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For many decades, Wasa has emphasised close contact
with universities, institutes and other research facilities,

not only to further develop its own products, but also to
gain new impulses and ideas for future trends. A research
project is currently underway between the Wasa Group,
the Steinbeis Innovation Centre FiberCrete and Chemnitz
University of Technology for the production of high-preci-
sion formwork elements using parametrically programmed
concrete extrusion and processing. This report summarises
the current state of research.

Introduction

The worsening shortage of skilled workers in the building in-
dustry and the associated need for digitalisation are present
and future tasks in research and development. In addition,
the construction and building industry continues to emit re-
cord amounts of greenhouse gases and is therefore still fail-
ing to meet the targets of the Paris Climate Agreement. The
sector is now responsible for 37 per cent of global CO,emis-
sions [1]. In order to reduce emissions, sustainability in the
construction industry must be increased. On the one hand,
this can be achieved by substituting CEM | cement with more
climate-friendly cement. On the other hand, the efficient use
of materials, a force flow-orientated construction method
and the reuse of recycled waste materials are also enormous
options for reducing the industry's CO,emissions. On this
basis, additive manufacturing processes can potentially be-
come the key technology of the future building industry. The
3D printing of concrete is characterised by a high degree of
design freedom, which in turn benefits the saving of unique
and complex formwork as well as the design of components
according to force flow and thus material savings. The high
degree of automation possible with this type of production
will counteract the shortage of skilled labour in the future. In
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many applications, however, the layered surface structuring
that occurs when the concrete is printed is undesirable. In the
current state of research, the printed concrete is milled in the
hardened state, which in turn results in high tool wear, low
milling speeds and relatively low material removal [2].

In order to avoid these disadvantages, the processing of the
printed concrete in the fresh state has largely come to the
fore. High-quality and geometrically complex precast con-
crete elements represent a major area of current trend in the
building industry [3]. Another current trend that will expand
enormously in the future is the functionalisation of concrete
elements. This includes, for example, the integration of a
heating function, the integration of LEDs for direct or indirect
lighting or other electrified functions [4].

The focus of this research is the production of a new type
of flexible formwork element which, in combination with
conventional formwork elements, enables the production
of complex-shaped precast concrete elements without de-
moulding bevels or with local undercuts. To produce the flex-
ible elements, a mineral-bonded material is printed close to
the final contour. It is then processed in the fresh state and
finally milled to the final contour after hardening. The model
is moulded with a casting resin. The resulting flexible form-
work element produces the concrete part with undercuts. The
printed and milled model can then be recycled and returned
to the material circulation. Resource efficiency and sustaina-
bility take centre stage, which is why the technology is to be
used primarily in prototyping and small series production to
replace established conventional state-of-the-art processes
such as environmentally harmful milling from solid polysty-
rene material. There is great potential for saving resources
in mould construction due to the individuality of the com-
ponents.
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Materials and methods
Material development, analyses and recycling

The aim was to develop a material with low CO,emissions
from the raw materials used. The focus was also on low
abrasiveness for tool-friendly processing and cost-effective
components. The recycling process is based on a turbulent
air flow within the grinding zone of a turbo rotor. Within the
micro-vortex, two or more particles are crushed by colliding
with each other. The particles remain suspended in the air
during the entire process. The starting material is usually fed
into the mill after pre-crushing. The mill is designed for con-
tinuous grinding operation. During operation, no dust can
escape from the mill as it is constantly pressurised.

Extrusion and processing technology

The fully automated extrusion process was carried out in
collaboration with the robot complex [5] developed in the
Department of Lightweight Construction at the Technical
University of Chemnitz, as shown in Fig. 1. The Robo-Arena
consists of two KUKA é-axis industrial robots, a screw pump
extruder for conveying the concrete and specially developed
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nozzles, e.g. for forced mixing of additions fed to the noz-
zle or a nozzle for combined injection/extrusion technology
[5,6]. The second robot can be used, for example, for insert-
ing reinforcements or processing concrete.

Various tools were used to process the fresh concrete. In this
study, for example, a solid carbide end mill and brushes with
different degrees of hardness were used (see Fig. 2).

