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Abstract. This paper presents the rheological and hardened properties of novel 3D-printable materials
imitating structures of marble. The effects of mixed proportion on rheological behavior, kind of texture,
setting time, density, compressive strength, water absorption, drying shrinkage, frost resistance are
presented together. Two kinds of squeezing tests were used to evaluate the extrusion ability and shape
stability of the fresh mixture. A high compression speed test using constant plate speed of 5 mm/s was
implemented to simulate the behavior of the system in the process of extrusion. The squeezing test was
conducted with a constant strain rate of 0.5 N/s as to model the behavior of the system in the process of
multi-layer casting. Properties of the 3D-printable artificial marble were determined by Russian standards.
The fresh mixtures of 3D-printable artificial marbles had plastic yield value of 1.2-3.5 kPa, structural
strength of 1.2—-3.3 kPa, the value of plastic deformations was 0.05-0.06 mm/mm. This defined the ability
of these mixtures to plastically deform without structure destruction and hold their form, resist the
deformation under compressions load during multi-layer casting. The received specimens of artificial
marble resemble six kinds of textures of white and color marble. The 3D-printable artificial marble had high
compressive strength (36-48 MPa and 55-68 MPa at 1 day and 28 days after production respectively), low
water absorption (0.75 %), drying shrinkage (1.3—-1.9 mm/m), high frost resistance and short setting time
that determine the effectiveness of 3D-printed structures life cycle.

1. Introduction

The idea of scaling up additive manufacturing techniques for automated building construction has
been a topic of research for several years [1-8]. Research to date can be classified into the next groups:

— pumpability, extrusion ability, printability, buildability, open time of 3D-printable mixture [9-14];
— component design, properties, and durability of 3D-printed composite materials [15-19];

— modeling, mechanics, and control of the 3D-printing process [10, 11, 20-22];

— demonstrating the viability of 3D-printed structures [23—-26].

According to review [18, 19], the component design is the interdependent factor affecting mechanics
and control of the 3D-printing process and viability of 3D-printed structures. The material is typically a high
cement content mortar, which contents a different kind of aggregates with a maximum particle size in the
order of 2 mm to 3 mm, plasticizer, viscosity modifying additive, fiber.

At the same time, the typical viable 3D-printed structures are printed shells watch that have a function
of permanent formwork. All known and used compositions of 3D-printed materials are produced by using
grey cement and plain, monochrome aggregates. As a result, 3D-printed structures are grey and plain too
and need finishing and painting in order to provide their architectural expressiveness. It is obvious that the
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finishing requires a lot of handwork that would discredit the idea of robotic 3D-printing technology. The
solution to this problem can be the usage of decorative concrete, whose properties would be adapted to
the printing process.

However, all known kind of color decorative concretes are used in traditional concrete casting
technology [27-30]. Therefore, the development of 3D-printable decorative concrete would allow the 3D-
printed structures to obtain architectural expressiveness without additional costs for their finishing.

This paper aims to contribute to this promising line of research, and reports on outcomes of a
research program aimed to develop a novel 3D-printable decorative concrete.

2. Materials and Methods

Six types of 3D-printable cement pastes were studied (Table 1). The initial components were used
of the system:

— white Portland cement CEM | 52.5 R (EN 197 — 1: 2011),
— the plasticizer of Sika trademark based on polycarboxylate ethers,
- complex viscosity modifying additive,

— three kinds of aggregates, limestone filler (CaCOs content ~ 95%; a particle size distribution ranging
from 1 to 75 um),

- polypropylene fiber (I =12 mm, d = 0.022 — 0.034 mm),
— pigments (Fe203 content ~ 80%).

Table 1. Tested cement paste composition and specimen identification.

. Components/ mass cement (%) w/C kind of
Spetllem plasticizer ~ complex viscosity ~ polypropyl  aggreg limestone  pigment aggregates
en modifying additive ene fiber ates filler
T 1.2 0.4 0.5 125 - - 0.32 sand
T2 1.2 0.4 0.5 125 - - 0.35 granite
T3 1.2 0.4 0.5 100 25 - 0.39 slate
Ta 12 0.4 0.5 125 i 0.2 (red) 0.35 granite +
slate
T5 12 0.4 0.5 125 ) 0.2 0.35 gramte. +
(green) serpentine
6 1.2 04 0.5 100 25 - 0.3g granite +
slate

The aggregates had a particle size distribution ranging from 0 to 5 mm (Table 2). The white Portland
cement and aggregates with different colors and particle sizes have been used to achieve the imitation
structure of marble. W/C- ratio, concentration, and the particle size range of aggregates, the concentration
of limestone filler was assumed as the main factors for the change of rheological behaviour of the 3D-
printable cement pastes. Content of plasticizer, complex viscosity modifying additives, polypropylene fiber
were assumed as a fixed factor for the experiments.

