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Abstract: Three-dimensional concrete printing (3DCP) is often employed to fabricate building components
with complex geometries and without the need for formwork. 3DCP allows creating hollow sections, which
reduce the self-weight of structures. This study explores the potential of 3DCP in the manufacturing of a
lightweight prefabricated staircase and evaluates its structural performance. The staircase is designed using
computer-aided design (CAD), fabricated by 3DCP, and tested according to the Australian Standard (AS
1657-2018). Around 58% of material saving is achieved through the hollow design compared to a solid
concrete staircase. The fabrication of a 3-riser staircase took 19 minutes. The experiment testing indicates
no permanent mid-span deflection after completing the standard testing procedures under a load range of
up to 3.0 kN. The deflection results from the experiment are considerably less than the maximum acceptable
deflection of 7.47 mm, proving that the printed staircase complies with AS 1657-2018 — Fixed platform,
walkways, stairways and ladders.
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1. Introduction

Three-dimensional concrete printing (3DCP), one of the subdivisions of additive manufacturing, is often
used to fabricate buildings or construction components with complex geometries (1). In Australia, 27 million
tonnes of construction and demolition waste were generated from 2018 to 2019, around 44% of the total
waste generated (2) with more than A$50 billion spent on waste and resource recovery each year (3).
Adopting 3DCP reduces material usage and component self-weight by fabricating structures with hollow
sections. It also reduces formwork waste in construction and further reduces recovery costs. In addition,
3DCP provides high degrees of freedom in design and manufacturing compared to other traditional
technologies. The focus of 3D-printed lightweight structures is to achieve weight reduction without
compromising their mechanical properties and structural adequacy.

A comparative literature review indicates wide applications and studies of 3DCP on buildings, columns,
walls, and bridges, which come with an in-depth review of the field, experimental analysis, or advanced
numerical modelling. Anton et al. (4) focused on identifying all necessary steps of prefabricated columns by
3DCP and highlighted the significance of testing 3DCP components in structural and durability aspects
according to local standards. Salet et al. (5) designed a 3DCP bicycle bridge and tested it both
experimentally (destructive and in-suit test) and numerically (finite element analysis). Only a limited number
of studies have been conducted on the 3DCP staircases. Industrial products of 3DCP staircase often lack
evidence supporting fulfilling local standards. The staircase configurations vary from project to project,
potentially bridging with computer-aided design. The current applications of computer-aided technologies
(CATSs) are often in medical and structural engineering fields, such as 3D-printed orthosis (6), small wind
turbine blades (7), and a post-tensioned concrete girder (8). 3DCP provides a solid foundation for applying
CATs in prefabricated concrete with a high degree of freedom in design and fabrication. Therefore, this
study focused on designing a lightweight staircase using CATs and fabricating the designed staircase with
3DCP. Then experimental tests were conducted on the printed staircase according to AS 1657-2018.

2. Methodology

2.1. CAD and specifications

The design process started with identifying the geometry requirements from AS 1657-2018 (Fixed platforms,
walkways, stairways, and ladders - Design, construction and installation). Rhino 7 and Grasshopper were
employed during the design stages. The design of the 3DCP staircase followed the two-step approach. Step
1 was to generate a staircase outline to ensure all dimensions meet Australian Standard 1657-2018. Step
2 was to design a hollowed structure within the outline boundary created in Step 1. The aims of Step 2 were
to improve the structural performance of the staircase and provide a feasible printing route. The functions



of adjustable staircase dimensions were embedded in the Grasshopper script, which allows changes in
staircase width, riser height, tread depth, nosing length and step numbers.

2.2.  3DCP manufacturing

A full-scale staircase was manufactured by a 3D concrete printer once the design was completed. The
3DCP production area can be divided into four sections: material preparation zone, material handling zone,
robotic arm operation zone, and control and supervision zone (4). The properties of the material used in
fabricating the 3DCP staircase were: density of 2100 kg/mz, compressive strength of 81 MPa, Elastic
modulus of 42.98 GPa and Poisson’s ratio of 0.16. Production of 3DCP mortar was completed in the material
preparation zone. After all materials and admixtures were weighed, a pan mixer was used for mixing. Once
the material was properly mixed, the fresh mortar was transported to the material handling zone. The
material handling zone contains one mortar pump, which pumped the 3DCP mortar into the 25 mm round
extruder (nozzle). A robotic arm held the extruder for 3D printing based on the design script. A standard
1200 x 800 mm printing bed (a pallet) was set up underneath the 6-axis robotic arm. The operating space
was set up based on the printing bed size and the model’s height. The control and supervision zone was
used to minimise the risk caused by potential hazards from the manufacturing process and create a safe
environment for researchers to monitor the robot’s motion, print speed and flow speed.

