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Abstract—This paper reports the development of 3D
printable composites and laboratory-scale 3D printing
technology, which are capable of producing building and
construction components of properties and performance
comparable to conventional casting methods. The slump
test was carried out to examine the consistency and
workability of fresh 3D printable eementitious mixtures;
whereas the hardened density and compressive strength
measurements were conducted to assess the performance
of hardened 3D printable cementitious composites.

Index Terms—3D printing, cementitious composites, slump,
hardened density, compressive strength.

3D printing has been popularized in the past few years,
and is currently reaching out towards the built environment
sector [1]. The main benefits of 3D printing technology
include a reduction in labour and raw materials as well as the
freedom to design and create structures without the use of a
mould [2].

As 3D-printed structures are fabricated in layers, it is
crucial for the initial layer to not only able to withstand its
own weight, but that of the subsequent layers above it without
slumping. It is also important that there is adhesion of the
layers to minimize gaps that may compromise the mechanical
properties of the structures.

INTRODUCTION

This project aims to develop 3D printable composites and
laboratory-scale 3D printing technology, which are capable of
producing building construction materials with properties and
performance comparable to conventional casting methods.

The research study is proposed with a view to achieve
productivity and sustainability in a tropical built environment
(e.g. in Singapore and the Southeast Asia region). However,
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to date, most research work on materials development and 3D
printing additive manufacturing in Singapore had focused on
bio-materials and bio-organs as well as metals and alloys;
whereas studies related to 3D printable composite materials
for the built environment are still limited.

In view of the above-mentioned limitations, the objectives
of this research are:

e To formulate and optimize building composite mixtures
that can be produced using 3D printing technology.

o To evaluate the properties and performance of 3D printable
composite materials.

e To design and fabricate a laboratory-scale 3D printer,
capable of printing composite materials into 100-mm
cubes for compressive testing.

e To assess the properties and performance of 3D printed
cubes in comparison with those of conventionally cast
cubes, in accordance with current test standards for
building materials.

RESEARCH OBJECTIVES

IV. LITERATURE REVIEW

Feng et al. [3] studied the mechanical properties of
3D-printed structures using cementitious powder and
reported that the printing direction had significant influence
on the load-bearing capacity of the structure.

An approach had been proposed by Ferraris [4] to predict
the physical and mechanical properties of concrete from
rheological measurements of cement paste composition.

Various mixture feedstock/ingredients, mixing process
and equipment had been reviewed by van Zijl et al. [5], so as
to achieve the required adjustments from highly workable
cementitious mixtures for pumping to dough-like consistency
for extrusion and 3D printing.

Weng et al. [6] applied Fuller Thompson theory and
Marson-Percy model, being classic approaches for sand
gradation and packing fraction optimization respectively, to
study the rheological properties of various cementitious
mixtures and design for 3D cementitious materials printing.

The relationship between fresh and hardened paste, mortar
and concrete properties was examined by Buswell et al. [7] to
see its effect on the geometry of 3D-printed components.

Yeon et al. [8] examined the feasibility of using a
polymer-modified cement composite, comprising Portland
cement, fly ash, blast furnace slag, silica fume and a
water-soluble polymer. The fresh properties studied were
flowability, extrudability, open time, and buildability. The
addition of water-soluble polymer effectively improved the
performance of the 3D concrete printing material.
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The potential of fly ash based geopolymer cement had
been studied extensively by Panda et al. [9] for large-scale
additive manufacturing. They cited that the compressive,
flexural and tensile strengths of extrusion-based 3D printable
geopolymer mortar were mostly dependent on loading
directions.

A new additive manufacturing processing route was
introduced by Gosselin et al. [10] for ultra-high performance
concrete, which allowed the production of 3D large-scale
complex geometries without the need for temporary supports.

V. MATERIALS AND METHODS

For the additive manufacturing process, the project team
had designed and fabricated a laboratory-scale 3D printer
using the screw extrusion system (SES) capable of printing
100-mm cubes for compressive strength analysis. Three
cementitious mixtures had been developed to achieve
composites which could flow within the controllable slump
limits when 3D-printed, namely:

e Cement Paste X (CPX)
e Cement Paste Y (CPY)
e Cement Mortar A (CMA)

For cement pastes, CPX had a smaller water-cement ratio
(w/c) compared to CPY; whereas the w/c of cement paste
(CPY) was nearly similar to that of cement mortar (CMA).

The SES method of extrusion was found to be more
efficient than the positive displacement pump used in many
3D printing research laboratories [11]. General compositions
for the cementitious mixtures consisted of fly-ash blended
cement, sand (for mortar) and tap water as the mixing water.

A miniature truncated cone of 40-mm height was used to
measure the slump of the cementitious mixtures. A higher
slump indicated better consistency and workability.