Table 2. The particle size distribution of limestone filler.

particle size range

kind of aggregates color volume of particles, % size (d), um
13.2 630
sand white 49.3 315
375 160
67.0
granite yellow 13.0 1250
20.0 630
slate terracotta ~98 2500
serpentine green 654 2000
34.6 2500
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To evaluate the extrusion ability and firm stability of fresh mixture, the different kinds of squeezing
tests were used following the methodology developed in the works [10, 20-22, 31, 32].

Cylindrical samples of fresh cement paste with radius R equal to their height ho = 25 mm were used
for the implementation of the experiment. For the squeezing test, the sample was put between two smooth
plates diameter of which corresponded to the size of the sample and was loaded into the testing system
“INSTRON Sates 1500 HDS". The test was conducted on a fresh sample for all mixtures directly after their
molding.

High compression speed test using constant plate speed v = 5 mm/s was implemented as the
behaviour of the system in the process of extrusion is most adequately modeled with this speed. The curves
“compression force N is displacement Ap”" were obtained during the experiments were interpreted as

influence curves of reduced compression load F* from a relative change of height of the sample hi/R:
= Ph;

i _nRZ'

)

where hi = (hg — 4), hoiis the initial height of the sample, 4 is transferred in the point of time, value R was
taken as constant and equal to the radius of the sample at the beginning of the experiment.

According to the results of the analysis of the received experimental curves for the studied system's
values Kj, called plastic yield value by N. Roussel and C. Lanos [20, 21], was calculated at the inflection

point of the F*(hi/R) curves (hi/R = 0.9):
h /) _ ~3F*
K| | = 2
|(A) 5 (2)

The squeezing test was conducted with a constant strain rate v = 0.5 N/s was implemented as the
behaviour of the system in the process of multi-layer casting [32]. The strain rate conforms to the average
speed of load increase during multi-layer casting of building sites by industrial printers. The methodology
of its implementation corresponds to the approaches of A. Perrot [10, 22] to the evaluation of the buildability
of the 3D printable mixtures. Squeezing was conducted until the rupture of the samples. The curves

“displacement Ap — time 7", “displacement 4 is compression force N” were recorded as the result of the
experiments. Based on the obtained experimental curves, structural strength (ov) of fresh mixtures was
calculated for the moments corresponding to the start of deformation (4pi = 0.1 mm), and plastic strength

(op1) was calculated at the beginning of cracking. The value of plastic deformations 4p at the start of
cracking was determined as a ratio of the displacement 4 of the plates in the squeezing test to the initial
height of the sample ho.

Properties of the 3D-printable artificial marble were determined by Russian standards:

- water absorption according to Russian State Standard GOST 12730.3 “Concretes. Method of
determination of water absorption”;

- setting time according to Vicat method (Russian State Standard GOST 310.3 “Cements. Methods
for determination of standard consistency, times of setting and soundness”);

- compressive strength according to Russian State Standard GOST 10180 — 12 “Concretes. Methods
for strength determination using reference specimens” using the universal 4-column static hydraulic testing
system “INSTRON Sates 1500 HDS”,

- frost resistance according to Russian State Standard GOST 10060-2012 “Concretes. Methods for
determination of frost-resistance” (the first basic method for repeated freezing and thawing),

- drying shrinkage according to Russian State Standard GOST 24544-2020 “Concretes. Methods of
shrinkage and creep flow determination”.

3. Results and Discussion
3.1. Rheological behaviour

The rheological properties of fresh mixtures for 3D-printable artificial marble are listed in Table 3.
Results of two kind of squeezing tests are shown in Figure 1, 2.
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Table 3. Rheological properties of 3D-printable artificial mixtures.

Specimen ID Plastic yield value Kj, kPa Strength, kPa Value of plastic
structural 0p plastic opi deformations Apl, mm/mm
T1 2.38 0.74 45.78 0.06
T2 1.23 1.42 42.25 0.08
T3 4.70 0.41 51.41 0.06
T4 3.49 1.95 40.71 0.05
T5 1.72 3.29 35.13 0.05
T6 2.35 1.19 28.54 0.06

As a result of the interpretation of the squeezing test with constant plate speed, we received
experimental curves F* = f(hi/R) (Fig. 1) which correspond to the similar curves of N. Roussel [21].
Analysis of experimental curves F* = f(hi/R) for the description of rheological behavior of fresh artificial

marble paste during squeezing was conducted based on approaches of fundamental structural rheology of
disperse systems [31].

