Eng. Sci., 2025, 35, 1589

Engineered Science
DOI: https://dx.doi.org/10.30919/es1589

Automated Production of 3D Printed Concrete Structures with
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Abstract

3D concrete printing is developing rapidly and is seen as an alternative to traditional construction methods. But today, the
use of standard steel reinforcements and their integration into the concrete is very relevant for 3D concrete printing. The
currently available measures provide the automated production of the reinforcement mesh but the concreting is manual, or
automates both the creation of the reinforcement mesh and concreting but the integration of the reinforcement into the
concrete is not sufficient to meet the requirements regarding strength and durability. To fill this gap, this study proposes a
novel concept that automates the creation of reinforcement mesh and its integration into concrete during the 3D printing
process. To verify the feasibility of the concept, tests were carried out: a mesh strength test according to DIN 488-4, an X-ray
scanning test for the integration of the reinforcement mesh into concrete, and a cross-section cut test perpendicular to the
printing direction and in line with the printing direction. The results show that the proposed concept is viable.
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1. Introduction

Additive technology is revolutionizing the construction
industry, with 3D concrete printing being the most common
application. By application of this method, building
constructions with cement-based concrete mixes are
automated in a predefined digital path. The 3D concrete
printing can provide design flexibility by minimizing material
waste and improving sustainability. It also effectively reduces
construction period and labor requirements by increasing site
safety and significantly reducing the overall costs.['! For
example, the technology makes it possible to save 30-60 % of
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the material, reduce waste and build 50-80 % faster.l?! To date,
many issues have been researched regarding the 3D concrete
printing process, such as rheology,*> pumpability and
extrudability,l*®! printing speed,” interlayer bonds,!'*'* and
economic or environmental impact.['>!¢)

Currently, the biggest technological hurdle in 3D concrete
printing is the efficient in-process method of reinforcement
integration.'”” To become one of the main construction
methods in the future, it is imperative to automate the process
of reinforcement integration. To facilitate the automation of
the reinforcement process, materials such as cables and
chains,!'®24 metal fibers, short rods and staples,/>>?¥] metal
mesh,?! screws and robotic welding of vertical reinforcement
have been studied in previous research works.*-33 Although
these methods allow for the automation of the process of
reinforcement, reinforced concrete produced by these methods
can not be an adequate alternative to the traditional method,
because they are not comparable with the standard steel
reinforcement in terms of mechanical characteristics. The use
of standard steel reinforcement increases the mechanical
performance of 3D-printed concrete, making it comparable to
conventionally produced reinforced concrete.?*3¢1 However,
in these works the reinforcement was laid by hand as reported
in literature for before,?”**! during or after the concrete
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printing.[*-47l Detailed information on reinforcement strategies
and methods.!*!

The process of automatic reinforcement with standard steel
reinforcement by introducing vertical short standard steel
reinforcements perpendicular to the printing direction has
been investigated.[*-*"] But the integration of reinforcement
into concrete was only possible by dipping the reinforcement
into a special paste or by screwing it into concrete. Meanwhile,
these methods are only able to reinforce in vertical directions.
And also studied the possibility of reinforcement in horizontal
direction by introducing short standard steel reinforcement
bars between the layers.’'! Although welded horizontal and
vertical reinforcing bars are used in this work, the vertical
reinforcing bars are very short and the possibility of
connecting horizontal reinforcing bars located at different
heights with vertical reinforcing bars was not even considered.
In the concept of Mesh Mould developed by researchers at
ETH Zurich, the process of making reinforcement mesh from
standard steel reinforcement rods is maximally automated, but
the process of concreting is done manually, and there is no
possibility to use concrete with similar compositions and
characteristics to traditional concrete.’? Classen et al.
proposed to reinforce both in vertical and in horizontal
directions during printing by joining using the process of arc
welding segmented steel reinforcement bars into a three-
dimensional reinforcement mesh and simultaneously pouring
with extruded concrete.’>34 In the proposed concept, the
horizontal and vertical segments are welded together at the
butt joint to form long bars. At the junction point between the
horizontal and vertical, bars are not connected to each other
but only arranged in a crossing manner, which does not allow
for the redistribution of the load between the horizontal and
vertical bars efficiently. Also, the physical separation of the
nozzles resulted in poor integration of the reinforcing bars into
the concrete.