The 100-mm block specimens were 3D-printed using a
laboratory-scale gantry type 3D printer (Fig. 1). Specimens of
similar mixtures were also conventionally cast using 100-mm
cube moulds.

The 3D-printed and cast specimens of cement pastes
(CPX and CPY) were air-cured for 21 days and cement
mortar (CMA) for 7, 14, 21 and 28 days. Their hardened
densities were measured (in accordance with ASTM C642),
followed by compressive strength testing (BS EN 12390-3).
A lower hardened density value implied a lighter-weight
composite; whereas a higher compressive strength denoted
better mechanical performance in axial compression.

Fig. 1. Laboratory-scale gantry type 3D printer and 3D-printed block
specimens using different nozzle diameters.
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VI.

The average slumps of cement pastes (CPX and CPY) and
mortar (CMA) were found to be in the range of 10 to 15 mm,
in order for the mixtures to be 3D-printed smoothly.

From Fig. 2, it is noted that the hardened densities of these
cementitious composites varied from 1538.07 to 1984 kg/m?.

The hardened density of 3D-printed mixture X (3DCPX)
was 1913.75 kg/m3which was 23.75 kg/m=or 1.26% higher
than conventionally cast mixture X (CCPX) of 1890 kg/m3as
shown in Fig. 2. The 3D-printed mixture Y (3DCPY) was
1984 kg/m3which was 115 kg/mZor 6.15% higher than cast
mixture Y (CCPY) of 1869 kg/m= These findings were in
good agreement with those reported by Le et al. [11].

RESULTS AND DISCUSSION
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Fig. 3. Compressive strengths of 3D-printed and cast specimens.

As observed in Fig. 3, compressive strength was higher in
3D-printed specimens as compared to conventionally cast
specimens; the difference being more significant at lower wic:

e The 3DCPX specimen recorded a higher compressive
strength of 50.37 MPa, which was 13.20 MPa or 35.51%
higher compared to CCPX of 37.17 MPa.

e The 3DCPY specimen exhibited a greater compressive
strength of 38.41 MPa, which was 1.09 MPa or 2.92%
larger as compared to CCPY of 37.32 MPa.

e The 3DCMA specimen also showed a larger
compressive strength (49.52 MPa), which was 3.47 MPa
or 7.54% greater as compared to CCMA of 46.05 MPa.

This could be due to the screw extrusion mechanism of the
SES equipment which facilitated a more thorough mixing of
the composite cement and water, and also compacted the
mixture further as it was extruded at the nozzle, leading to
rapid densification and strengthening of material. This is also
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consistent with the observation by Pitt et al. [12] who reported
up to 73% increase in tensile strength of 3D-printed samples
compared to moulded composites due to densification of
paste and fibre in-situ directional alignment.

The layering flow pattern was highly critical in controlling
the slump, shape, and adhesion of the subsequent layers [13],
[14]. For example, Megid and Khayat [15] cautioned that the
multi-layer casting of self-consolidating concrete can be
critical in situations involving the casting of successive lifts.

Fig. 4 shows that the compressive strengths of 3D-printed
cement mortar (3DCMA) and conventionally cast cement
mortar (CCMA) increased with curing age in air from 7 to 28
days, due to increased cement hydration with time. As with
cement pastes, 3D-printed cement mortar specimens had
greater compressive strengths compared to conventionally
cast cement mortar specimens.

Strength {MPa)

n

Fig. 4. Compressive strengths of 3D-printed and cast cement mortars.

VII.

As there are limited studies on 3D printable cementitious
composites, compared to the well-established standards for
conventionally cast composites (e.g. cement paste, mortar and
concrete), the data and correlation between 3D-printed and
cast specimens from this study can be geared towards the
generation of technical references leading to SS (Singapore
Standard) or ISO/ASTM Standard for industry adoption.

CONTRIBUTION AND POTENTIAL IMPACTS

VIII.

The custom-built lab-scale 3D printer of screw extrusion
system (SES) can be used to print 100-mm cubes of three
optimized cementitious mixtures for analysis of slump,
hardened density and compressive strength.

Optimum parameters were identified with the SES method
in relation to hopper feed rate; extruder screw revolution;
compression ratio; nozzle, barrel, and screw diameters.

The 3D-printed cementitious composites (cement paste
and mortar) had higher compressive strengths compared to
those of conventionally cast composites, especially at lower
water-cement ratios (w/c).

Compressive strengths of 3D-printed and conventionally
cast cement mortars increased with curing age in air from 7 to
28 days.

Further tests are needed to study and correlate rheological
properties of cement paste, mortar and concrete mixtures with
3D printer optimum parameters and specifications.

CONCLUSIONS AND RECOMMENDATIONS
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