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ABSTRACT. In this paper, information about cementitious composite materials for further 3D
processing is discussed and supplemented. Many of the research in this area focuses primarily on
cement composites suitable for 3D printing. Nevertheless, 3D printing is not the only robotic processing
technique. Another such a technology is modelling with the help of a robotic arm, which can be used
to create various elements that fulfil their original but also aesthetic function. The robotic arm creates,
using a variety of sculptural or hand tools, a final unique relief of a given element. Three different
cement composite mixtures are discussed and their mechanical, physical and thermophysical properties
are evaluated. The research aims to investigate and optimise these composites for robotic sculpturing
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and 3D printing.
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1. INTRODUCTION

Currently, there is a lot of research in the world fo-
cused on optimising the composition of mixtures in
3D processing. Especially 3D printing has received
a considerable development and investment in recent
years. In general, technologies based on 3D processing
are on the rise. The surface processing of cement com-
posites using a robotic arm has been overshadowed
by 3D printing technology, although this technology
has great potential. The research that led to this
paper focuses primarily on the development of a spe-
cial mixture for this purpose and its comparison with
cementitious composite mixtures used for 3D printing.
The use of cement composites modified with the help
of robots is a new, innovative, and partly automated
technology, which has recently been significantly pro-
moted in construction. This production method has
started to develop very fast, which brings the need to
design a suitable composition of mixture for this tech-
nology. It is important to clearly define the required
properties of the material in the fresh state, as well
as during the processes, solidification and hardening.

Such a technology brings the potential for an in-
teresting architectural concept, either of the whole
building or its parts and elements. An important
and interesting characteristic of modern structural
design is increasing the fire and dynamic resistance
of buildings. However, this effort also increases the
financial impact on the resulting architectural work.
Therefore, the principle of prefabrication is used in
civil engineering, which has the main advantage espe-
cially in the speed of construction and the possibility

of fast delivery of the prepared precast directly to the
construction site. A significant advantage of using pre-
cast parts is the possibility of control and guarantee of
the mechanical properties of these elements. However,
for precast elements, it is not advantageous to create
original shapes due to the difficulty of formwork of
irregular shapes and the impossibility of reusing such
a formwork. This has a very negative impact, espe-
cially on the financial aspect of the whole process and
the final product. This situation can be conveniently
solved by the mentioned 3D processing using a robotic
hand.

With the mentioned robotic sculpture, the robotic
hand quickly and efficiently creates the original shape
on the surface of the mixture in a simple formwork
with the help of programmed techniques and appro-
priate tools. Therefore, the need to create a special
formwork for each element, which would be used only
once, is essentially eliminated.

A more popular 3D technique using cement compos-
ite is 3D printing. The robotic processing, mentioned
above, shapes the element only on the surface directly
into the fresh cement mixture in the formwork and the
elements are mostly of a non-load-bearing character.
The 3D printing can afterwards be used mainly for cre-
ating load-bearing structures. Both these 3D cement
composite processing technologies are suitable for pro-
ducing original construction shapes and eliminate the
use of formwork. 3D printing of buildings and other
structures are used mainly for vertical load-bearing
structures, various home furnishings, or for interest-
ing design works. These 3D technologies have started
to develop rapidly, but there are several conditions
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associated with them.

During the use of a robotic hand, plasticity and con-
trollable setting time are required from the mixture,
while for 3D printing technology, mainly good extrud-
ability and hardening of the layers immediately after
application is preferred. Another important factor is
to ensure a suitable consistency, sufficient processing
time, and maintaining the shape of the already ex-
truded structure after the application. When shaping
the surface of a cement composite, it is crucial to
achieve good workability and consistency of the mix-
ture. The primary object is to create a mixture that
will be able to remain in a plastic state for a time suffi-
cient for the robot or artist to create the desired work
of art. The plastic state is understood in 3D process-
ing mixtures as a mixture that has the consistency of
a stiffer paste, but the onset of solidification is signifi-
cantly delayed. Currently, there is a lot of extensive
research being carried out worldwide to design suit-
able cementitious mixtures for 3D printing technology.
Most of these studies, such as Nerella et al. [I] were
focused mainly on extrudability, buildability and pro-
cessing time. Another team of Kazemian et al. [2] at
the University of Southern California have shown that
the addition of micro-silica and nanofibers leads to a
significant improvement in shape stability, and these
fibres have better properties in such a material than
the addition of polypropylene fibres. Rahul et al. [3]
focused on optimum buildability and extrudability,
the optimal value of extrudability was achieved when
the yield strength of the mixture was in the range
of 1.5-2.5kPa. After the addition of the additives,
the yield strength and also the processing time of
the mixture increased significantly. After 30 minutes,
the increase was almost double as compared to the
reference mixture. Unfortunately, there is currently
not many studies focusing on the area of robotic hand
sculpturing, so no significant progress was observed
here.