In order to approach the level of automation of the
reinforcement process proposed in the Mesh Mould concept,
and to eliminate the disadvantage of the concept proposed by
Classen et al. in the form of poor integration of reinforcement
bars into the concrete, as well as manually pouring of concrete,
this paper proposes a new concept. In brief, both the concrete
printing process and the reinforcement process are automated
as much as possible, and a solution to the problem of
integration of reinforcement bars into the concrete during
printing is proposed through an integration zone in the nozzle.
In order to automate the reinforcement process, a prototype
automatic reinforcing mechanism was designed and fabricated
to produce reinforcement meshes from standard 8 mm
diameter steel reinforcement by joining horizontal and vertical
reinforcement by spot contact welding. Shear tests were
performed according to DIN EN ISO 15630-2 to determine the
strength of the welded joints of the reinforcement mesh, and
the results were compared with the minimum node strength in
accordance with DIN 488-4. In order to integrate the
reinforcement mesh into the concrete during printing, a special
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nozzle with an integration zone was designed and
manufactured. To demonstrate the effect of the integration
zone in the nozzle, a sample was 3D printed, where the
integration zone is preserved in the first and second layers, and
is intentionally broken in the third layer. To verify the
integration of the reinforcement mesh into the concrete, the
specimen was first scanned by X-ray and then cut lengthwise
and crosswise for visual inspection.

2. Materials

2.1 Printed concrete

The printable mix is a concrete with a coarse aggregate. While
in most concrete printing, researchers work with fine-grained
mortar with a maximum grain size of 2 mm. The maximum
grain size in the tests reported here is 16 mm, thus representing
the worst case with regard to the uniform distribution of the
concrete around the reinforcement bars. Table 1 shows the
proportions of the individual components. This mixture was
used in all tests with concrete. The used 3D printed mixture
has been successfully implemented and described in
previously published papers.!**!

Table 1: Concrete components of the mixture used in the tests.

No Components Mass [kg/m?]
1 CEM II/C-M (S-LL) 464.0
2 Silica sand BCS 413 136.5
3 Sand 0/2 516.4
4 Gravel 2/4 286.6
5 Gravel 4/8 266.5
6 Gravel 8/16 415.1
7 Water 208.8
8 Superplasticizer as required

The production process for the concrete mix is as follows:
The dry components, such as cement, silica sand, sand and
gravel, were thoroughly mixed in a mixer for 2 minutes. Then,
water was gradually added while continuously mixing and the
continuous mixing process was monitored for 3-4 min. If
necessary, a superplasticizer was added to the concrete to
reduce the consistency while maintaining the same
water/cement ratio and to simplify workability without
significantly affecting the hardened concrete properties.

2.2 Steel reinforcement

For the production of the reinforcing mesh, a standard steel bar
was selected in accordance with DIN 488-1:2009-08. The
selected diameter of a bar is 8 mm, as this bar is widely used
in the construction industry and the energy required for
resistance spot welding remains limited in the initial phase for
a proof of concept. The ribbing of the bars is standardized and
improves the force transmission between concrete and steel.

3. Methods

3.1 Creation of a reinforcement mesh from standard steel
reinforcement bars using resistance spot welding
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3.1.1 The reinforcement mesh

In the traditional method of pouring reinforced concrete,
conventional reinforcement meshes (frames) consist of
reinforcement bars located vertically (z), horizontally (x) and
in depth (y) and they are connected to each other by knitting
wire or welding. From the design features, each of these
reinforcement bars provides strength in the corresponding
directions. In most cases, the main ones are vertical
reinforcement bars that perceive tensile-compressive loads,
whose diameter is larger than in other directions. But it is
impossible to repeat the same configuration of reinforcement
meshes in 3D printed concrete at this stage of its development
due to the peculiarities of this technology. The essence of the
technology of 3D printing concrete is the layer-by-layer
pouring of concrete in the horizontal (conditionally) direction,
and the structure is "built up" in the vertical direction after
each poured layer. Accordingly, there is a high risk of the
nozzle hitting the vertical reinforcement bars if they are
installed as in the traditional method of pouring reinforced
concrete. This means that the reinforcement mesh should also
be "built up" gradually during 3D printing. In this case, at this
stage of development of 3D concrete printing technologys, it is
not possible to keep the vertical reinforcement bars whole and
long (for effective resistance to tensile-compressive forces),
you will have to divide them into pieces of a certain length and
assemble them during 3D printing. Below is one of the options
for creating a reinforcement mesh for 3D printed concrete
during 3D printing.

