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Abstract: Despite the rapid development of 3D printing technology for cement composites, there are
still a number of unsolved issues related to extrusion printing. One of them is proper mix design
that allows for meeting criteria related to the printing of cementitious materials, such as pumpability,
buildability, consistency on the materials, flowability and workability, simultaneously incorporating
sustainable development ideas. In the case of mixes for 3D printing, the modification of the
composition which increases the overall performance does not always go hand in hand with the
reduction of negative environmental impact. The article presents the results of tests of eight mixtures
modified with reactive and inert mineral additives designed for 3D printing. The mixes were evaluated
in terms of their rheological and mechanical properties as well as environmental impact. Initial test
results were verified by printing hollow columns up until collapse. Later, the differences between
the compressive strength of standard samples and printed columns were determined. In order
to summarize the results, a multi-faceted analysis of the properties of the mixes was carried out,
introducing assessment indicators for its individual parameters. The article proves that appropriate
material modification of mixes for 3D printing can significantly reduce the negative impact on the
environment without hindering required 3D printing properties.

Keywords: 3D concrete printing; sustainable concrete; mix composition; buildability; environmental
impact; mineral additives; limestone powder

1. Introduction

An increase in the number of scientific research projects in the last few decades allowed for
extensively developing the concrete technology. Ordinary concretes with their typical characteristics
and mediocre strength do not meet modern expectations of both designers and contractors. The research
on new materials focuses not only on improved material characteristics, but also on overall energy
efficiency and environmental impact. In order to incorporate the idea of sustainable development,
new materials should have the lowest possible energy consumption for their production, the greatest
possible durability throughout their lifetime, best possible strength characteristics and resistance to
aggressive environment, and also should be recyclable after their serviceability ends. The development
of new technologies which will speed up all construction processes and increase the overall performance
plays an extremely important role. Incorporation of 3D printing in civil engineering can help to achieve
those goals.

The 3D concrete printing was developed by a team from the University of Southern California [1-4].
The first setup was equipped with a specific type of concrete trowel head. Their method of printing was
named contour crafting [2,5,6]. The team from Loughborough University was another research group
that has contributed to the development of concrete printing [7-9]. Their work allowed for developing
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the method of printing directly from the nozzle without troweling blades. Another interesting approach
was to use the basics of the FDM (Fused Deposition Modeling) technology and introduce the support
materials for 3D concrete printing. The technology was called D-Shape [10]. A different approach was
taken by the team from the Institute of Advanced Architecture of Catalonia, who called their project
Minibuilders [3]. Instead of a single printing machine, there are several small robots, each with their
own task.

One of the main problems associated with 3D printing of concrete is to determine required
properties of the mix [3,4,8,11-15]. To those we can include extrudability, buildability, flowability,
and open time. In a well-printed structure, each layer should have the same height and width and
should not exhibit extensive deformations or discontinuities. The problem of horizontal and vertical
interlayer adhesion must also be considered. A parameter that defines those characteristics is called
buildability. In practice, it determines how much stress can be transferred by lower layers of the
printed structure as a result of loading with subsequent layers of concrete. During the printing process,
fresh concrete begins to harden, increasing its compressive strength and stiffness over time. It is also
continuously loaded with additional layers, at a rate depending on the speed and printing strategy.

Researchers analyze different rheological models to describe the behavior of the printed
concrete mix and apply different test methods to determine its parameters. Some researchers
assume that buildability depends on rheological (yield stress-7p) and thixotropic material properties
(structural build-up) [4,9,16-19], and consider the mixture as non-Newtonian fluid. Others try to
transform the 7¢ and 1 parameters defining the non-Newtonian fluids into parameters describing the
mixture’s compressive strength [17,20,21]. The shape of the printed path depends on the yield stress
and gravity, which is the main force imposed on the print in this phase of printing. In some cases,
the shape of the printed path may also be significantly affected by surface tension [22]. In addition,
a crucial role is played for the shape of the printed path, size and shape of the nozzle, deposit velocity,
type of pumping device, and pump output [23-26].

