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Abstract. The article presents the results of studying the mechanical properties of 3D-printed layered
concrete (3DPLC), including compressive, flexural, and splitting strength. To assess them, we used a
compression test with a load applied perpendicular and parallel to the printed direction; a flexural test with
a load applied perpendicular to the printed direction, and a splitting test to evaluate the interlayer bond
strength upon the transfer of force along the boundary surface parallel to the printing direction. The
mechanical properties of reference cast concrete (CC) were evaluated in accordance with the requirements
of Russian standards. We established a significant anisotropy of the mechanical properties of 3DPLC along
and perpendicular to the printed layers as well as a significant reduction in all strength values compared to
similar values of reference CC. The printing time gap was the determining factor in the reduction of values
of the mechanical properties for 3DPLC. When it increased to 20 minutes, a critical decrease in the
interlayer bond strength was observed. At the same time, a threefold drop in the strength of 3DPLC
compared to similar characteristics of CC could be observed in case of a decrease in humidity and a change
in temperature in the range of +(10-30) °C. The impact of the curing condition on the variability of the
mechanical properties of 3DPLC depended on the particle size distribution of fillers and aggregates that
determined the surface roughness of the printed layer. The range of changes in the strength of sand-based
printed concrete in case of varying temperature and humidity of curing (with a similar printing time gap) was
30-70 %, and for limestone-based printed concrete it was 1.5-3 times.
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1. Introduction

Realizing the potential of 3D-build printing is associated not only with the possibilities of robotic
construction of buildings, but also with the issues of calculation and design of hollow 3D-printed structures.
Therefore, it is highly important to adequately evaluate the strength properties and standardize the classes
of 3D-printed layered concrete (3DPLC).

Unlike traditional mold cast concrete (CC), strongly pronounced anisotropy of mechanical properties
is typical for 3BDPLC. Depending on the printing technology, constructions may have 2 types of stratification.
Layering the next layer on top of the previous one creates horizontal stratification. If the next layer is layered
next to the previous one on the same level, it may result in vertical and horizontal stratification. The strength
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of a single-layer material (RCC) is greater than the strength of 3DPLC on the whole. However, upon the

load action, the strength along the layers (RX) and across the layers (Ry) significantly decreases.

The anisotropy in mechanical properties of 3DPLC is an object of present research.

In their review, A.U. Rehman and J.H. Kim [1] summarized and compared data from dozens of
previous studies that presented relationships between the strength of 3DPLC along the layers (RX) and

across the layers (R ) and the strength of the layer material (RCC). According to the results of different

y
studies, these ratios varied greatly in the following range:

- compressive strength R, /RCC =0.5-1.1, Rcy/Rcc =0.6-1.1;
— flexural strength Ry /Ry, =0.3-0.9, Ry, /Re, =0.9-1.3;
~ tensile strength R, /R, =0.8-1.5, R, /R =0.3-0.5.

It is obvious that the strength of 3DPLC is determined by the interlayer bond at the vertical and
horizontal boundaries of layer separation. However, many studies [2—16] show that the strength of 3DPLC,
compared to CC, decreased directly proportional to the printing time gap. In [3, 5, 7] it was shown that the
strength and nature of destruction of layered printed samples was similar to the presented parameters of
mold cast samples when layered with a printing time gap of up to 5 min. As the time interval between
layering increased, the nature of the destruction changed, and cracks passed through the surface of the
layer bond. Therefore, differences in the mechanical behavior of printed and cast concrete could be
determined by interlayer effects that influence the path of crack development and failure patterns. As a
result, the bond strength between the layers as well as compressive, flexural, and splitting strength of
3DPLC decreased. The interval of 20—-30 minutes is considered critical, and exceeding this limit leads to
self-destruction of the samples.

However, a more detailed analysis of the conditions of the experiments carried out in [2-15], the
data of which were summarized and compared in [1], showed that in all cases the printing time gap did not
exceed 1 minute [3, 8-14]. Therefore, the variability described above in data from different studies on the
ratio of strength of 3DPLC and CC cannot be classified as the effect of this factor alone. In the analyzed
research data, the compositions of mixtures varied significantly in their appearance and particle size
distribution of fine aggregates and fillers [4, 9, 11-14] as well as printed samples curing. A number of works
[16—19] used mixtures based on sand without fillers, while in [2, 20—-21] they used mixtures that included
various fillers (fly ash, silica fume, etc.) apart from fine aggregates. After printing, the curing state of samples
also varied among different studies, mainly in the humidity of curing, which varied in the range of RH = 60—
100 % [2, 13-16].