The creation of the reinforcing mesh was carried out by
resistance welding of vertical and horizontal reinforcing bars
with a diameter of 8 mm in two rows. As shown in Fig. 1A,
each row of the reinforcing mesh consists of several horizontal
reinforcements arranged parallel in height with an interaxial
distance of 50 mm. Vertical reinforced bars are staggered with
an interaxial distance of 150 mm, so that the interaxial distance
between the vertical bar of the current layer and the vertical
bar of the previous layer will be 75 mm (Fig. 1B).

50

%50
75

50

Fig. 1: Double-row reinforcing mesh of the proposed concept: A-

reinforcing mesh cross section and B-reinforcing mesh front view.

At this stage of the proposed concept, the two rows of
reinforcement meshes are not connected to each other as is
usually the case in reinforcement meshes (frames) of a
traditional reinforced concrete structure. Since this work
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studies the possibility of creating a reinforcement mesh from
standard steel reinforcement bars during 3D printing in
automatic mode and integrating the created reinforcement
mesh into 3D printed concrete.

3.1.2 Creating a reinforcement mesh using the automatic
reinforcement mechanism

To automate the process of reinforcement manufacturing and
reinforcement integration during 3D printing of concrete, the
concept of an automatic reinforcing mechanism was created,
designed, produced and tested. Fig. 2A shows its simplified
scheme: The speed of the nozzle Ven is equal to the speed of
the platform (Frame of the reinforcing mechanism) Veratrorm,
since it has a rigid connection with the printhead. In front of
the platform, there is a horizontal bars feeder which is
responsible for positioning horizontal reinforcing bars at a
certain height and ensure immobility relative to the ground
during welding. From inside of the platform, there is a
magazine of two rows, where there is a certain number of
vertical reinforcing bars. The vertical bars feeder is located
under the magazine and is liable to transfer the vertical bars
from the magazine to the welding system. The platform has a
moving system that ensures that the electrodes remain
stationary relative to the horizontal reinforcing bars during
welding. On the moving system, there is a welding system
with electrodes where the moving system moves back relative
to the platform at a speed Vcomp during welding. After the end
of the welding, it returns the electrodes at a speed Vpack to its
original position under the vertical bar feeder. The optional
cooling system cools the weld seams until the temperature
falls below the maximum permissible temperature for concrete
installation and the nozzle coats the welded reinforcing bars
with concrete. Figs 2B and C show the first prototype and
prototype testing images.

The operating principle of the autonomic mechanism for
the reinforcement manufacturing and integration is as follows:
The horizontal feeder moves the reinforcement bars into the
welding zone. The bars run parallel at a distance of 50 mm
with a length of 1-2 m. Before the printing process, the
magazine was loaded with vertical bars. These are 80 mm long
and also arranged in two parallel rows. The vertical bar feeder
discloses the bars from the magazine and positions them in the
welding zone. The electrode clamps the horizontal and vertical
bars in the welding zone. Then the two rows of reinforcement
are welded simultaneously (welding time approx. 0.3-0.5 s).%¢
The electrode remains stationary during the welding process
and moves back in relation to the direction of printing,
allowing the printing process to continue uninterrupted. After
welding, the electrodes open and the welding unit quickly
returns to the home position. At the same time, the spot weld
passed through the cooling system and was cooled down. The
concrete nozzle, which is located behind the reinforcement
integration mechanism, prints the current concrete layer and
encloses the reinforcement with concrete.
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Fig. 3: The location of the reinforcing bars relative to each other in different combinations and test setup for shear tests: A —
edge/edge; B — rib/rib, C — pocket/pocket; D — rib/pocket; E - shear tests on crossing specimens.