Another important and also necessary advancement
in the field of civil engineering is the improvement of
energy efficiency in buildings. This topic is tightly
related to the thermo-physical properties of materi-
als. The thermo-physical properties of the material
subsequently affect the heating demand and the as-
sociated greenhouse gas emissions. The knowledge
of thermo-physical properties can be applied to ce-
mentitious composites used in 3D technologies such
as robotic sculpturing, specifically in the design and
implementation of cladding elements created by this
method. It is generally known that the requirements
for additional insulation are lower if the material has
better thermal properties. This finding is particularly
important for 3D printed buildings where the poten-
tial implementation of thermal insulation could cause
difficulties during installation.

Last but not least, the rheology plays very impor-
tant role during the design process of any concrete
or concrete-similar materials. In the literature, we
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can find, for instance, Feys [4] and Paul [5], who were
dealing with this phenomenon.

2. MIXTURES

As part of the experimental programme, three mix-
tures were selected and subjected to detailed test-
ing. The first reference mixture marked as number
1 is a commercially available dry mixture Master-
Flow 3D 100 from BASF intended for 3D printing.
This mixture is based on the main component — Port-
land cement. The manufacturer describes this dry
bagged mixture as a special non-shrinking mixture
with a grain size of up to 0.5 mm. As an additional
characteristic of the mixture, the manufacturer also
mentions a good workability, suitable for 3D printing,
of 1h/+ 20°C at 0.165 1-kg~! of water, which means
high strength, zero segregation, and also fast harden-
ing. The two newly designed mixtures number 2 and
3 are composite mixtures resulting from a suitable
combination of cement and commercially available
additives. These mixtures in the specific mixing ratios
lead to the desired effect. Thanks to a controlled and
continuous hydration process, such mixtures retain
a sufficient workability time and also have a rapid
increase in initial, especially mechanical, properties.
These mixtures are subsequently able to achieve a
reliable stability after curing. All of these properties
make the mixture easy to handle and suitable for a
wide range of practical use.

The first mixture (number 1) was mixed exactly
according to the procedure specified by the manu-
facturer. The water-cement ratio for this reference
mixture is prescribed to be 0.156. This value of the
water-cement ratio is generally relatively low and so
it can be assumed that the mixture will contain ad-
mixtures or additives which will affect the workability
of the fresh mixture. The procedure was, therefore,
as follows — Dry mixes 2 and 3 were firstly weighed
with a small amount of water and mixed thoroughly.
Then, more water was gradually added until the de-
sired consistency of the mixture was reached. The
appropriate water-cement ratio was considered to be
0.183 for mixture 2 and 0.163 for mixture 3, and these
water-cement ratio values are very close to those of the
reference mixture. The mixtures exhibited optimum
consistency during casting of the mixtures and form-
ing in the formwork — the consistency of a stiffer paste.
Earlier, during the collaboration with Federico Diaz,
3D forming technology was used. Figure [La]shows the
forming of sand by a robotic hand, which is then used
as part of the formwork for the individual cladding
pieces. Figure [ID] shows the cladding created by 3D
sculpture — Federico Diaz (TUNELBLANKA-INFO)
in Prague [6].

3. EXPERIMENTAL PROGRAMME

The experimental programme included testing of a
series of selected mechanical, physical, and thermo-
physical properties of mixtures. Test specimens in the
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(A). The formwork surface formation process by the robotic

hand, see [6].

(B). Artistic applica-
tion of tiling elements
created by a robotic
hand in Prague 6
6].

FIGURE 1. Two examples of robotic sculpturing, manufacturing process and the final application.

form of cubes with edge lengths of 70 mm and 50 mm
and beams with dimensions of 160 x 40 x 40 mm were
used to test these properties. The beams were used
for mechanical properties tests and cube-shaped spec-
imens for thermal and moisture experiments. Most
of the samples, namely two thirds, were stored in an
environment with elevated humidity. The remaining
samples intended for 7-day physical properties were
placed in a hot-air oven where drying was carried
out until the weight settled. Physical and mechanical
properties of the samples were tested, as usual, after
7, 14, and 28 days. Due to the continuous procedure
of measurements carried out at different stages of
concrete hardening, we are able to obtain a more com-
prehensive overview of the investigated cementitious
composites and the evolution of their characteristics.