Based on this, it can be assumed that the interlayer bond strength and, correspondingly, mechanical
properties of 3DPLC, apart from printing time gap, are determined by the following factors.

1. Temperature and humidity of curing. Interlayer bond strength of 3D-printed materials significantly
depends on the open time, the time during which technological characteristics of fresh 3D-printable
mixture (viscosity, plasticity) are preserved unchanged. In the works of A. Perrot et al. [22-24], it
was proved that a decrease in the interlayer bond strength depended on the structural build-up rate:
the greater the rate of curing was, the more impact the time between layering had on strength. This
was due to the fact that temperature and humidity significantly affect the hydration and curing speed
of cement paste.

2. Roughness of the layer surface depended on the particle size distribution of fillers and aggregates
in the mixture. The roughness of the layer surface influenced the energy and the number of bonds
at the interface between the layers, and therefore it can greatly affect the formation of the
mechanical properties of 3DPLC.

The influence of these factors on the strength of 3DPLC has not been investigated, which determines
the relevance of the research. The results presented here may have implications for use in the design of
3D-printed structure.

As a consequence, the present research aims to investigate the mechanical behavior and anisotropy
properties of 3DPLC. In particular, the effects of three parameters on the properties of 3DPLC are
considered as the objectives of present research:
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— printing time gap;
— curing conditions — temperature and humidity;
— particle size distribution of fillers and aggregates used in mixtures.

2. Materials and methods

The studies were performed on two types of 3D-printable mixtures, the compositions of which were
optimized by the authors in previous studies regarding extrudability, buildability, and strength of the layer
material (Table 1):

1. sand-based mixture, patent RU 2729085 C1 [25];
2. limestone-based mixture, patent RU 2729283 C1 [26].
The initial components were used in the mixtures:
— Portland cement CEM 1 42.5 R (EN 197-1:2011);
— Sika® plasticizer based on polycarboxylate ether;
— viscosity modifying admixture — metakaolin (Al2O3-SiO2 content ~ 98 %, particle size distribution
ranging from 1 to 5 um);
— polypropylene fiber (I = 12 mm, d = 0.022—-0.034 mm);

— limestone filler (CaCOs content ~ 95 %; particle size distribution ranging from 10 to 75 um), silica
sand (SiO2 content ~ 95 %; particle size distribution ranging from 160 to 1200 um).

Table 1. Concrete mixture design.

Mi Components / mass cement (%) wiC
ixure
type Plasticizer Metakaolin Polypropylene fiber Silica Limestone filler
sand

Sand- 12 2 0.5 125 - 0.29

based
Limestone- 12 2 0.5 - 100 0.39

based

To study and evaluate the mechanical properties of 3DPLC, an element ~ 50 cm long, 4 cm wide,
and 16 cm high was printed on laboratory printer. The cross section of the layer was 40 x 20 mm, and the
number of printed layers was 8. The following printing modes were used during the studies:

— constant print speed 20 mm/sec;

— constant distance between the nozzle and the layer 20 mm;

- variable printing time gap 4¢ = 0.5 min, 10 min, 30 min;

After printing, the 3D-printed samples were stored for 28 days in a different environment:

— standardized (T'=20 + 2 °C, RH = 100 % (reference));

— modelling (I'=10+2°C,RH=60%, T=20+2°C,RH=60%, '=30+2°C, RH =60 %).

pressing
samples
{cubic)

ICompressing|  Splitting Bending samples
samples samples

Figure 1. Scheme for preparing 3DPLC-sample for strength tests.
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After curing, the model element was sawn into prism samples with the size of 40 x 40 x 160 mm.

The cutting layout of a 3D-printed model element is presented in Fig. 1.

Mechanical properties of CC were assessed as reference ones. In order to do this, reference mold
samples were made from each batch of sand-based and limestone-based mixtures during the research
simultaneously with the printing of model fragments. The mold samples were stored for 28 days in a

standardized environment (7'= 20 + 2 °C, RH = 100 %).