3.1.3 Contact welding parameters and preliminary tests  widely used in the production of reinforcing meshes and, most

For the connection of vertical and horizontal reinforcement, importantly, this method is fully standardized and described in
the resistance spot welding method was chosen, since it is the DIN EN ISO 17660-1 standard. Therefore, only the
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compliance with this standard needs to be achieved. Samples
were made where the reinforcing bars were located relative to
each other in different combinations: edge to edge, rib to rib,
pocket to pocket, rib to pocket (Figs. 3A-D). In all cases, the
reinforcing bars were placed crosswise at 90 degrees and
connected using the automatic reinforcing mechanism. For
each combination, 5 specimens were made and shear tested in
a servo-hydraulic testing system as shown in Fig. 3E, with a
constant load rate of 800 kN/s according to DIN EN ISO
15630-2. For all tests the welding time was 0.3 s and the
compression force of the electrodes 2.3 kN.[15

3.1.4 Reinforcing mesh for integration into the concrete
sample
Due to the fact that the automatic reinforcing mechanism and
the contact welding machine were quite heavy (exceeding the
maximum load capacity of the gantry robot used as the
printhead motion system), and also a three-phase power
source was required for the contact welding machine, for
safety reasons it was decided to make the reinforcing mesh
separately from the 3D printing of concrete in the test
(departing from the concept). Due to the X-ray camera's 100
mm working area width, it was decided to use only one row
of reinforcing mesh instead of two.

The reinforcing mesh was made on the automatic
reinforcing mechanism in automatic mode with one
exception: horizontal reinforcement was loaded manually,

since the automatic reinforcing mechanism was not yet
installed on a construction 3D printer.

The reinforcing mesh consists of two rows of vertical
(each 80 mm long) and horizontal reinforcements (each 530
mm long) on top of each other (Fig. S1). Vertical
reinforcements are welded to horizontal reinforcements in a
checkerboard pattern. Since the printed sample consists of
only 3 layers, the third row of vertical reinforcements was
not needed.

3.2 Integration of the reinforcement mesh into the
concrete
3.2.1 Nozzle design
In order to reinforce the printed concrete during the printing
process it is necessary to solve the following challenges: (1)
The created reinforcement meshes described in Paragraph
3.1 must be placed inside the printed concrete in one, two or
more rows (in the proposed concept, two rows) at a certain
distance A and B from the outer wall of the concrete layer
and between each other, respectively (Fig. 4A). (2) The
upper part of the vertical reinforcement bar should pass
through the nozzle, dry and clean, for the subsequent contact
welding with the horizontal reinforcement of the next layer.
(3) The reinforcement mesh placed inside the printed
concrete layer should be well integrated into the concrete
(Fig. 4B).

Previous works partially solved these problems for

L

il

Fig. 4: Nozzle design: A —rear view, B — side view, C — front view, D — detailed view of the integration zone (marked in yellow),

E — vibrator (Moser, 500 N at 50 Hz) mounted on the nozzle.
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single-row metal mesh (29) and by the Chinese company
Huashang Tengda for single-row reinforcement mesh of 1.5
meters height (48). Both cases used a split nozzle, i.e. in the
center of the nozzle there was a hole (tunnel type) for the
passage of metal/reinforcement mesh. Both have their
drawbacks; the metal mesh was too small, so the authors
switched to reinforcing 3D printed concrete with vertical
reinforcement bars (49). And Huashang Tengda used pre-
installed reinforcement meshes, which were produced
manually.

