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Abstract

The construction sector is one of the top industries worldwide with about 13% of global industrial expenses but
has a very low productivity of only about 1% of annual growth in productivity. The low productivity in the
construction industry results in high costs of production. 3D printing of concrete is an evolving technology which
utilizes digital and material technology to allow free-form construction without the use of formwork. 3D printing
of concrete can significantly reduce the construction time and cost. The aim of this study is to determine the
optimum mix for printable concrete with pumpability, extrudability, buildability and shape retention
characteristics and print it using a 3D printer capable of extruding concrete in 3 different axes.

Introduction

Concrete is one of the most important materials in the construction industry [1]. Concrete offers formability, heat
resistance and durability at low production costs. Concrete looks simple, but it has many hidden problems. A
construction site is where concrete is transported, pumped, compacted, and hardened using traditional methods
[2] [B]. It has been observed that a formwork accounts for about 30 - 40% of the total cost of construction and the
cost of the formwork will be increased if the building design is more complex [3] [4]. Also, this formwork would
be discarded after using it for several times, this adds to the production and management of the waste produced
from the construction sites [5] [7].

The construction industry can account for about 13% of industrial expenses globally [10] [12]. But it has a very
low productivity of only about 1% of annual growth in productivity. Construction sector has a habit of low
productivity and underdeveloped in technological capabilities, while other industries have mechanized their
manufacturing processes[13] [14]. The low productivity in the Construction industry results in high costs of
production.

Concrete 3D printing is @ new technology that uses digital and material technologies to create freeform shapes
without the use of formwork[16] [18]. However, in a conventional method of construction, concrete [15] [16] is
poured into the Mold. Concrete 3D printing technology, also known as additive [17] [18] manufacturing
technology, is a technology that creates structures by adding materials successively layer by layer.

3D Printing in Construction Industry

3D printing is a layered manufacturing process that applies materials layer by layer [20]. To facilitate easy
extrusion of material through the nozzle, the material nozzle must be flowable so that the nozzle is not

6634




Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 44 No. 6 (2023)

chocked. When the layer is extruded from the die, it must be strong enough to withstand its self-weight and the
deformation due to the weight of the layer printed above it.

From a rheological point of view, the materials used for 3D printing should act like low viscosity liquid inside
pumps and nozzles. It must be strong enough to withstand the deformation and harden after it is being printed.
Silica fume is a nanomaterial added to concrete to gain strength.

Characteristics of 3D printable concrete
1. Pumpability

Extrudability

Buildability

> B b

Strength

1. Pumpability - It is known as the ability of concrete to flow through pressurized pipes while retaining the
original characteristics of concrete. Thus, when concrete is pumped, if spaces or voids between aggregates are not
filled with mortar, or if the mortar is too thin and runny, pump pressures cause segregation, forcing water through
the miXx.

2. Extrudability - Extrusion is the process of forcing a concrete paste through a nozzle to a high shear force,
resulting in the liquid behaviour of the concrete. Higher flow-ability, up to certain limit, results in easier extrude-
ability and vice versa.

3. Buildability - Buildability is the ability of a deposited material bulk to maintain its dimensions under
increasing load. This is an inherent prerequisite for formwork free digital concrete construction.

4. Strength - The strength of concrete its ability to resist compressive loads to which it is subjected. Stiff
concretes are stronger, more watertight, and more resistant to weathering compared to flowable concrete.

Literature Review

Yiwei Weng et al. (2021): They worked on a System in which concrete and bonding agent are applied
simultaneously through a nozzle. The results showed that, if the time between printing the layers is 40 minutes,
the bond strength of specimen with a small amount of cement paste as the bonding agent is 2.67 times more than
the bond strength of specimen without bonding agent. Manu Santhanam et al. (2020): Researchers have focused
their study on the development of extrusion-based 3D printing technology for concrete. This paper describes
the development of 3D printable concrete based on Portland cement. Based on the test results, it was concluded
that a yield stress in the range of 1.5 to 2.5 kPa is required to achieve extrudability and buildability. If the yield
point is below the range, the mixture becomes flowable and is not buildable. Mixtures with yield strengths
beyond this range are stiff and not extrudable. Karthick Manikandan et al. (2020): In this article, fresh
cementitious mixtures with different amounts of silica fume and superplasticizer were considered based on the
rheological properties of 3D printable concrete. The print area was 20 cm x 20 cm x 20 cm. Of all mixtures, the
optimal mix Composition was cement-97.5%, silica fume-2.5% and superplasticizer-1.5%. The optimum mix
slowly recuperates the yield strength and does not affect the underlying layer during printing