3.1. MECHANICAL PROPERTIES

The whole experimental programme started with the
determination of the mechanical properties on five
samples for each mixture. Flexural tensile strength
test was performed on 160 x 40 x 40 mm specimens
with a support distance of 100 mm using a three-point
bending test. After the bending test, a compression
test according to EN 12390-3 was performed on both
fragments, with a contact area of 40 x 40 mm. Fig-
ure [2a] and Figure 2b]show a compression test in which
a clear difference in failure can be observed between
the sample of mixture 1 and 2. This mode of fail-
ure indicates that mixture 1 contains an admixture
of a specific type of microfibre, which here acts as a
dispersed reinforcement.

3.2. PHYSICAL AND THERMO-PHYSICAL
PROPERTIES

Basic physical parameters were determined using stan-
dard test methods, namely gravimetry and pycnome-
try, such as bulk density and matrix density. In this
research, the thermo-physical parameter tests were

(A). Pressure test of the
sample 1 with fibres and
its failure pattern.

(B). Pressure test of the
sample 2 without fibres
and its failure pattern.

FIGURE 2. Testing of the mechanical properties by
hydraulic jack ISOMET 2114.

carried out using the stationary hot disk method. This
method is based on the transfer of heat to the mate-
rial and subsequently, depending on the response, the
coefficient of thermal diffusivity, the coefficient of ther-
mal conductivity and also the coefficient of specific
heat capacity were evaluated as well. An ISOMET
2114 instrument was used for these measurements,
which is equipped with interchangeable probes. These
measurements were performed on cubes with an edge
length of 70 mm, one measurement for each sample.
After the drying process, the samples were placed in
a desiccator until the weight was stabilised, see Fig-
ure [3a] A silica gel was applied to the bottom of the
desiccator to provide a stable and especially non-moist
environment. Subsequently, after the connection, the
entire instrument was set up and a hot disk was at-
tached to the top wall of the sample according to the
expected measurement range. Finally, the required
number of measurements was set.
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(A). Samples placement of tested mixtures in a
desiccator.

(B). The measurement of changes using a rubber
wavy-line mould.

F1GURE 3. Testing of the physical and thermo-physical properties.

As a part of the experimental program, measure-
ments of volume changes in the solidification and
hardening phases were also performed. It is generally
known that the formation and subsequent develop-
ment of cracks in the hydration phase is the result of
volume changes and these significantly affect the dura-
bility and service life of the entire structure. In the
case of artistic processing, crack management is even
more important. The aim, is therefore, to restrict, as
much as possible, the volumetric changes that play
an important role in the artistic processing of cemen-
titious composites. Most often, these volume changes
are examined during the hydration phase, when the
fresh mixture changes from a so-called quasi-fluid to
a solid phase of the mass. The volume changes of
the mixtures were investigated using the rubber wavy-
line false mould method on the rubber, see Figure [3b}
A mould of this shape is placed in a gripping chair,
which primarily prevents horizontal deflection of the
mould. This wavy-line shape has the required proper-
ties, such as high vertical flexibility, while at the same
time sufficiently resisting horizontal length changes.

In the first step, the moulds were filled with the
prepared mixtures and then compacted by hand. Im-
mediately afterwards, the filled and compacted moulds
with the fresh mixture were covered with a foil on
the upper surface. This step should eliminate the
exchange of moisture parameters with external con-
ditions. A reflective surface was then placed on top
of it for measurements by laser sensors. To ensure a
constant ambient temperature, the whole assembly
was placed in a thermostatic chamber. Thereafter,
in order to achieve a non-contact method of optical
distance measurement, the device is equipped with
a sensor support structure for a simple displacement
measurement in the vertical direction. Scanning was
performed by using laser reflective sensors. There
is a reflective surface on the top of the specimens
which allows the reflection of the transmitted and re-
ceived light beam by the laser sensor. The reflection is
recorded by the measuring station during the measure-
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ment, from where it is exported as a text file and then
evaluated. With this method, we can continuously
measure length changes with an accuracy of 0.6 pm.