The reinforcement meshes must be placed at such a
distance from the outside of the wall that the risk of corrosion
is minimised. According to the regulations, this should be at
least 20 mm from the outside of the wall (depending on the
exposure class).[’71 Furthermore, the reinforcement meshes
must be positioned in a way that the concrete can flow
unhindered through the centre hole of the nozzle. For this
purpose, a nozzle with two vertical passages was designed,
through which the two rows of reinforcement mesh can pass
(Fig. 4A). The design principles are as follows: The width of
the openings to pass the welded bars should be equal to the
sum of the diameters of the vertical and horizontal bars (dv,
dh) plus a safety distance ‘b’ on the two sides C = dh + dv +
2b. The width of the printed layer is 150 mm in order to
comply with the CONPrint3D concept.® This layer width
allows standard reinforcement in two parallel rows. In the
front part of the nozzle, where the opening starts, a chamber
has been provided for an easy passage of the reinforcement
mesh, even if the meshes are slightly inclined, they will pass
through the nozzle (Fig. 4C). The integration of the
reinforcement mesh is shown in Fig. 4E. To improve the
integration of the reinforcement in concrete, the required
concrete flow is increased by a few percent above the
theoretically required value. An additional vibrator (Moser,
500 N at 50 Hz) is integrated at the rear of the nozzle (Fig.
4E). The vibration improves the flowability of the concrete
during extrusion. The concrete can emerge evenly at all
three nozzle openings and blocking is prevented. The
integration zone, as shown in Figs. 4D and 4E, is the lower
undivided part of the nozzle. The extruded concrete is forced
by the extrusion pressure and the rigid outer walls to fill all
cavities in the integration zone. The integration zone is as
high as the layer height so that the concrete can flow
unhindered around the horizontal reinforcement and cannot
touch the upper area of the vertical reinforcement because
the opening C in Fig. 4 is designed like a tunnel.

The integration zone is very important because ignoring
it will lead to a significant deterioration of the integration of
the reinforcement into the concrete. Classen ef al. used a
printhead where several seperate nozzles were embedded in
a row with no common integration zone. The result is a poor
reinforcement integration into the concrete. >34

3.2.2 Sample 3D printing
Before printing, one row of reinforcing mesh was installed
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on a wooden base (Fig. S2A). A gantry robot with a working
area of 2x1x2 meters was used for 3D printing. The sample
was printed in 3 layers at a print speed of 83 mm/s. The first
layer of concrete was printed on a wooden base to remove
the sample from the test bench for the X-ray scan. However,
the height of the wooden base was not high enough to affect
the experiment, and it was compensated by increasing the
starting height of the printhead. This wooden foundation
fixes the reinforcement during the printing process. But the
reinforcement has been manually placed before printing.
After printing the first layer, the lower horizontal
reinforcement was integrated into the concrete by half, that
is, the upper part of the lower horizontal reinforcement bar
was not covered by concrete (Fig. S2B). The second layer
was printed over the first layer. After printing the second
layer, the lower horizontal reinforcing bar was fully
integrated into the concrete and the upper horizontal
reinforcing bar protruded dry over the second layer (Fig.
S2C). In order to deliberately disrupt the integration zone, a
part of the sample width (1/3 of the layer width ) was
carefully removed with a trowel in the soft state of the
concrete before printing the third layer, without affecting the
integrity and shape of the sample in any way (Fig. S2D).
Because of this, during the printing of the third layer, part of
the concrete fell down and the integration zone was disrupted
(Fig. S2E).The printed sample was left to cure in a closed air-
conditioned room at room temperature (24°C and humidity
50% for 7 days.)

3.2.3 X-ray scanning of the sample

An X-ray scanner (model: diondo d2) was used to check the
integration of the reinforcement mesh into the concrete in an
undamaged condition. In Fig.5, the sample is rotatably
supported in the working area (40x40x70 cm). The sample is
then scanned layer by layer from three orthogonal directions.
The scanned images are combined to form a 3D model. The
resolution is 1 um.

Fig. 5: X-ray scanning of the sample: A — Sideview, B — Top
view, Lower bar (left section: X-ray scan, right section: photo).
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3.2.4 Cutting of the sample

To be able to evaluate the sample in different cross-sections,
it should be cut in several pieces perpendicular to the printing
direction. To prevent the loosening of reinforcing bars due to
vibrations caused by sawing, the sample was first sealed with
plaster and filled with wax. After the wax hardened, the
sample was cut perpendicular into seven parts and numbered
(Fig. S3A). So, two numbers show the same cut. This allows
for the evaluation of integration along vertical reinforcements.
After that, selectively, some parts were cut in the direction of
printing in order to evaluate the integration along the
horizontal reinforcements (Figs. S3B and C).