In addition to the load-bearing capacity and stiffness of the material, the stability of the printed
structure should also be taken into consideration. Buckling under the self-weight during the printing
process is a critical issue [27]. In order to limit the influence of the loss of stability, it is possible to
either increase the thickness of the printed wall or apply other solutions which increase its stiffness,
e.g., creating lattice within the structure. The detailed considerations on the stability of printed
structures were carried out by a team from Eindhoven [28,29]. Other teams tried to determine the
parameters of the printed fresh concrete using the principles of soil mechanics, including direct shear
and uniaxial compression in unconfined uniaxial compression tests [30]. A model based on the
Coulomb-Mohr theory for cement materials was used in the studies [31-33]. Casagrande et al. [34]
based on other studies [23,28,30] analyzed the way the printed structure failed due to loss of stability.

Many research teams [7,9,11,35-37] determine the buildability by printing structures several
dozen layers high to analyze the behavior of the structure at different levels of load and to observe the
occurring deformations. Apart from the number of layers, the printing speed should also be taken into
consideration. Higher speed means shorter times between subsequent layers, while lower speed can
affect the interlayer adhesion. A simple and quick method for determining whether the material has
sufficient buildability is presented in the paper [11]. A method called a “cylinder stability” involves
small cylindrical specimens (d = 40 mm, h = 80 mm) that are loaded with a 5.5 kg (0 = 4.77 kPa).
The test involves determination of deformations. A similar solution has been used in [38,39].

A different simplified method for determining buildability was adopted by Le et al. [7,8]. In the
study, the shear stress values required for printing (between 0.3 and 0.9 kPa) are initially determined in
the shear test [40]. Then, a wall element is printed, and the buildability is determined on the basis of the
number of layers at which the structure collapsed. A similar test procedure is used by Malaeb et al. [36],
who also print the wall and count the number of layers until collapse. Perrot et al. [17], developed a
method for simulating the printing process. In a printing process, the following layers are extruded on
top of the previous layer after a certain interval which depends on the printing speed. Perrot proposed
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a method for simulating this process by loading cylindrical samples D = 60 mm; H = 35 mm at a
given time interval between 11 s and 60 s (corresponding to the assumed nozzle speeds between
R = 6.1 m/h and R = 1.1 m/h). The load was calculated to be the weight of a subsequent printed
layer. On this basis, the time until the structure collapsed and the accompanying stresses were
determined. The above described way of determining the mixture parameters was widely used by
other researchers [4,30,34,41]. However, there are a number of factors that can affect the printing
process such as nozzle type, deposit speed, printer type, or pump model [23-25,42].

Many researchers try to determine the mixture buildability by determining the yield stress in
rheometric tests, but these methods do not provide unanimous results [22,43]. Lafhaj et al. [44] use a
combination of extrudability and buildability assessment methods to determine the correlation between
the rheological and mechanical properties. Shakor et al. [23] conducted the buildability test using an
extrusion caulking gun. In addition, Shakor et al. [23] evaluated the properties of fresh concrete in
a slump flow test and Squeeze Flow Test. Tay et al. [45] perform the evaluation of the printed fresh
concrete on the slump flow table in accordance with the standard [46]. He considers the mixture with a
flow rate between 150 and 190 mm and a slope between 4 and 8 mm to be suitable for printing.

A certain concern in concrete technology, especially 3D printing, is the environmental impact [47,48].
Additive manufacturing consumes almost exactly as much material as it is needed to produce a given
structure, which results in a significant reduction of waste production and material consumption [49,50].
Based on estimates given in [36,51,52], the reduction of waste may be as high as 30%—60%.
According to [53-55], appropriate optimization of the printing process may reduce the consumption
of materials up to 70%. 3D printing as one of the methods of automating the construction processes
significantly shortens the total construction time [49,56], which directly translates to lower general costs.
One of the aspects is the reduction in formwork time usage. For ordinary concretes, the formwork is
used for 50%-75% of the total execution time [57,58]. Abandoning the formwork significantly reduces
the costs [49,51]. In traditional construction, the cost of formwork amounts to as much as 35%-54%
of the total cost of making concrete structures [56-61]. Assessment of the whole printing process,
including the preparation and clean-up stages, is presented in the paper [62]. Researchers printed the
walls of the building with area of about 47.57 m? (4.88 m X 9.75 m x 2.82 m) within 14 h (print time
according to [62]). However, taking into account the setting and calibration of the machine, preparation
for printing, preparation of the mixture, and cleaning, the time increased to 31.2 h (elapsed time
according to [62]), while the whole operation took five days.

The use of 3D printing also reduces the cost of labour [49,51]. Automation of the construction
process will reduce the demand for manual workers. Based on the estimates presented by [51,52,55,63],
the reduction of labour costs may amount to 40%-80%. Reducing the number of manual workers on
the construction site due to the use of additive manufacturing may reduce the number of accidents
caused by human error [4,64,65], which increases the overall safety on the construction site.