4. RESULTS AND DISCUSSION

4.1. MECHANICAL PROPERTIES

The graphs below show the behaviour of the tested
cementitious composites in flexural tensile strength
(Figure [4)) and the evolution of compressive strengths
(Figure [5)) over time.

If we take a look at the flexural tensile strength,
it can be seen that mixes 1 and 2 showed a rapid
increase at 7 days and a further step increase at 28
days compared to mix 3 where the strength increased
continuously in a linear trend. The presence of fibres
in mix 1 was already visible in the flexural tensile
strength tests. These fibres are activated as the load
develops and increase the flexural tensile strength. It
is ensured by preventing brittle fractures. The values
of mixes 1 and 3 were comparable for the 28-day tensile
strengths. Thus, it can be concluded that the results
obtained from the compressive and tensile strength
tests indicate that the tested mixes 1 and 3 are close
to the values of high strength concrete (60 MPa in
compression), see [7].

Regarding the development of the compressive
strength values of the individual mixtures 2 and 3, we
can observe a standard trend with almost the same
values after 7 and 14 days. After 28 days, however,
we can notice a significant difference between the mix-
tures, especially for mixture 3, where we can observe
a rapid increase in compressive strength from 20 MPa
to 71.3 MPa. For both new mixtures 2 and 3, we can
see a faster increase in strength in comparison to the
reference mixture 1. However, compared to commer-
cially available concretes, our reference mixture 1 still
achieved relatively high strength characteristics.

The Table [I] summarises samples 1, 2 and 3, their
densities, and measured mechanical properties. Ac-
cording to Pytlik [8], these composites can be classified
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FIGURE 4. Graphical representation of the flexural tensile strength after 7, 14, and 28 days.
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FIGURE 5. Graphical representation of the compressive strength after 7, 14, and 28 days.

Mixture Density Compressive strength Tensile bending strength

o0 [kg:m™3] R. [MPa] R [MPa]
1 1990 51.9 13.3
2 2040 52.9 114
3 2100 71.3 13.7

TABLE 1. The density and mechanical properties of the cement composites for 3D printing technology.
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Mixture Age A o A [x1079]
[days] [Wm™1K™1] [Jkg !K™!] [m2s~1]
1 7 1.17 881.01 0.68
14 1.19 922.43 0.68
28 1.28 896.85 0.73
2 7 1.24 869.60 0.76
14 1.28 948.13 0.72
28 1.35 951.95 0.75
3 7 1.36 876.09 0.79
14 1.45 914.09 0.81
28 1.48 870.86 0.87

TABLE 2. Thermophysical properties of measured mixtures.

from lightweight concrete LC (800-2000 kg-m~3) to
ordinary concrete C (2000-2600 kg-m—2), see [g].

The reference mixture 1 had the lowest bulk density,
while mixture 3 reached the highest values out of the
three mixtures, as shown in Table These bulk
densities also correspond to the measured compressive
strengths. From the bulk density evaluations, it is
apparent that mixture No. 1 is the most suitable for
3D printed structures. Mixtures 2 and 3 have higher
bulk densities and can, therefore, be considered less
suitable for non-load bearing structures. Although
they have a higher compressive strength, which might
seem to be an advantage, their relatively high bulk
density increases the self-loading of the structure in a
negative way. For the purposes of lightweight cladding
materials, such as tiles or pavers, a high bulk density
is disadvantageous.

4.2. PHYSICAL AND THERMO-PHYSICAL
PROPERTIES

This section summarises the results and evaluation
of the physical and thermo-physical properties of the
tested cementitious composite mixtures. The data in
Table [2] presents the material results, specifically the
thermo-physical characteristics, as they relate to re-
search in the development of mixtures for 3D robotic
processing. The table shows the measurements of
these properties over a range of 7/14/28 days. The
time setting is determined by the simultaneous mea-
surement of the mechanical properties. Only a slight
increase in the measured thermo-physical values can
be observed, while the strength characteristics increase
significantly with increasing concrete age.