The designed contour length of a single-layer printing route is 3734 mm, and the estimated total material
usage is 175 kg. The staircase was manufactured in two batches with 20 layers each. 600 mm of staircase
width was reached after the full 40 layers were printed. Once the first batch was printed, water spray was
used to minimise moisture evaporation from the surface of the concrete. The second batch was printed
three hours after the first batch. A binding agent (equal portions of cement and a latex additive) was used
and applied at the top of the first printed batch before starting the second batch. After the second batch was
completed, the staircase was sprayed and sealed with a plastic film. The staircase was left for curing, and
the film was removed after ten days.

2.3. Experiment procedure

The lower end of the staircase was supported by a pinned support, and the upper end was backed by a
roller support. The distance between the two supporting points was 747 mm. An H-frame was attached to
the staircase, which controlled the staircase position in its X-Z plane by connecting it to a crane. Once the
levelled step tread was achieved, the plaster was applied between the supporting plate and the staircase
landing. The H-frame was removed after the plaster was hardened, and the step tread remained level. The
top surface of the tread spans was rendered to flat and levelled surfaces for uniform loading transfer during
the testing. After the preparation was completed, the staircase was relocated under the 500 kN actuator
with a loading cell of 46 kN. All concentrated loads from loading conditions 1 to 4 were applied through a
100 x 100 mm steel plate as required by the standards. Dead loads were used to generate a uniform
distributed load of a minimum of 2.5 kPa on every staircase tread. Two 300 mm draw wire sensors were
attached to the staircase to collect deflection data of the tread span and the mid-span between the two
supports. The 100 mm LSCT displacement transducer was fitted next to the staircase supports to monitor
the displacement changes on the base plate. The verification and testing of the staircase followed the
instruction in AS 1657 — Appendix D. The designed width of the staircase was 600mm. Thus, testing
procedures D4.1, D4.2, and D4.4 were conducted (9). Five loading conditions were studied, which were:

1.5kN concentrated load was applied at the centre of the second tread (Figure 1-a).
3.0kN concentrated load was applied at the nosing of the second tread (Figure 1-b).
1.5kN concentrated load was applied at the nosing of the first tread (Figure 1-c).
3.0kN concentrated load was applied at the nosing of the first tread (Figure 1-c).
2.5kPa uniform distributed load was applied on each tread (Figure 1-d).
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Figure 1. Loading conditions (simplified model shown): (a) 1.5kN concentrated load was applied at
the centre of the second tread, (b) 3.0kN concentrated load was applied at the nosing of the
second tread, (c) 1.5kN concentrated load was applied at the nosing of the first tread, and 3.0kN
concentrated load was applied at the nosing of the first tread, and (d) 2.5kPa uniform distributed
load was applied on each tread



Figure 2. 3D-printed staircase and the experiment setup
3. Results and Analysis

3.1. CAD of 3DCP Staircase

The printing route for the designed staircase was designed without overlapping and sharp turnings. The
printing route was smoothened by removing redundant coordinate points, which ensured a uniform printing
speed and high print quality. The detailed dimension for the designed staircase is shown in Figure 3.
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Figure 3. Dimensions (mm) of the staircase



3.2.  3DCP Manufacturing

The printed staircase was self-supported, and the printing layers were well-joined. A 25 mm round nozzle
was used for this print. Due to swallowing after extrusion, the width of printed filaments was 38.6 mm. It is
recommended to have a trial print to better understand the actual width of the printing filament. The printing
route should be adjusted according to the trial print outcomes to ensure the designed segments are
successfully joined. The average layer thickness of printed filament was 15.14 mm. The first layer of each
batch of printing had a smaller layer thickness than all the other layers at around 12 mm. Three imperfections
were identified after printing: non-uniform printed filaments at layers 12 and 13, and pores at layer 40. The
printed staircase used 0.08 cubic meters of materials. The estimated material usage of a typical staircase
fabricated using formwork with the exact size of the riser, going and landing as it of the 3DCP staircase is
0.19 cubic meters. Wet mixtures were manually fed into the pump. The advantage of manual feeding is
having all materials mixed in a concrete mixer, producing homogenous wet mixtures. The disadvantage of
it is affecting the consistency of the volume of materials pumped and the layer thickness. Improvements in
material handling can sufficiently enhance the printed results, especially for layer thickness and quality
improvements. The staircase was printed in two batches, improving the bottom layers' load-carrying
capacity at the early stage. The dimensions of the staircase were different from the designed dimensions,
which is due to the shrinkage of the concrete mortar. It is recommended to conduct further research on
control measurements of shrinkage.

3.3. Results

Following the loading-unloading sequence based on the Australian Standards testing procedures, the
experimental results are summarised in Table 1. The maximum (during loading) and permanent
displacement (after loading was removed) were identified through the experiment. The loading and
unloading rates were maintained at 0.001 mm/sec during testing for conditions 1, 2, 3 and 4. The deflection
results were based on the experimental data collected from the 46 kN load cell and draw wire sensors. Dead
loads were used for loading condition 5, where only data from draw wire sensors were analysed.

