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Abstract. Recently, Three-Dimensional Concrete Printing (3DCP) has gained its popularity as
construction material. It offers several advantages over conventionally casted concrete such as
absence of formwork, reduction of construction equipment transportation, greater safety,
reduction of labour cost, and many others. However, the technology also comes with many
challenges. Researches in this area can be classified into two issues which are fresh and hardened
states of the printed concrete. Investigation of fresh concrete focuses on the optimal design of
rheological properties which determines the pumpability, extrudability, and buildability. While
mechanical properties of hardened 3DCP are usually investigated by adopting standard tests for
conventionally casted concrete. However, due to the complexity of printing process, it is often
that 3DCP behaviours cannot be predicted by its mechanical properties obtained from the tests.
This paper reviews some studies done by others to highlight potential manufacturing process
related weak points of 3DCP as structural beam members.

1. Introduction

In this rapidly growing technology era, one concrete construction method has been relatively favoured
to be researched and developed, namely the Three-Dimensional Concrete Printing (3DCP) [1].3DCP is
a technology to build concrete by extruding plastic mortar against a casting bed through a nozzle opening
which movement is controlled by a robotic arm system [2]. The extruded mortar filaments will shape
certain desired 3D body of concrete by adding subsequent layers on top of previous ones, without the
use of any formwork. Aside from freedom of formwork, 3DCP has many other advantages, some of
them are reduction of construction equipment transportation, reduction of construction time and
expenses, greater safety, and saving labour cost [3]. However, to fully utilize those benefits, complexity
of 3DCP process rises many challenges. Characteristic of both fresh and hardened states of the concrete
should be well investigated.

Fresh concrete for 3DCP should possesses good rheological properties such as pumpability,
extrudability, and buildability [4]. Those can be achieved if the mix design of the fresh concrete is well
collaborated with the chosen printing process. In other words, different printing process may require
different mix concrete design for a successful 3DCP. Consideration of the fresh concrete itself may
include the initial yield strength and its development, and the setting time. The yield stress should be
low enough that the concrete can be pumped and extruded, but its strength development should be quick
enough that the extruded layer could sustain the load from the subsequent layers above. Setting time
should be designed that the fresh concrete remains workable during printing process. Logically, in the
design process of those properties, the printing process should already be included. Planar path of each
layer, relative height of subsequent concrete layer, and speed of printing head (deposition rate) should
be balanced that the extruded material could remain stacked, bonded in layers and sustain the weight of
other layers that are deposited on top. This challenging relationship between fresh concrete and the
manufacturing process of 3DCP has attracted many researchers [5-6].
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The next thing that becomes the concern of engineers after successfully constructs 3DCP without
collapse, is the quality of the resulting hardened concrete. Commonly, researchers adopt standard tests
of conventionally casted concrete to measure the quality of hardened 3DCP. Le et al. [7] conducted
experiments that can give some idea about 3DCP hardened properties. Due to gently vibrated hopper
and small pressure during extrusion, good 3DCP tends to have higher density than that of conventional
concrete. However, it should be noted that the higher density observed were measured from specimens
which were cut from 3DCP slab which was relatively easy to print. Compressive strength showed
variations (72 MPa to 102 MPa) if the test samples were cut from different printing specimen, even with
the same fresh concrete. Specimens which were cut from printed slab showed higher strength (and lower
anisothropic behaviour) than that which were cut from curvy printed shapes (more difficult printing
process). From flexural strength test, it was observed that lower layers tended to have higher strength
since they had higher density and lower w/c ratio. Inter-layer tensile bond strength highly depended on
the gap time between layers. Gap time is the time interval of printing process between two subsequent
layers at the same position. It can be concluded that due to the nature of printing process, it is logical
that the hardened 3DCP properties is highly anisotrophic. Bonding strengths between adjacent layers
and filaments play very important role in determining the quality hardened concrete because they are
potential weak points of 3DCP. Horizontally, the mechanical properties in the direction of filament path
is different to its perpendicular direction. Vertically, the mechanical properties of different layers are
also different since lower layers have higher density due to the pressing weights of layers above them.

Furthermore, applicability of 3DCP as structural members raises challenges for engineers even more.
There are many things should be considered for assessing the hardened 3DCP quality, which may not
be necessary for conventionally casted concrete. Adopting standard assessment for conventionally
casted concrete is not enough to give accurate information of how good a 3DCP is. Structural member
can show highly non-linear behaviour from the very beginning, which cannot be predicted by standard
tests of concrete material. Some reviews of this concern are presented in this paper.

2. Research significance

This paper raises awareness that if 3DCP is to be used as structural members, investigation of 3DCP
hardened mechanical properties alone may not be enough to accurately predict the structural
performance. Once 3DCP is used to construct certain structural member, the behaviour of the member
is not as simple as conventionally casted concrete. Premature non-linear behaviour may arise which is
not the case in conventionally casted concrete structural member.