Another aspect related to the cost reduction is related to the cost of prefabrication, which decreases
with the increase of the number of produced elements. It results from the necessity of preparing
additional work stand/framework and designing the proper execution technology for each individually
shaped element. Using 3D printing, the quantity of unique elements has no major impact on the
production cost. Moreover, making complicated structures does not increase the price of construction.
Researchers [66,67] noticed that the cost of making the structure with the use of additive manufacturing
will decrease with global commercialization. Reduction in costs and material usage translates directly
into the reduction of global energy consumption, reduction of greenhouse gas emissions, reduction of
water consumption, and waste production [53,68,69].

In order to further reduce the negative environmental impact of producing concrete elements,
it is necessary to design the concrete mix in an appropriate way. Many research teams use mixes
with a high cement content [7,8,26,36,70] in order to obtain required properties for printing,
which increases the negative impact on the environment. To reduce the amount of cement in
3D printed mixes, it is recommended to use reactive and inert mineral additives, such as silica
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fume, fly ash, metakaolin, limestone powder, and quartz powder, similarly as in high-performance
concretes [7,8,26,71-75]. Another way to achieve the desired properties is to modify the mixture
with appropriate chemical admixtures including superplasticizers, accelerators, retarders, or Viscosity
Modifying Agents (VMA) [5,11,72]. However, the use of chemical admixtures, especially in large
quantities, may significantly increase the total cost of the mix. Proper selection of chemical admixtures
that influence the viscosity allows for obtaining necessary rheological properties of fresh concrete,
but may cause a decrease in its strength. However, for 3D printed architectural elements or low
building walls, the high strength of concrete may not be necessary. An alternative solution for reducing
negative environmental impact may be the use of geopolymer concrete [52,72,76].

Currently, there are no precise methods for determining the strength characteristics of fresh
concrete (mixture) intended for 3D printing. The above overview of research and analysis carried out
by various researchers shows the importance of this problem and shines light on the necessity for
standardized test methods which will allow researchers to compare the achievements and introduce
this technology for industrial purposes. The article presents the results of tests of concrete mixes for 3D
printing and multi-faceted analyses of their characteristics and impact on the environment. Based on
the test results, mixes with best rheological and strength characteristics were analyzed in terms of cost
efficiency and five environmental impact categories (Global Warming, Carcinogenic, Ozone depletion,
Ecotoxicity (CTUe), Fossil fuel depletion (M])).

2. Materials and Methods

2.1. Materials

The article presents the test results of eight concrete mixtures, four with a constant, high amount
of binder B = 840 kg/m3 selected on the basis of previous research conducted by the authors [26,70]
and four with a low amount of binder B = 640 kg/m>. Mixes were made using Portland cement CEM
I52,5R (European Standard EN 197-1:2000) or a composition of 70% cement, 20% fly ash (FA) and
10% silica fume (SF). Mixes were modified with superplasticizer (SP) Sika® ViscoCrete ® -225 Powder
and based on a fine aggregate 0-2 mm. The W/B ratio or W/(C + SF + FA) in the study was assumed
as constant value of 0.28. The limestone powder (LP) was used in four mixes to replace 20% of fine
aggregate. The mix composition was made to allow for a qualitative evaluation of the influence of
mineral additives and cement amount on the properties of printed concrete. The composition and
notification of the investigated mixtures are presented in Table 1. The chemical composition of cement,
fly ash, limestone powder and silica fume are presented in Table 2.

Table 1. Composition and notification of concrete mixes.

SCM (kg/m®) -
Concrete CEMI  — gs/'r Water SP LP Ag;‘e‘;‘ate
52.5R (kg/m®) y  Silica  (g/md) (kg/m®) (kg/m3)

M) jeh Fume ™) Gemd) G@md g
B840/SF/FA/LP 588 168 84 232 2.0 247 989
B840/SF/FA 588 168 84 232 1.6 - 1233
B840/LP 840 - - 232 1.8 262 1047
B840 840 - - 232 0.5 - 1304
B640/SF/FA/LP 448 128 64 1792 2.2 315 1258
B640/SF/FA 448 128 64 1792 3.0 - 1568
B640/LP 640 - - 179.2 2.1 325 1302

B640 640 - - 179.2 1.8 - 1623
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Table 2. Chemical composition of Portland Cement, Fly Ash, Limestone powder and Silica Fume.