F*, kPa
35 4
30 4
25 4
"perfect plastic
response
20 4 _phase”- _
vizcoplastic fluid "placing
with intensively phase” - the
15 | —T A rplastic fuid™ - damaged siructure
TG, With damaged structure maintains
structure stability
10 4 TG
5 4 ) \
0 h‘“"‘h—__
0.6 0.7 0n.a 0.9 1
test end test beginning /R

)

Figure 1. Tested artificial marble F*(hi/R) curves.

Under the action of low compression stress on the first section of the curve within deformation range
~ 0.9 < hi/R < 1 the structure maintains stability (“placing phase” according to N. Roussel’s terminology).
According to point of view structural rheology of disperse systems, the “placing phase” can be characterized
as a viscoplastic fluid with undisturbed structure. When the stress on the second section increases with
0.8 < hi/lR < 0.9, the system is plastically deformed while its structure loses its stability (“perfect plastic
response phase” according to N. Roussel). This section can be correlated with a viscoplastic fluid with
intensively damaged structure in conformity with the structural rheology approach.

The experimental results show similar kinds of F*( hi/R) curves for 5 studied systems (T1, T2, T4,
T5, T6). They have expressed a horizontal section of plastic deformation. For the systems transfer from
stable condition to plastic flow is estimated by load F* for ~ 2.0 + 3.0 kPa, transfer into the condition of the
flow with damaged structure happens with F* > 5.0 kPa. These mixtures can be extruded through an
extruder nozzle with low squeezing force. The system T3 does not have the horizontal section of plastic
deformation, transfer from stable condition to plastic flow is estimated by load F* for ~ 6.0 kPa.

The systems T1, T2, T4, T5, T6 have rational values plastic yield value Kj= 1.2 -3.5 kPa (Table 3),
which is determined at the beginning of the viscoplastic fluid of disperse system with undisturbed structure.
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These values Kj ensure the best extrability due to their sufficient plasticity and capacity for viscoplastic flow
without the structure damage under the influence of extrusion stress [32]. At the same time, the system T3
having the highest plastic yield value (Ki= 4.5 kPa) can not have a capacity for viscoplastic flow in the
extrusion process due to high rigidity.

Analysis of the received experimental data of the curves “displacement A —time 7", “displacement 4
- compression force N” (Fig. 2) shows three typical zones of rheological behavior.

The first one is the zone of phase stability. The structural strength op is calculated based on the
quantity load N at the beginning of deformation of viscoplastic mixtures can be considered as the main
criterion of their buildability. The structural strength oy characterizes the ability of the system to maintain
stability without deformation during loading. The second one is the zone of the plastic phase. The
system’s ability to deform without destruction is evaluated by the quantity of plastic strength oy
calculated based on the quantity load N at the beginning of cracking. To characterize buildability, it seems
reasonable to evaluate the number of plastic deformations on this section Ap, which have to be minimized
for 3D printable materials. The third one is the cracking phase and intensively destruction of the structure.
The curves “A — 7” shows that all studied system displays the similar phase stability and plastic phase
zone. However, the structural strength for system T3 is less in ~2 — 3 times comparing with the systems
T1, T2, T4, T5, T6 (see Table 3).
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Figure 2. Tested artificial marble “displacement 4 —time 7° (a)
and “displacement 4 — compression force N” (b) experimental results.

The transition between plastic yield value Kj, the value of structural oy and plastic opl strength,

plastic deformations Ap is linked to the concentration and a particle size distribution of the aggregates and
filler. At the same time, the inclusion of pigments does not have a significant influence on the rheological
properties of mixtures.
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Change of rheological characteristics of mixture depends on kind of distribution of particle size. If
aggregates have different particle sizes, their particles rationally locate between cement particles. As a
result, dense spatial packing of solid particles into cement paste structure is ensured. Such structuring of
the mixture solid-phase ensures the increase of their firm stability and consequently buildability. By contrast,
aggregates having equal particle size loosen fresh mixture structure. This effect of decreasing plasticity
and firm stability of mixtures is logically related to the influence of aggregates. Introduction of aggregates
into dispersing system “cement + water” as a regulating factor of solid-phase properties changes packing
density and molecular interactions between solid particles. As a result, flow under stress becomes difficult
for coarser systems containing aggregates. For systems T1, T2, T4, T5, T6 (aggregates with different
particle sizes (see Table 2)) plastic yield value Kij, corresponding to the beginning of the plastic flow, is in
the range from 1.23 to 2.49 kPa. At the same time, these systems have enough firm stability