Yu Zhang et al. (2019): This study deals with the rheological and hardened properties of high thixotropic
3D printable concrete. Five mixtures with sand/cement ratios of 0.6 to 1.5 were tested to obtain the optimum
mixture suitable for 3D printing.

The hardened properties such as anisotropy (compression and bending), elastic modulus, and drying shrinkage
were investigated. The test results show that as the S/C ratio increases, the viscosity and yield strength
increase, but the thixotropy decreases. The compressive strength and flexural strength in the z-axis loading
direction were higher than those of the y-axis and X-axis. Flexural strength was reduced when concrete was
stiff due to voids between layers and poor adhesion between layers of printed concrete. A.V. Rahul et al.
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(2019): They worked on a concrete mix design that was based on the yield strength and could be printed on a
3D printer. The moldability, extrudability and strength of the mixture were found. It was found that mixtures with
a yield stress in the range of 1.5 to 2.5 kPa were workable. Mixture with Portland cement and fly ash lacked
stability and robustness and printable only for 15 min. The addition of Nano clay, SF and VMA increases the
robustness, buildability, and yield stress of the mixture. 3D printable concrete that contained SF, NC and VMA
were printable for 30, 30 and 45 minutes, respectively. Yu Zhang et al. (2018): Their research focused on the
development of 3D printable concrete inks that has good fluidity during movement. Cement paste is altered
by adding nano clay (NC) and silica fume (SF). The results showed that the thixotropy, green strength of
concrete and the buildability of concrete increased with the addition of nano clay and silica fume. Geert De
Schutter et al. (2018): In this research journal, 3D printing of concrete is studied from a technical, economic,
and environmental point of view. The range of building materials for 3D printing is very limited. 3D printed
concrete structures reduce labour, material, and machinery costs; reduce material waste and lower construction
costs compared to conventional construction methods.

Objectives

Fabrication of a 3D printer which is capable of extruding concrete in 3 different axes through a nozzle effectively.
To develop an optimal concrete mix design suitable for 3D printable concrete using silica fume and nano clay.
To build a prototype of a typical vertical wall panel using 3D concrete printer.

To achieve a concrete mix which can provide maximal buildability upon pouring of concrete and to maximize the
flowability of the concrete mix to ensure the nozzle doesn’t get choked.

Methodology

The key objective of this study is to arrive at an optimum mix design for 3D printable concrete which has
pumpability, extrudability, buildability and shape retention by use of nano materials (silica fume) [21].

Various materials required for preparing 3D printable concrete are characterised and their physical properties are
determined [22]. Cement, Silica Fume, Superplasticizer, fine aggregates, and Water are the ingredients required.
Basic tests are performed on cement and fine aggregates to assess their quality [22]. Cement is tested for its
specific gravity and fineness. Fine aggregates are tested for their specific gravity and fineness modulus [24].
Incorporating Silica fume into the mix helps in immediate shape retention after the concrete is printed and gaining
of strength [25].

The workability of the 3D printable concrete is checked using mini flow table test. The optimum mix should
be flowable enough so that the nozzle doesn’t get chocked. Mini flow table test is conducted for mixes with
varying superplasticizer dosage. The optimum dosage of the superplasticizer for a workable concrete can be
obtained [23].

Buildability and extrudability are the main characteristics of 3D printable concrete [27]. This can be tested using
a laboratory vane shear apparatus. Vane shear test is done on the workable mixes to determine their yield strength.
Yield strength of concrete gives an idea about the buildability and extrudability of the mix [28]. If the mix is too
flowable with low yield strength, it is not buildable; and if the mix is very stiff, it is difficult to be extruded.