Chemical Composition, %  CEMI152,5R Fly Ash Limestone Powder Silica Fume

SiO, 19.70 54.00 - 94.00
AL, O3 493 28.40 - -
Fe, O3 2.54 7.30 0.80 -

CaO 64.23 3.10 - 0.30
CaCos - - 97.5 -

MgO 1.32 2.40 0.90 -

SO3 291 0.40 - 1.90
Na,O 0.12 1.10 - -

KO 0.76 2.90 - -

Cr 0.07 0.01 - 0.10

H,O - - - 0.70

Nay0eq 0.63 - - -
LOI - - - 3.00

2.2. Test Methods

2.2.1. Workability

The workability test was performed using a slump flow table after 15, 30, and 45 min from water
contact (4 specimens for each test). The test was performed according to European Standard [77].

2.2.2. Compressive Strength of Concrete

Determination of compressive strength was performed on standard cubic samples 40 X 40 X 40 mm
after 10 h and 1, 3, 7, 28 days (4 specimens for each test). The test was performed according to
European Standards [78].

2.2.3. Compressive Strength of the Mix in the Printing Simulation Test (Squeezing Test)

Mechanical characteristics of mixes were tested in a modified version of the squeezing test which
was introduced by Roussel et al. [20,79] and adopted by Perrot et al. [17]. During the test, the samples
are loaded periodically with a certain load. Increase of the load after a specific interval simulates the
printing process. The load simulates the weight of layers above, applied at a certain time interval.
The time interval (f,—cycle time) between subsequent layers corresponds to a real printing time.
The shorter the time, the higher the printing speed. Tested samples are presented in Figure 1b).

@) (b)

35 mm
/7

, 60 mm ,

Figure 1. (a) scheme of analyzed wall fragment; (b) scheme of the specimen which was used in the
squeezing test (printing simulation test).

The stress distribution in the lower layers of the printed wall (Figure 1a) does not depend on the
area but only on the height of the layers and on the weight of concrete. The average density of the
tested mixes was pj yeqn = 2160 kg / m?. Calculated force of a single subsequent layer (b = 25 mm)
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was assumed as 1.497 N (weight is approx. 153 g)—see Equation (1). Based on the above analysis,
weights of 150 g + 10 g were used in the study:

_ N¢  Lybyhpye

L i hy- v ey

Ly, by, hy—length, width and height of analyzed wall fragment (Figure 1).

The deformation of the sample during the test was recorded by LVDT (Linear Variable Differential
Transformer) displacement transducers (0.01 mm accuracy) connected to the HBM QuantumX strain
gauge bridge (MX840A, HBM, Darmstadt, Germany). The reading was recorded by Catman software
(HBM, Darmstadt, Germany). The results of the measurements were registered at 50 Hz. The sample
during the test is presented in Figure 2.

(a) (b)

Figure 2. Sample during the squeezing test: (a) first stage of test (small load); (b) end of test
(the specimen failure).

The study determined the relationship between axial normal stress and axial normal strain (¢ — €)
of materials measured in a squeezing test after 15, 30 and 45 min of adding the water (t,-printing time).
The test was performed on a low-force compression device that allows for applying the force in the
range of 5-200 N. The measurement error of the setup is + 0.5 N. Consecutive loads were added at
the appropriate time interval as presented in [17,34]. Three time intervals ¢, (cycle time) of 10s, 15 s
and 20 s were assumed. It gave a total of 9 time points (3 test times X 3 intervals) during which the
properties of the mixture were evaluated. For each time point, at least 3 specimens were tested.

2.2.4. Compressive Strength of Mix during the Printing Process

The load-bearing capacity of fresh concrete was evaluated during the printing process of hollow
columns. For each considered mix, three columns with D = 160 mm were printed until collapse.

Cycle time of the printing process indicates the time for a full nozzle cycle (from the starting
point to the end of the layer). For assumed cycle times (10 s, 15 s, 20 s), proper printing speed
was calculated. The printing speed for assumed cycle times was v = 50 mm/s (F = 3000 mm/min),
v = 34 mm/s (F = 2040 mm/min), and v = 25 mm/s (F = 1500 mm/min), respectively. Values in the brackets
are the values directly given into the G-Code. The pump output Q in the study was Q = 1.08 —1.68 1/min
(F =3000 mm/min), Q = 0.734 — 1.142 1l/min (F = 2040 mm/min), and Q =0.54 — 0.84 1/min
(F = 1500 mm /min), respectively.