3DPLC samples were tested as follows:

compression test upon load application across the printed direction (Y-axes) — 3 prism samples
in a series;

compression test upon load application along the printed direction (X-axes) — 6 half-prism
samples in a series;

flexural test upon load application across the printed direction (Y-axes) — 3 prism samples in a
series;

splitting test to assess the interlayer bond strength with point force along the boundary surface
in the sample along the printed direction (X-axes) — 3 prism samples in a series.

Test patterns for 3DPLC samples are presented in Fig. 2.

20
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. g ¥
| 40,60 | ) ! = T
fo=150 | f fa=100
| 40 |

Figure 2. Schemes for strength testing of 3DPLC-samples: (a) compressive strength test (Y-axes);

(b) compressive strength test (X-axes); (c) four-point bending test (Y-axes);
(d) splitting three-point bending test (X-axes).

The mold CC samples were tested according to Russian State Standard GOST 10180 “Concretes.
Methods for strength determination using reference specimens”.

A summary of the tests is presented in Table 2. Each set of sample is indicated by an abbreviation,

where:

CC is for the cast concrete;

PLC is for the 3D-printed layered concrete;
LM is for the limestone-based mixture;

S is for the sand-based mixture.

Table 2. Test matrix.

. Abbreviation
Variables
CC-S CC-LM PLC-S PLC-LM
Printing Time No No 0,10, 20 0, 10, 20
Gap (min)
Samples curing 20 °C, 20 °C. 100 % 20 °C, 100 %; 20 °C, 60 %; 20 °C, 100 %; 20 °C, 60 %;
(T; RH) 100 % ’ °  10°C, 60 %;30°C,60%; 10 °C, 60 %; 30 °C, 60 %;
Load direction
of compression According to Russian State Y-axes, X-axes Y-axes, X-axes
test Standard GOST 10180-2012
Load direction “Concretes. Methods for
R . Y-axes Y-axes
of flexural test strength determination using
Load direction reference specimens’
X-axes X-axes

of splitting test
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After mechanical tests were conducted, the destruction surface of the samples was examined on a
desktop scanning electron microscope Thermo Scientific™ Phenom™ XL. We used the Phenom Desktop
SEM software to operate the microscope as well as to obtain, process, and analyze the images. This
software includes the Element Identification program, which can be used to operate the built-in EMF
detector and to work with the information received from it.

3. Results and Discussion

According to the test results, we recorded a change in all mechanical properties of 3DPLC, compared
to similar values of CC (Tables 3-5). The changes in the samples that were stored in a standardized
environment were the following:

— prismatic strength upon axial compression and load application across the printed direction (Y-
axes) decreased by 1.8 and 2.4 times for sand-based and limestone-based printed concrete,
respectively;

— axial compressive strength upon load application along the printed direction (X-axes) reduced
by 1.15 and 1.4 times for sand-based and limestone-based printed concrete, respectively;

— the strength at four-point load application across the printed direction (Y-axes), on the contrary,
increased by 1.8 times for sand-based and limestone-based printed concrete;

— interlayer bond strength, according to splitting test, upon load application along the printed
direction (X-axes) decreased by 2.1 and 1.4 times for sand-based and limestone-based printed
concrete, respectively.

It is highly important that a significant anisotropy of 3DPLC properties was established. The
compressive strength upon loading along and across the printed direction differed by 2—-2.1 times, while
the bending strength differed by 2.5-3.6 times. The loading conditions have the most significant influence
on the level of anisotropy. The nature of the uniaxial compressive strength — displacement curves (Fig. 3, 4)
for 3ADPLC and CC differed most significantly in the tests with a load application along the printed direction
(X-axes). A decrease in the slope of the ascending branch and the appearance of a long descending branch
on the deformation curves are typical for 3DPLC-samples. Thus, the mechanical behavior of 3DPLC is
characterized by the emergence of pseudo-plastic deformations.

Table 3. CC mechanical properties.

) . Mixture type
Mechanical properties i
Sand-based Limestone-based
Uniaxial compressive strength (prism) R;C, MPa 49.33 46.98
Uniaxial compressive strength (cube) R;:C, MPa 3.90 2.80
CcC
Flexural strength Rfy , MPa 3.90 280
(according to four-point bending test)
Splitting strength RSC; MPa 4.04 2.97

Table 4. Sand-based 3DPLC mechanical properties.