(o0 =1.2-3.3 kPa, 4p = 0.05 - 0.06). The system T3 (aggregates with equal particle size) is characterized

by the highest rigidity (Ki = 4.70 kPa) and the least firm stability (oo = 0.41 kPa, 4p = 0.06). Therefore,
usage of aggregates with different particle sizes allows the fresh mixture to obtain plasticity and firm stability
but usage of aggregates with equal particle size would not be possible to ensure that.

3.2. Properties of 3D-printable artificial marble

As shown in Figure 3, all the specimens of received 3D-printable composites resemble the structures
of marble. System T1 imitates the structure of white marble; the systems T2 — T6 imitate the different
structures of color marble.

Table 4 shows the properties of specimens of received 3D-printable artificial marble. The average
density of all the specimens is 2150 kg/m3, the average water absorption is 0.75 %, frost resistance 200
cycles, drying shrinkage 1.3-1.9 mm/m. The compressive strength of 3D-printable artificial marble
specimens is in the range from 36.5 to 47.7 MPa at 1 day after production; from 54.5 to 67.9 MPa at 28
days after production. In 1 day of hardening 3D-printable artificial marble occurs the most intensive growth
of the strength. It is important to emphasize that in this period the strength receives 75 -80 % from 28 days
strength.

Figure 3. The structures of 3D-printable artificial marble.

Table 4. Properties of 3D-printable artificial marble.

Water Compressive strength, Frost Drying
Specimen Density, absorption, Setting MPa resistance, shrinkage,
ID kg/m3 % time, min cycle mm/m
1 day 28 days

T 2250 0.2 105 47.7 67.9 200 <1.6
T2 2200 0.3 105 44.8 60.9 200 <14
T3 2150 1.7 120 47.5 66.6 200 <17
T4 2250 0.8 75 41.6 63.8 200 <14
T5 2150 0.9 60 36.5 54.5 200 <13
T6 2150 0.6 120 42.2 63.6 200 <19

Slavcheva, G.S., Britvina, E.A.



Magazine of Civil Engineering, 111(3), 2022

These results indicate that changing the kind of aggregates, the inclusion of pigments does not have
a significant influence on the properties of materials. On the other hand, the inclusion of pigments has a
positive influence on the setting time of mixtures. The systems without pigments (T1, T2, T3, T6) are
characterized by setting time 105-120 min, the systems with pigments (T4, T5) are characterized by setting
time 60—75 min. That is due to the pigment content directly related to the hydration process despite the
aggregates kind and ratio varies.

The high early-age strength, short setting time, low water absorption and drying shrinkage, high frost
resistance are very impotent attributes to 3D-printable materials because they determine the effectiveness
of building technology and durability of 3D-printed structures.

4. Conclusion

Six kinds of structures of 3D-printable artificial marbles have been received using white Portland
cement, pigments, and aggregates with different colors and particle sizes.

The fresh mixtures of 3D-printable artificial marbles had plastic yield value Kj = 1.2 — 3.5 kPa that is
defined the ability of these mixtures to plastically deform without structure destruction and maintain stability

during extrusion. At the same time, these systems had enough firm stability (structural strength op = 1.2 —

3.3 kPa, the value of plastic deformations Api = 0.05— 0.06 mm/mm) that is characterized the system’s
ability to hold its form, resist the deformation under compressions load during multi-layer casting.

The optimal rheological characteristics of fresh mixtures can be achieved with the usage of
aggregates with different particle sizes. The fresh mixtures having aggregate’s particle size range from 0.15
to 5 mm are characterized by the optimal plasticity, structural strength, and deformability under the load.
Using aggregates with equal particle size impairs these characteristics of mixtures.

The 3D-printable artificial marble had high compressive strength (36-48 MPa and 55-68 MPa at
1 day and 28 days after production respectively), low water absorption (0.75 %) and drying shrinkage
(2.3-1.9 mm/m), high frost resistance and short setting time that determine the effectiveness of 3D-printed
structures life cycle.
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