4. Results and discussion

4.1 Shear test results for welded joints of crossed
reinforcement bars

Table 2 shows the results of tests for shearing crossed
reinforcing bars with a diameter of 8 mm in various
combinations relative to each other: rib to rib, pocket to pocket,
rib to pocket, edge to edge (see Fig. 3). The test results showed
that it is possible to achieve the shear force required by the
DIN 488-4 standard, which sets a minimum shear force of 6.28
kN for crossed reinforcing bars with a diameter of 8 mm.
Scotchmer et al. note the main parameters affecting the
strength of the contact weld are current, welding time and
electrode crimping force.? According to this work, the
minimum current for cross-shaped reinforcing bars with
diameters of 8 mm should be higher than 5kA. The electrode
crimping force (2,3 kN) and welding time (0,3 s), the welding

current is given in Table 2.

The data in Table 2 are graphically illustrated in Fig. 6,
which shows that some of the results do not reach the required
strength (in Fig. 6, the minimum shear load defined by DIN
488-4 is indicated by a dotted line.). The failure rate for all 20
examples is 55%. It is noticeable that early failure occurs more
often in “rib-rib” combinations (80%), “pocket-pocket” and
“rib-pocket” combinations (60%), and the lowest failure rate
in the “edge-edge” combination (20%).

The reasons for early failures in "rib-rib" combinations
may be the small contact area during welding (Fig. 7A). This
results in a small area of the welding zone due to the limited
welding time. In the case of "pocket-pocket" and "rib-pocket”
combinations, the cause of early failures may be the
appearance of several contact points (Figs. 7B and C), parallel
to each other from the point of view of the electrical circuit.
Therefore, the current is divided according to the resistance
and the number of contact points. This means that the welding
current is lower at each contact point and the required welding
temperature doesn’t reached. As a result, the weld point
connection is defective and the knot force isn’t achieved. In
the case of "edge-edge" combination, the risk of several points
of contact is minimal, usually when the edge of a vertical bar
touches the edge of a horizontal bar, it looks like two
rectangles touching perpendicular to each other (Fig. 7D),
respectively, in most cases, the welded contact point is solid
and the contact area is large enough. Therefore, the probability
to withstand the required minimum load is higher.

Another reason for early failure may be insufficient

Table 2: Shear test results for 8mm crossed reinforcing bars.

No Bar orientation
edge — edge rib — pocket pocket - pocket rib - rib
Welding Shear Welding Shear Welding Shear Welding Shear
Current force Current force Current force Current force
(measured) (measured) (measured) (measured) (measured) (measured) (measured) (measured)
[kA] [kN] [kA] [kN] [kA] [kN] [kA] [kN]
1 5.60 7.70 4.80 523 5.40 3.03 5.50 5.87
2 5.50 6.04 4.90 5.74 5.50 7.29 5.60 5.13
3 5.40 7.43 5.40 5.81 5.60 6.98 5.30 5.47
4 4.90 6.70 5.60 8.20 5.50 5.29 5.50 6.10
5 4.80 6.47 5.40 7.26 5.50 6.24 5.40 6.34
9
8 A
7 “e °« " 4 .
_Zi 6 T . A x xg 1 X Rib-Rib
,f 5 A % x ® @®  Pocket - Pocket
2 A Rib - Pocket
24
© B Edge-Edge
o3 @ .
v min. Shear force DIN 488-4
2
1

(=]

Fig. 6: Shear test results for § mm crossed bar connections.
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Fig. 7: The location of reinforcing bars relative to each other in various combinations and the contact zone (marked in red) at the
beginning of resistance spot welding: A — rib-rib; B — pocket-pocket, C — rib-pocket; D — edge-edge.

cavity

cavity vertical bar

welding point

upper

Lorisontal bar printing direction

—

lower
horizontal bar

cavity

Fig. 8: Results of X-ray scanning of the sample.