The prototype model of a 3D printer is fabricated using aluminium box section which can move and print in
3different axes. The obtained optimum mix is printed and tested for buildability, extrudability and shape retention.

6636



Tuijin Jishu/Journal of Propulsion Technology

ISSN: 1001-4055

Vol. 44 No. 6 (2023)
=v
A
Y
R N

Flow Chart 1- Methodology

< 7

—3

M
N
N

Workability test on Printable Concrete

The 3D printable concrete should be flowable enough so that the nozzle doesn_t get chocked. If the mix is too
flowable with very high flow%, the buildability is affected. And if the mix is stiff, extruding the 3D printable
concrete from the nozzle is difficult. Hence an optimum mix design it to be attained which has good
workability, buildabilty and extrudability. The mini flow table test gives an idea about the workability of the
mortar mix. The optimum mix is obtained by conducting mini flow table for mixes with varying
superplascticizer dosage hence determining the optimum dosage of the superplasticizer.

Mini flow taple  Filling the mould with  Spread of mortar after

Measuring the
, mortar flow test
apparatus spread of the mortar
Table 1 Average Spread for different superplasticizer dosages
Sl Superplasticizer Dosage IAverage Spread (cm)
(%0)
Trial 1 Trial 2 Average

No.
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1 0.50% 11 10.6 10.8

2 0.75% 13.43 13.58 13.505
3 1.00% 15.5 15.3 15.4

4 1.25% 17.86 18.5 18.18
5 1.50% 21.3 20.7 21

6 1.75% 20.1 20.6 20.35
7 2.00% 19.4 20.2 19.8

Table 2 Flow value for different superplasticizer dosages

S1 No. Superplasticizer Dosage Average Spread, D Flow (%0)
(%0) (cm)

1 0.50% 10.8 8

2 0.75% 13.505 35.05

3 1.00% 15.4 54

4 1.25% 18.18 81.8

S 1.50% 21 110

6 1.75% 20.35 103.5

7 2.00% 19.8 98

From the results for a superplasticizer dosage of 1.5%, the flow value obtained is about 110%. For a 3D
printable concrete, the flow value should be in the range of 110-115%. The combination of 97.5% cement,
2.5% silica fume and 1.5% superplasticizer with water/cement ratio of 0.3 is workable.

Yield Strength of Printable concrete

Mix proportion =97.5% Cement + 2.5% Silica Fume with varying percentage of Superplasticizer (1.25%, 1.5%,
1.75%, 2%)
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Table 3 Maximum torque applied.

S1 No.  [Superplasticizer Difference in Degrees (*) Torgue
Dosage (%) Trial 1 Trial 2 Average (kg-cm)
1 1.25 5 5.5 5.25 0.116667
2 1.5 4.5 4 4.25 0.094444
3 1.75 2.5 3 2.75 0.061111
4 2 2 2 2 0.044444
Table 4 Yield stress for various mixes

Sl Superplasticizer Torgue Yield Stress Yield Stress

INo. Dosage (%0) (kg-cm) (kg/cm2) (kPa)

1 1.25 0.116667 0.0287 2.8124

2 1.5 0.094444 0.0232 2.2767

3 1.75 0.061111 0.0150 1.4732

4 2 0.044444 0.0109 1.0714

From the results it is incurred that for superplasticizer dosage 1.5%, the yield stress obtained is about 2.27kPa.
For the mortar to have buildability and strength, the yield stress should be between 1.5-2.5kPa. When the yield
stress is less than this range, the mix becomes flowable and is not buildable. Mixes with yield stress greater than
this range, the mix is stiff and not extrudable. Therefore, the mix with 97.5%cement + 2.5% silica fume + 1.5%
superplasticizer and 0.3 water cement ratio is optimum.

Fabrication of 3D Printer

3D printing using cement on a large scale offers a revolutionary alternative to traditional moulding techniques.
Instead of relying on manual placement and moulds, this method uses a computer-aided manufacturing process to
place or solidify specific amounts of material layer by layer with precision. This approach can be broadly
categorized into three main phases: data configuration, concrete mixture formulation, and the actual component
printing.