The cured milling tests were carried out using a 5-axis por-
tal milling machine. The use of absolute servo motors means
that no referencing of the machine is required. Solid carbide
ball nose end mills, roughing cutters, finishing cutters and
milling heads with diamond inserts were used.

Planning and programming of robot paths

Grasshopper, an add-on to the CAD software Rhinoceros®, is
used to create extrusion programmes for the control and pro-
duction planning of KUKA é-axis industrial robots. Grasshop-
per is a visual programming tool for creating parametric ge-
ometries in Rhinoceros. The results are controlled algorithms
that describe or define the geometries. KUKA|prc generates
the final robot commands on this basis. The programmes for
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Fig. 1: Robo-Arena for fully automatic extrusion and processing [2, 3]
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Fig. 2: Milling heads of different degrees of hardness for processing fresh concrete

the extrusion and subsequent processing of near-net-shape
elements essentially consist of the following steps: Creating
the geometry or preparing the target geometry, creating the
path curves and generating the robot commands.

Results and discussion
Material properties and CO, savings

In order to obtain a material that can be extruded and pro-
cessed at the lowest possible cost, the Steinbeis Innovation
Centre FiberCrete developed a microconcrete consisting of
CEM IllI/A cement, a mineral powder with a grain size range
of 0 to 200 pm, admixtures (stabiliser, primary and second-
ary superplasticiser) and water. The superplasticiser enables
the water content to be reduced and, in conjunction with the
stabiliser, ensures a more uniform mixture that is less prone
to sedimentation. In a first mixing step, the solid raw materi-
als are mixed for 140 seconds. The liquid raw materials are
added and mixed again for 320 seconds. This two-stage mix-
ing regime ensures complete mixing of the components into

a homogeneous material. The slump could be characterised
as 13 cm. Furthermore, the compressive strength of 40.01
MPa and the 4-point flexural strength of 6.01 MPa were de-
termined experimentally.

A CEM IlII/A with a volume fraction of 520 kg/m? was used
in the concrete mixture. According to current research, this
recipe is comparable to a similar concrete mixture that was
used with a CEM | with a volume fraction of 600 kg/m3[2]. The
value for the cement clinker emissions of Portland cement
CEM 1 is 875 kg CO,/t cement clinker [7]. For CEM III/A ce-
ment, the CO, emissions are 543.8 kg/t of cement [8]. This re-
sults in a saving of 282.8 kg CO, per cubic metre of concrete
used. This corresponds to a reduction of 46.1 % in relation to
the cement emissions.

Near-net-shape extrusion of the concrete
The aim of this study is the additive manufacturing of a model

for the production of a flexible formwork element for the pro-
duction of a planter as shown in Fig. 3, left.

Flexible formwork element
with wooden core

Demonstrator with under-
cut for holding LED strips

Model elements structurally
derived from the core

Single model element for
extrusion and milling

Fig. 3: Procedure for removing the formwork elements required to manufacture the demonstrator
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Through various extrusion tests to generate initial samples,
it was possible to determine essential settings with regard to
the printing speed as a function of throughput and material
system. Furthermore, settings and parameters could be char-
acterised with regard to starting and stopping behaviour. This
is necessary to enable seamless extrusion of the material and
avoid defects. Extrusion is possible with a die diameter of
10 to 25 mm, a layer height of 5 to 20 mm and a feed speed
of up to 720 mm/min. The model element was then addi-
tively manufactured with a nozzle diameter of 20 mm, a layer
height of 5 mm and a speed of 720 mm/min.

Processing in the fresh and cured state

Round and square test specimens were extruded to char-
acterise the processing parameters in the fresh state of the
concrete. The surfaces of the rectangular specimen were
processed with the different brushes. The round specimens
were milled with a solid carbide milling cutter. The following
parameters were refined experimentally.