electrode crimping force and welding current. The literature
recommends the following parameters for § mm diameter
reinforcing bars for good strength of the weld: electrode
crimping force 3 kN, welding current 7.6 kA.[" These
parameters are more than the figures chosen in the test
described here, where the welding current was from 4.8 kA to
5.6 kA and the electrode crimping force was 2.3 kN. The test
results show that these parameters are sufficient for edge-to-
edge combination, but there is a need to install an additional
device in the automatic reinforcing mechanism, which will
align the vertical and horizontal reinforcing bars so that the
edge-to-edge combination is strictly observed at the welding
point. An alternative solution may be to increase the electrode

8| Eng. Sci., 2025, 35, 1589

crimping force and welding current, which entails an increase
in the power of the welding generator, respectively, an
increase in its weight. Hence the conclusion: either it is
necessary to accept an increase of the total mass of the
printhead and install a more powerful welding generator, or it
is necessary to lighten the mass by using a less powerful
welding generator and adding a device for securing a defined
orientation of the vertical and horizontal reinforcing bars. The
other alternative is to increase the crimping force during the
welding process. It should be noted here that the frame of the
reinforcement integrator is stiffened in order to withstand the
stresses that occur. This can also lead to an increase in the
weight of the print head, but this is estimated to be less than
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the increase in weight due to a larger generator.

The potential of the proposed concept is encouraging and
can be assessed by its performance. In order for the sample to
have a sufficient number of welded joints for the experiment,
the distance between the vertical reinforcement bars was
chosen to be 75/150 mm and between the horizontal 50 mm,
respectively, the productivity of 3D printing of the wall
according to the given conditions is about 14 m? per hour. This
is less than that of AMoRC, where the productivity, as the
authors claim, is 28 m? per hour.’¥ However, if the
reinforcement meshes are fabricated in the same manner as
those of AMoRC 250 mm x 250 mm, positioned between the
vertical and horizontal reinforcement, the speed of creating the
reinforcement mesh will increase by more than three times.
Consequently, the productivity of 3D printing the wall will be
at least 42 m* per hour. The reinforcing mechanism can
provide such speeds of creating the reinforcement mesh. Only
the height of the hole in the nozzle will need to be increased
accordingly to the height of the vertical reinforcement bar.

4.2 Results of X-ray scanning of the sample

The results of the X-ray scanning are shown in Fig. 8. The
integration of the reinforcement grid is better in the lower
layers than in the upper layers. Fig. 8 shows large cavities
below the upper horizontal reinforcement. These cavities were
caused by a disturbance in the integration zone. Consequently,
the concrete could not flow properly under the upper
horizontal reinforcement as no pressure was created in the
integration zone for this purpose.

The material was removed in order to limit the mass of the
final sample, as the load-bearing capacity of the CT scanner's
sample holder is limited. This variant was chosen because the
hardened sample should not be cut before the scan in order to
avoid loosening the reinforcement from the concrete due to
vibration during the cutting process.

Furthermore, Fig. 8 shows smaller cavities at the joints of
the horizontal and vertical reinforcement and along the
underside of the lower horizontal bar. One reason for this is
the flow direction of the material. The nozzle tends to press
the material onto the reinforcement from above, so that the
cavities occur on the side facing away from the flow-around
reinforcement (slipstream side). 3D concrete printing typically
uses a rather stiff material consistency, as the material should
hold the strand shape after it has been deposited. This lower
flowability also makes it more difficult for concrete to flow
around the reinforcement. To compensate for unevenness in
the print bed, the nozzle had to print the first layer at a distance
from the floor. This led to concrete escaping from the
integration zone, which reduced the concrete pressure in the
integration zone.

In Fig. 8, the lower bar shows that the cavities are more
pronounced at both ends of the sample. The reason for this
may be that not enough material was introduced into the
integration zone when the printhead stands still. Likewise, due
to a missing boundary on the back of the nozzle at the
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beginning of the printing process, it is not possible to generate
the required concrete pressure in the integration zone, as the
material exits to the rear instead of enclosing the
reinforcement.