Temperature and humidity of curing

Mechanical properties T=20+2°C, T=10+2°C, T=20+2°C, T=30%2°C,
RH =100 % RH =60 % RH =60 % RH =60 %

Printing time gap At = 0.5 min

Uniaxial compressive strength (Y-axes)
R MPa 27.65 19.48 24.89 16.27
y ki

Flexural strength (Y-axes) Rfy, MPa 6.92 5.70 6.46 6.48

Uniaxial compressive strength (X-axes )

Rx’ MPa 54.69 45.02 49.66 41.88
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Temperature and humidity of curing

Mechanical properties T=20+2°Cc, T=10+2°C, T=20+2°C, T=30%2°C,
RH =100 % RH = 60 % RH =60 % RH =60 %

Interlayer bond (according to splitting

test (X-axes)) Ry, , MPa

1.94 1.78 1.92 1.48

Printing time gap At = 10 min

Uniaxial compressive strength (Y-axes)

R. MPa - 19.28 22.39 21.35
y ki
Flexural strength (Y-axes) Rfy’ MPa - 4.62 4.97 4.86
Uniaxial compressive strength (X-axes)
Rx’ MPa - 49.87 51.26 45.07
Interlayer bond (according to splitting
- 0,82 1.53 1.57

test (X-axes)) R.,, MPa

SX 7

Printing time gap At = 20 min

Uniaxial compressive strength (Y-axes)

Ry, MPa
Flexural strength (Y-axes) Rfy, MPa - 3.10 3.60 3.89
Uniaxial compressive strength (X-axes)
Rx MPa - 36.89 33.61 31.56
Interlayer bond (according to splitting
- 0.32 0.76 1.01

test (X-axes)) R., , MPa

SX 7

Table 5. Limestone-based 3DPLC mechanical properties.

Temperature and humidity of curing

Mechanical properties T=20:2°C, T=10:2°C, T=20:2°C, T=30:2°C,
RH=100% RH=60% RH=60% RH=60%

Printing time gap At = 0.5 min

Uniaxial compressive strength

(Y-axes) Ry’ MPa 19.76 11.20 19.34 14.74
Flexural strength (Y-axes) Rfy’ MPa 5.10 3.88 6.10 6.45
Uniaxial compressive strength
(X-axes) Rx' MPa 41.91 37.99 41.13 36.51
Interlayer bond (according to splitting test
2.08 0.67 2.55 2.27

(X-axes)) R, , MPa

Printing time gap At = 10 min

Uniaxial compressive strength (Y-axes)

R. MPa - - 15.89 -
y J
Flexural strength (Y-axes) Rfy, MPa - 3.95 4.74 5.52
Uniaxial compressive strength
(X-axes) Rx’ MPa - 32.36 41.15 31.93
Interlayer bond (according to splitting test
- 0.39 0.94 0.94

(X-axes)) R, MPa

SX 7
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Figure 3. Uniaxial compressive strength — displacement curves
(load across the printed direction (Y-axes)): (a) sand-based concrete;
(b) limestone-based concrete.

Regarding the impact of technological parameters varied in experiments on the mechanical
properties of 3DPLC, we established the following.
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Figure 4. Uniaxial compressive strength — displacement curves
(load along the printed direction (X-axes)): (a) sand-based concrete;
(b) limestone-based concrete.



Magazine of Civil Engineering, 17(3), 2024

Printing time gap. Uniaxial compressive strength of 3DPLC (upon load application across the printed
direction (Y-axes)), compared to CC, decreased by 1.8-3.0 times and by 2.3—4.2 times for sand-based and
limestone-based printed concrete, respectively (Tables 1-3). As for the samples printed with the printing
time gap 4¢ = 0.5 min and At = 10 min, the strength values with similar temperature and humidity conditions
differed by less than 10-15 %. The samples printed with the A¢ = 20 min split along the layer in the course
of sawing, and the values of prismatic strength could not be recorded. Upon load application along the
printed direction (X-axes), the compressive strength of 3DPLC decreased less significantly, compared to
the compressive strength of CC. The decrease was by 1.15-1.5 times with 4¢f = 0.5 min and
At = 10 min, while with A¢ = 20 min it decreased by 1.7-2.0 times depending on temperature and humidity
conditions of curing.