Table 1: Parameters for the processing of fresh concrete

Parameter Milling Brushing
50 mm/s

1,200 - 1,800 rpm

Cutting speed | up to 120 mm/s

4,500 - 5,000 rpm

Rotary speed

Cutting depth | up to 10 mm

2.5-6 hours

up to 10 mm

1-2 hours

Processing time
after extrusion

Compared to milling, concrete is brushed at a lower feed rate
and lower speed. Processing is possible with all brush hard-
ness grades. The process window for brushing is significantly
earlier than for milling, as a chip must be formed during mill-

f=50 mm/s
n= 1800 rpm
t=2h

Fig. 4: Brushed (left) and milled (right) test specimens

m CPI - Concrete Plant International - 5| 2025

WWW.CPT-WORLDWIDE.COM

ing. If the process window is too early, the surface will be
smeared. The result of brushing and milling shows a lower
surface quality if processing is too early. Smooth surfaces are
finished two and five hours after extrusion (see Fig. 4).

At the end of processing, a homogeneous, closed surface
should be created in the fresh state so that measuring and
referencing in the working area of the milling process can
be carried out easily in the hardened state. After extrusion
and machining in the fresh state, milling in the cured state (t
> 24 h) was investigated using various test specimens with
different surface structures to be produced. It was found that
milling with a carbide milling cutter in the dry milling process
is the most effective way to achieve the desired results. As
a result, various test specimens were extruded and milled.
These surfaces are of high quality and are suitable for mould-
ing with a casting resin. The model for the formwork element
was then machined after extrusion with a solid carbide ball
nose end mill in the fresh state. The required reference sur-
faces were milled with an offset of 5 mm in the fresh state.
The results for machining in the fresh state show enormous
potential, including for the direct production of precast con-
crete parts using 3D printing.

Recycling and reuse of the material

The pre-shredded material was recycled using a turbo rotor.
The resulting grain size distribution of the recycled material
(0.05 % 160 pm, 1.45 % 90 - 160 ym, 10.5 % 45-90 um, 3 %
32-45 pm, 95 % < 32 pym) is similar to the grain size distribu-
tion of the mineral flour used. This meant that the mineral
flour could be replaced by the crushed recycled material,
while the proportions of the other components were kept
constant. Eligibility for extrusion was achieved up to a substi-
tution rate of 50%. Characterisation of the compressive and
flexural strength was carried out for substitution rates of 25,

f=50 mm/s
n=4800 rom
t=5h
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50, 75 and 100 %. These strengths deviated by a maximum
of 10 % from those of the original concrete recipe. This is an
indication of the successful reuse of the recycled material and
the realisation of a material circulation.

Outlook - Demonstrator production

To apply the technology, the planter is manufactured using
the concrete casting process. Firstly, the outer formwork ele-
ments are produced conventionally from GRP. On the other
hand, the core is produced using the near-net-shape extru-
sion technology developed as part of this research with sub-
sequent milling in the fresh and hardened state. The model
for moulding the core with a casting resin is quartered for
production reasons. The extrusion and milling of a model el-
ement in the fresh state has already been successfully com-
pleted (see Figs. 4 and 6). In the further course of research, the
model is milled into the final contour in the hardened state.
The model is then moulded in a casting resin. Awooden core
is fixed inside the mould element, which can be removed
from the casting resin in a first step during demoulding. The
thin-walled, flexible formwork element can then be easily de-
moulded, eliminating the need for a demoulding bevel and
allowing the undercut to be produced.

Conclusions

In this research work, the successful development of an ad-
ditive process for the sustainable production of a new form-
work based on concrete extrusion and milling was demon-
strated. A new fine concrete mixture with CEM III/A was
developed and characterised, which enables processing in
the fresh and hardened state. After the concrete elements
have been extruded, they are shaped into their final form by
brushing and milling. The new combined technology enables
the resource-efficient and digitalised production of complex
models without demoulding bevels and with local undercuts.
After use as formwork, the recycling process of the concrete
elements is continued and the recycled material is fed back
into the printing process. The result is a complex technology
consisting of the following steps: near-net-shape extrusion,
brushing and milling in the fresh and hardened state, mould-
ing with casting resin, production of precast concrete parts,
recycling of concrete models, reuse for additive manufactur-
ing. [ |
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