurring when the bond between successive layers is
weak or incomplete. Surface cracking may appear as a
result of rapid moisture loss, drying shrinkage, or
inadequate curing regimes. Layer collapse is another
common problem, typically associated with insufficient
buildability, where the deposited material cannot
adequately support subsequent layers without excessive
deformation or failure. Nozzle dragging may disturb
previously deposited layers and affect dimensional
accuracy. Corner bulging is generally observed in
rectangular ~ geometries  because = of  material
accumulation during directional changes. Air voids may
also develop within the printed structure due to improper
extrusion or entrapped air. Uneven extrusion results in
dimensional inconsistency and poor surface finish
quality.
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Fig 7: Defects in 3DPC

4.11 Challenges in 3D Concrete Printing

Despite the numerous advantages of 3D concrete
printing, several technical challenges remain associated
with the technology. One of the primary challenges is
maintaining appropriate rheological properties of the
printable concrete mix, including adequate flowability,
buildability, and early-age structural stability. Poorly
balanced rheology can lead to nozzle blockage, loss of
shape fidelity, or layer collapse, thereby affecting both
print quality and structural performance. The material
must possess sufficient flowability for extrusion while
simultaneously retaining its shape after deposition.
Another significant challenge is interlayer bonding.
Weak bonding between successive layers may reduce
structural integrity and overall strength of the printed
element. Nozzle blockage is also a common problem in
extrusion-based printing systems. Improper mix
proportions or insufficient flowability may interrupt the
printing process. Dimensional accuracy becomes
difficult to maintain during continuous printing
operations, especially for geometries involving sharp
corners and directional changes. The incorporation of
reinforcement into 3D printed concrete structures
presents another significant challenge. Automated
methods for placing reinforcement within printed
elements are still in the developmental stage and not yet
fully mature for routine use. Moreover, the lack of
widely accepted design codes and the limited number of
large-scale field applications currently restrict the
broader adoption of 3D concrete printing technology.

Conclusion

The present study successfully developed and evaluated
a mortar mix suitable for extrusion-based 3D concrete
printing by assessing its key fresh-state properties. The
average flow diameter of 148 mm and slump value of 37
mm confirmed that the mix possessed adequate
workability and consistency for smooth pumping and
extrusion. The mortar exhibited excellent extrudability,
achieving approximately 95% extrusion -efficiency
through a 25 mm nozzle without blockage or filament
deformation. Furthermore, the material demonstrated
superior buildability by successfully supporting 18
printed layers with a total height of 180 mm without
significant collapse or deformation. The measured initial
and final setting times of 85 min and 260 min,
respectively, provided sufficient working time for
mixing and printing while ensuring timely hardening
after deposition. Overall, the developed mortar exhibited
a well-balanced combination of flowability,
extrudability, buildability, and setting characteristics,
making it highly suitable for 3D concrete printing
applications. The findings indicate that the proposed mix
can produce stable and dimensionally accurate printed
elements, thereby demonstrating its potential for
additive manufacturing in the construction industry.
However, further investigation of hardened mechanical
properties, durability performance, and the development
of standardized testing procedures and design codes is
necessary to enable its widespread structural application
and commercialization.
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Future Scope

Although the developed mortar exhibited satisfactory
fresh-state properties for 3D concrete printing, further
research is required to address several limitations. At
present, there is a lack of dedicated Indian Standard (IS)
codes and standardized testing procedures for evaluating
the printability of 3D printable cementations materials,
highlighting the need for the development of
comprehensive guidelines and specifications. In
addition, the hardened properties of the printed mortar,
including compressive strength, flexural strength, tensile
strength, interlayer bond strength, shrinkage, and long-
term durability, require detailed investigation to
establish its structural reliability. Future studies should
also focus on optimizing mix design, evaluating large-
scale printed components, and assessing the long-term
performance of 3D printed structures under different
environmental conditions to support their practical
implementation in the construction industry.
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