On the contrary, flexural strength of layered samples (upon a four-point bend and load application
across the printed direction (Y-axes)), compared to CC, decreased by 1.2—1.8 times and by 1.4-2.3 times
for sand-based and limestone-based printed concrete, respectively. The greatest increase of strength was

observed for the samples with A7 = 0.5 min, which was by 1.5-2.3 times depending on temperature and
humidity conditions of curing. An increase of strength for the samples with A¢ = 10 min was by 1.2-1.3
times, and with At = 20 min the strength of 3DPLC samples was similar to its values for CC samples.

Interlayer bond strength of 3DPLC-samples, according to the splitting test (load direction along the
printed direction (X-axes)), compared to the strength of CC samples with A7 = 0.5 min, decreased by 2.1—
2.7 times, with 47 = 10 min — by 2.5-4.9 times, with A¢ = 20 min — by 4-12 times depending on temperature
and humidity conditions of curing. The samples printed with A7 = 10 min under all temperature and humidity
conditions of curing had the interlayer bond strength of less than 1 MPa. The interlayer bond strength
significantly decreased with At = 20 min, which was also confirmed by the destruction of layered samples
in the course of cutting into prisms.

Temperature and humidity of curing. The humidity conditions of curing have the greatest impact on
the change in strength for the entire set of mechanical properties, in all the studied cases of the time interval
between the layering of layers. For all mechanical properties of 3DPLC cured at RH = 60 % and

T =(10-30) + 2 °C a decrease by 1.1-1.7 times was typical compared to similar samples cured under
normal conditions (7 = 20 +2 °C, RH = 100 %). The prismatic strength of the samples (4¢ = 0.5 min)
decreased most significantly upon curing RH = 60 % and T = 30+2 °C, by 1.7-1.8 times. Mechanical
properties of 3DPLC cured at 7= 102 °C, RH =60 %, and 7 = 30+ 2 °C, RH = 60 %, were usually
10-35 % lower than the similar characteristics of the samples cured at 7= 20 + 2 °C, RH = 60 %.

With an increase in the printing time gap, the strength of limestone-based concrete decreased more,
compared to sand-based concrete. At the same time, the variability of all strength characteristics of
limestone-based concrete with varying temperature and humidity of curing was also higher.

According to the obtained experimental data, the range of variability of the ratios between the
strength of 3DPLC along the layers (Ry) and across the layers (Rx) and the strength of the layer material

(Rcc) was as follows (Fig. 5):

— compressive strength R, /R;°=0.24-0.56; R, /R;°=0.51-0.87,
- flexural strength Rfy/Rfc;=1.18—1.97 :

—  splitting strength R, /RS, =0.13—0.86.

The change in the mechanical properties of 3DPLC, compared to CC, was mainly determined by the
specific aspects of the destruction of the layered structure upon the load action.

In case of axial compression (upon load application across the printed direction (Y-axes)), the
destruction was characterized by the development of vertical cracks that crossed the layers with no changes
in their crack path (Fig. 6a). Therefore, a significant decrease in the Y-axes compressive strength of 3DPLC,
compared to the strength of CC, can be explained by weakening of material structure due to its layering.
According to electron microscopy analysis, microdefects up to 100 um were recorded at the boundary
between the layers, which, upon load action, served as stress concentrators and contributed to the
formation and development of cracks along the boundary line as well as across the layers (Fig. 7a).
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The decrease in the X-axes compressive strength of 3DPLC, compared to CC, was less significant.
In this case, when upon axial compression the load action was along the layers, the destruction was
characterized by the development of multiple vertical cracks along the boundary surfaces as well as in the
body of a single layer (Fig. 6b). This was associated with the fact that in this case of loading, the material
of the layer makes a more significant contribution to the destruction resistance, which reduces the negative
effect of weakening the material structure due to its layering.

In case of four-point bending, the load is applied across the layers (Y-axes), and the destruction is
characterized by the development of a vertical crack that changes its path at the boundary surface (Fig. 6¢)
of 3DPLC-samples. Therefore, an increase in the flexural strength of 3DPLC, compared to the strength of
CC, was due to the damping effect of the crack at the boundary surface.

When splitting, destruction occurs along the boundary of the adhesive bond between the layers
(Fig. 6d), therefore, the roughness of the layer surface naturally affected the interlayer bond strength.
According to SEM data, the destruction surface at the boundary surface for limestone-based concrete was
smoother and more homogeneous (Fig. 7b), while for sand-based concrete (Fig. 7c) it was rougher due to
the presence of sand grains. As a result, the decrease of splitting strength 3DPLC, compared to CC, was
more significant for limestone-based concrete than for sand-based concrete.