3.3.1. Loading Condition 1

Under loading condition 1 (1.5 kN concentrated load applied at the centre of the second tread), the
second tread of the staircase experienced a slightly greater peak deflection of 0.10 mm than that of
the mid-span. The loading phase indicates that the mid-span deflection was lower than the second
tread centre deflection between 0.4 kN and 1.1 kN, which also occurred at the unloading phase when
the load dropped below 0.6 kN. However, a similar level of deflection was observed at the two
locations when the load was between 0.6 kN and 1.5 kN (at the unloading phase) and between 1.1
kN and 1.5 kN (at the loading phase).

3.3.2. Loading Condition 2

Under loading condition 2 (3.0 kN concentrated load applied at the nosing of the second tread), the
deflection of the centre of the second tread had a slightly more significant displacement of 0.18 mm
than the mid-span deflection. The difference in displacement was relatively small between the second
tread centre and mid-span at the unloading phase when the load was between 2.5 kN and 3.0 kN. In
the loading phase, the mid-span deflection was slightly higher than the second tread at a load range
from 1.8 kN to 2.6 kN.

3.3.3. Loading Conditions 3 and 4

In loading conditions 3 and 4, 1.5 kN and 3.0 kN concentrated loads were applied at the first tread’s
nosing. The centre of the first tread under loading conditions 3 and 4 had more considerable
deflections than the mid-span of the staircase. With the load doubled, the first tread centre deflection
increased by around 110%, from 0.08 mm to 0.17 mm. In loading condition 3, the first tread centre
deflection was lower than the mid-span deflection for the load under 0.6 kN. In the unloading phase,
the deflection behaviour was similar between the two locations before the load started to drop below
0.5 kN. In loading condition 4, the deflection of the staircase mid-span had similar behaviour at the
loading and unloading phase when the force is between 1.5 kN and 2.5 kN.

3.34. Loading Condition 5
Based on the recorded displacement data, the mid-span and first tread centre displacement was zero
during loading, and no permanent deflection occurred at this stage.



Table 1. Results of experimental testing for five loading conditions

Loading conditions Deflections (mm)

Loading

o Descriptions 1st tread centre 2" tread centre Mid-span
condition #

1.5kN point load
1 at the centre of 2nd n/a 0.10 0.09
tread
3.0kN point load
2 at the 2" tread n/a 0.18 0.17
nosing
1.5kN point load
3 at the 15t tread 0.08 n/a 0.05
nosing
3.0kN point load
4 at the 1st tread 0.17 n/a 0.00
nosing
2.5kPa uniform
5 distributed load on 0.00 n/a 0.00
each tread

3.4. Discussion

The staircase specimen showed no visible crack throughout the testing process due to the test being
undertaken in its elastic region. Experiment results indicated that the most significant downward deflection
occurred at the staircase mid-span under loading condition 2. The results showed that the tread centre had
a more considerable deflection than the mid-span of the staircase under loading conditions 1 and 2.

The accuracy of experimental testing results was also affected by the experiment setup. In loading
conditions, 1 to 4, the 500 kN actuator contains a +/- 1% error (5 kN), which is greater than the target load
of 1.5 kN or 3.0 kN. In loading condition 5, the use of dead loads considerably increased the accuracy to +/-
1 N by manual weighting but generated a sudden loading. Also, The low load acted on the staircase created
a poor contact condition between the staircase specimen and supports. In addition, the minor displacement
measured by the draw wire sensors was impacted mainly by the environmental noise. For loading conditions
3 and 4, the accuracy of loading position and direction can significantly affect the deflection behaviour of
the staircase. Downward deflection occurred at loading condition 3, and no deflection occurred at loading
condition 4 at mid-span. The potential reason for this is that the actuator is not perfectly vertical due to the
limitations of the test frame, which produced a slightly angled loading.

4. Conclusions

This 3DCP staircase study approved the feasibility of employing a parametric design in the prefabricated
staircase. Various configurations can be achieved by modifying the input parameters of step number, riser
height, width, tread depth, nosing, and landing size in Grasshopper. The designed staircase is successfully
manufactured by the 3DCP system with reduced material usage. The experimental testing focuses on
cumulative displacement and deflection which indicates that there is no final permanent deflection for the
mid-span, which approved that the designed staircase complies with the structural performance stated by
the Australian Standard (AS 1657- 2018). The outcomes demonstrate a future pathway for applying 3DCP
in manufacturing prefabricated staircases.

The actuator used in the experiment is challenging for precision control of small loads (as required by the
standard). In addition, due to space limitations, the staircase needs to be moved for different loading
positions. This means continuous and noninterrupted results cannot be obtained because the measurement
instructions must be reset each time the staircase moves.
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