As can be seen from the measured values of the
thermal conductivity coefficient, all investigated com-
posites can be classified according to their thermo-
physical properties and compared to the standard con-
crete with a standard density of 2100-2300 kg-m 3,
which has a thermal conductivity coefficient of approx-
imately 1.23-1.36 Wm 'K !, mix number 3 reached
values of 1.481 Wm~1K~!, which is the same value of

204

thermal coefficient as for reinforced concrete accord-
ing to Raznjevié, see [9]. The authors here presented
measured values in the range of 1.43-1.74 Wm 'K~

When considering the design of elements that will
be exposed to different temperature and humidity
conditions, we must take into account that these values
are given for dry material. Therefore, we must also
consider the practical humidity value for the cladding
element. For materials with a porous structure, the
higher temperature is directly proportional to the
heating of the material in the pores, which can cause
an increase in the values of the thermo-technical and
thermo-physical properties. Therefore, a material
with a lower thermal conductivity coefficient value
works better as an insulator. The values shown in
Figures [6] and [7] correspond to the strength values
of the individual mixtures. This indicates that the
higher the strength of the material, the worse the
thermal insulation properties of the material.

The mixture 1 shows the best results in terms of
conductivity due to the lowest value of thermal con-
ductivity coefficient, next is mixture number 2, and
the last mixture 3 is the least suitable from the ther-
mal conductivity point of view, as shown in Figures [6]
However, this comparison has no real meaning with re-
spect to the settled moisture and the sample (drying)
parameters. In real conditions, moisture would play
an important role in increasing thermal conductivity.
Figures[7] shows the evolution of specific heat capacity,
where mixture number 2 demonstrates the best values
and its values improve further with increasing age, for
example, after 28 days. On the contrary, the mixtures
1 and 3 report a decrease in their heat capacities after
28 days.

However, all mixtures displayed different values
during the solidification phase in volume changes,
as shown in Figures |8} Mixture 3 showed the most
significant volume changes, while the other mixtures
1 and 2 had almost identical values in this aspect.
Interestingly, it also has the best strength properties.
The importance of each these properties depends on
the purpose of application and use. It is a matter of
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preference whether high strength or durability is more
important for the resulting material.

5. DISCUSSION

As other authors who also devoted their efforts to
the development of materials for 3D robotic printing,
we too arrived to results that showed good and sim-
ilar values of compressive strength as, for example,
mixtures from S. J. Woo et al. [10], who determined
the appropriate compressive strength after 28 days
of such materials to be at least 50 MPa, our refer-
ence mixture 1 and mixture 2 slightly exceeded these
values, with mixture 3 reaching a level of compres-
sive strength exceeding 70 MPa after 28 days. This
is almost similar value to the mixture tested by A. P.
Rubin et al. [II]. In terms of tensile strength during
bending, our samples showed almost two-times higher
values after 28 days than the mixture from S. J. Woo
et al. [10], on the contrary, they were only slightly
lower than the measured mixture values from A. P.
Rubin et al. test study [1I]. According to the volume
weights of our reference mixture and our mixtures 2
and 3, we classify these materials in the category of
light concrete according to Pytlik [8]. Our mixtures
showed slightly lower bulk weights than the material
from S. J. Woo et al. [I0]. According to the study
of E. Lublasser et al. [12], we know that the lower
the volumetric weight, the more suitable the material
is for use in such a technology. Therefore, we can
state that our achieved results reached very similar
measured values to similar studies by other authors
who dealt with the development and measurement
of mechanical and thermophysical properties of such
mixtures of materials for 3D printing.

6. CONCLUSION

The results of the experimental program show that
all tested mixtures are suitable for robotic processing.
It can be stated that mixture 1 is more suitable for
3D printing and mixtures 2 and 3 are more suitable
for robotic sculpturing, mainly due to their rheology.
According to the mechanical property measure-
ments, the proposed mixtures show better compressive
strength values than the reference mixture. However,
their bulk density and thermal insulation values are
higher, and therefore worse than in the case of the
reference mixture. The intended application of these
materials is very important. Unless it is necessary to
use a high-strength composite, it is not recommended
to use mixtures 2 and 3, which would significantly
increase the self-weight of the structure. Consider-
ing the physical properties of the tested composites,
density may be the most important factor when the
mixture is used for cladding material with artistic
elements. On the contrary, strength and thermal insu-
lation properties will be crucial if the material is used
for load-bearing, solid or other external structure.
The obtained knowledge and measured values will
be used in a future investigation within the project,
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which will be focused on a better balance of cement
mixtures with focus on adjustability of processing
time and other physical-mechanical properties, whose
optimal configuration is very important for 3D pro-
cessing. The main goal of the project is to create a
mixture that is suitable for robotic processing and at
the same time commercially available as a dry bagged
mixture.
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