Based on the obtained experimental data, it can be stated that the printing time gap was the
determining factor in the reduction of values of the mechanical properties for 3DPLC. When it was increased
to 20 minutes, we observed a critical reduction in the interlayer bond strength, which led to significant
decrease in the values of all mechanical properties of 3DPLC, up to the self-destruction of the samples.
This is in full agreement with the data of other researchers in [3, 5, 7, 8].

The novelty of the obtained results is that we clearly established a significant influence of the curing
condition (temperature and humidity) on the variability level of the ratio between the mechanical properties

of 3DPLC and CC (RSDPLC/RCC). The R3DPLC/RCC ratio can decrease by up to 3 times in case of

changes in temperature and humidity of curing.
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Figure 5. Anisotropy in mechanical properties of 3DPLC:
(a) uniaxial compressive strength (Y-axes); (b) uniaxial compressive strength (X-axes);
(c) flexural strength (Y-axes); (d) interlayer bond (according to splitting test (X-axes).
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Figure 6. Strength tests of 3DPLC-samples: (a) uniaxial compressive test (Y-axes);
(b) uniaxial compressive test (X-axes); (c) four-point bending test (Y-axes);
(d) splitting three-point bending test (X-axes).
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Figure 7. Micrographs of the fracture surface for 3DPLC: (a) across the printed layer;
(b) along the printed layer for limestone-based concrete; (c) along the printed layer
for sand-based concrete.
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The effect of a decrease in strength in case of reduction in temperature and humidity of curing was
logically associated with a slowdown in the processes of cement hydration and corresponding decrease in
the strength of the layer material. On the contrary, decrease in strength of 3DPLC related to the increasing
temperature can be associated with increased setting rate and a corresponding decrease in the adhesion
strength of the layers.

The extent to which curing condition influenced the variability of the mechanical properties of 3DPLC
depended on the particle size distribution of fillers and aggregates. The range of changes in the mechanical
properties of sand-based 3DPLC in case of varying temperature and humidity of curing (with printing time
gap At = const) was 30-70 %, and for limestone-based 3DPLC it was 1.5-3 times. As noted above, this is
explained by the factor of the layer surface roughness. When the hydration and curing conditions changed,
the mechanical interlocking forces contributed more to the provision of interlayer bond strength, which could
partially compensate for the physicochemical interactions at the boundary surface.

In conclusion, it is important to emphasize that at this stage of research we have not identified any
clear quantitative patterns of the effect of temperature and humidity on certain types of strength values. The
research must be expanded in order to obtain them.

4. Conclusions

1. A significant anisotropy of mechanical properties of 3D-printed layered concrete (3DPLC) along
(RX) and across (Ry) the printed layers was established. At the same time, a decrease in all

values of strength with similar values of mold cast concrete (CC) was typical for 3DPLC. The range
of variation in the ratio between the strength of 3DPLC and CC depended on the direction of load
application regarding the direction of printing layers and was as follows:

~  compressive strength Ry/R}‘fC =0.24-0.56; R, /R =0.51-0.87;
- flexural strength Rfy/Rfyc =1.18-1.97;

~  splitting strength R,SX/RSC;(3 =0.13-0.86.

2. The printing time gap was the determining factor in the reduction of values of the mechanical
properties for 3DPLC. When it was increased to 20 min, we observed a critical reduction in the
interlayer bond strength, which led to significant decrease in values of all mechanical properties of
3DPLC, up to self-destruction of the samples.

3. We established a significant influence of the curing condition (temperature and humidity) on the

variability level of the ratio between the strength of 3DPLC and CC (R3DPLC/RCC). A threefold

drop in the strength of 3DPLC, compared to similar characteristics of CC, could be observed in
case of a decrease in humidity and a change in temperature in the range of + (10-30) °C.

4. The impact of the curing condition on the variability of the mechanical properties of 3DPLC
depended on the particle size distribution of fillers and aggregates that determined the surface
roughness of the printed layer. The range of changes in the strength of 3DPLC in case of varying

temperature and humidity of curing (with printing time gap At = const) was 30-70 %, and for
limestone-based 3DPLC it was 1.5-3 times.
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