Designing an efficient machine that can serve as a 3D printer tailored for the concrete mixture is fundamental to
ensuring the project's success. The design process isn't straightforward; it demands careful consideration of
numerous factors. For one, the printer must meet certain criteria, ensuring it's capable of handling the unique
challenges presented by concrete printing. Furthermore, the selection of materials used in the printer's construction
is vital. These materials should adhere to specific standards to ensure both the machine's longevity and the quality
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of its output. In essence, each step of the process, from the initial data preparation to the final printing, is
instrumental in achieving the desired results, and careful planning is paramount.

Materials and Specifications

Aluminium hollow section 1.5-inch thickness (Im cut down for vertical support of the frame, 1.2m cut down
for horizontal support of the frame).

L-Shape angles 1.5-inch thickness for joining horizontal and vertical supports.
1-inch screws for locking joints.

Threaded rods 4start 2mm pitch 8mm diameter with length of 1metre.
Brass T-nuts for y-axis lifting.

Nema-17 stepper motors for movement along the planes.

Limit switches to act as boundaries for printable area.

Couplers to connect threaded rods and motors.

Arduino Mega to act as a controller unit.

25amps 12V SMPS for the constant power supply.

RAMPS 1.4 for act as the motor driver.

GT2 belt with 2mm pitch

2mm pitch pulleys and linear rails for movement along the plain.

6200 circular bearings for planar movement support.
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Fig 1- Front Profile Sketch-Up Model
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Fig 4. Front view of the model

Printing of a wall panel

1. The raw materials i.e., cement, silica fume, superplasticizer and fine aggregates are weighed according to the
optimum mix obtained (97.5% cement + 2.5% silica fume +

1.5% superplasticizer with w/c ratio of 0.3). The materials are mixed to obtain a homogenous miXture.
2. The 3D printable concrete is then pumped into the nozzle.
3. A rotating auger is fitted into the nozzle to prevent setting of the mixture in the nozzle.

4. The concrete is extruded from the nozzle and then printed layer by layer according to the dimensions of the
component to be printed.

Therefore the mix with 97.5%cement + 2.5% silica fume + 1.5% superplasticizer and 0.3 water cement ratio is
optimum.
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Fig 5. 3D Printed wall up to lintel.

Conclusions

The specific gravity and fineness of cement is obtained as 3.15 and 4% respectively. The specific gravity and
fineness modulus of the fine aggregates used are found to be about 2.65 and 3.06 respectively. The values obtained
are within the standard range.

Mini flow table test is conducted on mixes with varying superplacticizer dosages. The flow value obtained for
1.5% superplacticizer dosage is about 110%. For the 3D printable concrete to be workable and to have fluidity,
the flow value should be between 100 — 115%. The obtained flow value for 1.5% superplacticizer dosage is
well within the desired range.

. Vane shear test is conducted on workable mixes of mortar to determine their yield strength. The yield strength
of the mix with 1.5% superplacticizer dosage is obtained as 2.27kPa. For buildability and extrudability of the
3D printable concrete from the nozzle without getting chocked, the yield strength should be in the range of 1.5 —
2.5 kPa. The obtained value of yield strength for 1.5% superplacticizer dosage is well within the desired range.

Hence the optimum mix design of 3D printable concrete is 97.5% cement + 2.5% silica fume + 1.5%
superplasticizer. A ratio cement:fine aggregate of 1:1.5 and water:cement ratio of 0.3 may be considered
desirable with 2.5% of silica fume and 1.5% superplasticizer of the cement content for 3D printing.

. 3D printing of structures is a promising technology which can provide cost effective construction of houses. It
reduces the labour cost and the cost of formwork. The rate of construction in 3D printing technology is fast,
hence construction time is saved.

3D printing technology can be used in construction of large number of houses within a short period of time. It
can be used in PMAY (Pradhan Mantri Awas Yojana — housing for all mission by the Indian government) where
2 crore houses are to be built by year 2022. 3D printing technology can also be utilized in construction of
affordable houses for the people who have lost their homes due to natural calamities.
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