3. Research on 3DCP as structural beam member

The main advantage of 3DCP that complex body forms can be made, has opened opportunities for
concrete industry. With 3DCP technology, final weight of structural beam member can be reduced by
manufacturing complex shape (introducing hollows) with proper analysis to guarantee the adequacy of
the intended application (topology optimization). For example, a beam member can be printed to form
a truss like shape (Figure 1), instead of classical prismatic shape. However, to fully utilize this
advantage, some manufacturing challenges have to be overcome. Efforts done by others are presented

in the following subsections.

Figure 1. Truss like shape structural beam.
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3.1 Non-Segmented 3DCP structural beam

Al-Chaar et al. [8] conducted experiment on truss like 3DCP beams. The beam was 3D printed as one
body at one time. Tension reinforcement bars were embedded inside the bottom horizontal chord. A
cyclic flexural test was conducted on the beams. It can be seen from the force-displacement relationship
(Figure 2), that the beam stiffness started very low and then slightly increased. This behaviour is not
normal. It cannot be explained by the material properties alone. There are potential weakening points in
3DCP members in its filament to filament and layer to layer bonding. A numerical modelling by using
SAP2000 was done by authors to predict the behaviour of the beams tested by Al-Chaar et al. [8] if
treated as conventional homogeneous concrete without considering the weakening of bonding strength.
The resulting load-displacement curve is presented in Figure 3. It can be observed that the analytical
model possesses stiffness much higher than that of the tested 3DCP beam (Figure 2). This shows that,
one should be aware of the potential degradation of 3DCP structural beams due to the potential
weakening of the bonding. More complex printing paths will introduce more variation of age differences
and qualities between connections.
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Figure 4. Segmented 3DCP structural beam (adopted from [9]).

3.2 Segmented 3DCP structural beam (non-prestressed connection)

One approach to avoid the weakening problem of the bonding strength, is by printing 3DCP structural
members in segments. Making smaller segments reduces the complexity of printing process that
consistency of the quality is easier to maintain. Asprone et al. [9] constructed concrete beam from 3DCP
segments and conducted bending test. However, the connections needed to assemble the segments raises
other challenges. In this case, some hollows in the segments should be made for this connection purpose
(see figure 4). Dashed lines in figure 4 represent tension steel bars used to connect the segments. Tension
bars mechanically connected and secured with wet joint were used for the connection system. Result of
the bending test is presented in figure 5. It was reported that the beam behaved linearly at initial stage
(when everything was still intact, with no cracks). But this state was only observed in the very start of
the test that it rapidly entered non-linear stage (start of cracking stage, progression of cracking stage,
final failure stage). The linear stage (line OA) is comparable with conventionally casted RC beams. But
the non-linear stage (line ABC), stiffness reduced quite significantly, not because of degradation of
material or wrong optimization but mainly because of the non-effective interface/connection system (the
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connected segmental system is prone to local damages). This shows that the printed concrete quality
may be improved, but the connection system introduces different kind of weakening.
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Figure 5. Linear elastic and non-linear stages of load-deflection curve of the beam (adopted from [9]).

3.3 Segmented 3DCP structural beam (prestressed connection)

For segmented 3DCP structural beam to work, the connection system may be improved by using post-
tensioning approach. Vantyghem et al. [10] presented prestressed concrete beam design based on
topology optimization and manufacturing process with concrete extrusion technology. The illustration
of the beam segments and its reinforcement as well as post tensioning tendons is presented in figure 6.
Due to the symmetric geometry, only half span of the beam is drawn. Bending test was performed on
the manufactured beam to record the load-displacement relationship of upper and bottom chords of the
beam. The goal was to verify the service load performance of the optimized shape. A finite element
analysis of the beam was also conducted and compared to experimental results.
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Figure 6. [llustration of the segmented 3DCP structural post tensioned beam (adopted from [10])

Results of the bending test is presented in figure 7. The upper chord showed a good fit (Figure 7a)
between the experimental and numerical results. On the other hand, the lower chord shows a much
higher deviation (Figure 7b) from the numerical result. Vantyghem et al. stated that this can be attributed
to tolerances in the position of the post-tensioning strand within the lower chord, as well as to the
sectional assembly. In larger structures, the positioning of the post-tension strand should be easier to
control and eliminate this problem. Another factor of uncertainty is the determination of the equivalent
material characteristics of the hybrid structure (3DCP segments and grout infill).
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Figure 7. Force-Displacement of upper and bottom chord (adopted from [10]).

4. Discussions and concluding remarks
Reviewing some works by others as well as conducting numerical analysis regarding the use of 3DCP
as structural beam members, some discussions and conclusions can be drawn:

* Due to its manufacturing complexity, hardened properties of 3DCP which is commonly assessed
by using small specimens, may not be enough for predicting 3DCP structural member
behaviour. As a structural member, 3DCP possesses many things to be considered beside of the
material hardened properties, that can contribute to its overall behaviour, mainly due to non-
homogenous condition introduced by the printing process.

e To overcome weak points introduced by printing large complex shapes, assemblage approach
of smaller 3DCP segments are usually taken. Post-tensioning approach to connect the segments
is proven to be quite successful. However, in other point of view, assemblage approach is a little
bit contradictory to the initial concept of 3D printing which gain its popularity from its one step
manufacturing process.
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