4.3 The Results of the cutting test
4.3.1 The results of tests for a cut in the direction
perpendicular to the printing direction
The results of tests for a cut in the direction perpendicular to
the printing direction are shown in Fig. S4. In the cross section,
there is a clear tendency for cavities to appear near the lower
horizontal reinforcement: from 2a to 4a cavities appear (Fig.
S4), from 4a to 7a cavities appear absent (Fig. S4). This is
explained by the fact that when printing the first layer at the
beginning of the layer, the concrete pressure in the integration
zone was insufficient due to the lack of a limiter at the rear of
the nozzle. Therefore, cavities around the lower horizontal
reinforcement appear at the beginning of printing and
disappear towards the center of the sample when the concrete
pressure reaches a sufficient level. The size of the cavity
around the top horizontal reinforcement decreases from the
edge of the sample (Fig. S4-1b) to the centre (Fig. S4-4b-5b,)
and then increases again (Fig. S4-7a). This can be explained
by the beginning and end of the printing process as explained.
Although in this case of the 3rd layer printing the integration
zone was deliberately disrupted, the beginning and end of the
printing process had an additional impact, leading to a result
where the cavities are larger at both ends than in the middle.
If the concrete pressure is at a sufficient level, the vertical
reinforcement is well encased in concrete. The Fig. S4-3a
shows good integration of the lower part of the vertical
reinforcement, which coincides with the level of the first layer
when the concrete pressure in the integration zone was
sufficient.

4.3.2 The results of tests for a cut in the printing direction
The results of the cut in the printing direction tests confirmed
the results of the previously described tests. Fig. S5 shows that
in all cases, larger cavities are present in the lower part of the
upper horizontal reinforcement. In section 6a-r, large cavities
are present around the vertical reinforcement. This is
explained by the start of printing. Small cavities below the
lower horizontal reinforcement can be seen in the sectional
views (Fig. S5-3a-r, 6a-1 and 7a-1), particularly where larger
aggregate is in direct contact with the reinforcement (Fig. S5-
3a-r). If we consider that these cavities appeared in the first
layer and where the concrete pressure in the integration zone
was sufficient, then there is a risk of cavities occurring if there
is large gravel under the horizontal reinforcement.

The solution to this problem can be either to increase the
pressure of the concrete, but then there is a risk of concrete
leaking into the side of the opening in the nozzle for passing
the upper part of the vertical reinforcements; or provide a
source of vibration for the integration zone to improve the
flow of concrete so that the concrete can fill all cavities.>”!
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5. Conclusion

This paper proposes the concept of creating a reinforcement
mesh from standard ribbed steel reinforcement using an
automatic reinforcing mechanism and integrating it into
concrete during 3D printing. For this purpose, the strength of
the contact point of vertical and horizontal reinforcing bars
according to DIN 488-4. The quality of integration of the
reinforcement mesh into concrete by X-ray scanning and
cutting the 3D printed specimen perpendicular to the printing
direction and in line with the printing direction is tested. The
creation of reinforcement mesh from standard ribbed steel
reinforcement using contact welding in automatic mode is
feasible, and achieving the required strength of reinforcement
meshes according to DIN 488-4 appears possible, even though
not all tests conducted here met this standard. Full integration
of reinforcement meshes during 3D printing can be achieved
if the nozzle has a carefully designed integration zone and
maintains sufficient concrete pressure within this zone. To
ensure an even distribution of concrete around the reinforcing
bars, especially when increasing the diameter of reinforcement
bars and using coarse-grained concrete, additional measures
such as a vibration excitation in the integration zone may be
necessary. Furthermore, maintaining adequate concrete
pressure throughout the entire printing process is crucial,
necessitating improvements in the nozzle design to sustain the
required pressure from start to finish. This work demonstrates
the feasibility of creating a reinforcing mesh from standard
steel reinforcing bars and integrating it into concrete during
3D printing, thereby establishing a foundation for further
research. Future research should investigate the possibility of
creating a reinforcing mesh (frame) from standard steel
reinforcement bars connected in three directions to each other
as is done in traditional reinforced concrete structures.
Additionally, solving the problem with vertical reinforcement
is necessary to maintain its strength characteristics for tensile
forces.
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