The printing was made using a Cartesian robot (frame printer, 3 DOF) of our own design connected
to a pumping module. The robot has a working area of 1451 mm (x-axis) by 1200 mm (y-axis) by
860 mm (z-axis). Each axis is driven by a stepper motor.

The printing of each column was performed until the moment of collapse. The measured load-bearing
capacity of the mixes was assumed as the buildability in accordance with [7,8,36]. The height of
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the structure before collapsing was measured allowing for calculating the stress in accordance with
Equation (2):
Osr kol = hior Ve ()

hyor [m]—height of the column at collapse; y. [kN / ms]—specific weight of the concrete.

2.2.5. Compressive Strength of the Printed Column

The compressive strength of hardened concretes was evaluated on the printed samples. Tests were
conducted on printed hollow columns with D = 160 mm and H = 205 + 10 mm (for each test,
three specimens were printed). The width of the layer was assumed as t = 35 + 5 mm. The side
overhangs (Figure 3) of the layers were maintained within the margin of typ = 3 + 2 mm. Figure 3
shows the plan and view of the printed structure. Before the printing, a quality assessment test was
performed each time in accordance with [26].

@ (b)

\
/

)\

(side OV;rh;mg)

205+ 10 mm

D =160 mm
((between axis)

H

t=35+5mm typ =3 +2mm

Figure 3. Plan (a) and side view (b) of printed columns.

The load-bearing capacity of the samples was tested at 10 h after printing (early-age parameters
of concrete are crucial in additive manufacturing). The test was performed on a hydraulic press with
the use of additional equipment. The test stand consisted of: two LVDT displacement transducers
installed on both sides of the sample. The average value of two measurements was taken for final
considerations. An additional 500 kN (HMB C6A) force transducer was attached to the hydraulic
press (100 kN). The additionally installed force and displacement transducer allowed for simultaneous
registration of force and displacement. The results were recorded using the HBM QuantumX and

Catman software. The test stand is presented in Figure 4.

i " displacement

% —/Luﬂnm

hydraulic press

transducer

Figure 4. Test stand for compressive strength evaluation of printed structures.
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3. Test Results

3.1. Workability of Mixes

The initial adjustments for each mix were performed to determine the required amount of
superplasticizer to reach the assumed slump flow of 160 + 5 mm. Such value of the slump flow is
recommended for 3D printing mixes and was established based on our own research [26,80] and other
studies [45,81]. The slump flow in accordance with [82] was determined after 15, 30, and 45 min after
adding the water. The results are presented in Figure 5. The results of the tests show a similar linear
decrease of the slump flow (12-17 mm) in time.

170
1651

=
[C )]
»u O

slump flow (mm)
=
(9]
o

1451
140 B840/SF/FA/LP  —— B640/SF/FA/LP
—— B840/LP —— B640/LP
1351 — B840/SF/FA B640/SF/FA
—— B840 —— B640
130 ‘ ]
15 min 30 min 45 min
time (min)

Figure 5. Slump flow test results.
3.2. Compressive Strength of Concrete

The compressive strength of concrete was determined after 10 h, 24 h (1 day), 72 h (3 days),
168 h (7 days), and 672 h (28 days) on cubic specimens 40 X 40 x 40 mm. The results are presented
in Table 3 (mean value—f;;, CoV-Coefficient of Variation) and in Figure 6 (only mean values).
Highest compressive strength was obtained by the B840/SF/FA and B840/SF/FA/LP mixes, while the
lowest by B640 and B640/LP. Results of compressive strength test after 28 days of curing in 20 °C has
shown that the increase of total binder amount improves the mechanical properties of the composite.
However, the results can be achieved not by increasing only the amount of cement, but all of the
reactive mineral additives as well.

120
I B840/SF/FA/LP  mmm B640/SF/FA/LP
[ B840/LP N B640/LP
100/ MEE B840/SF/FA I B640/SF/FA
N B840 N B640
g
=
~ 80
<
-
5]
c
o
® 60
1Y)
2
@
o
o 40
£
o
o
20
0

72h
time (h)

Figure 6. Compressive strength results.
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To evaluate the suitability of the mix for 3D printing strength evaluation coefficient for hardened
concrete, CSE; was introduced (Equation (3)):

n_foij
J=1 femean

n

CSE; = (©)]
fe,i,j—compressive strength of mix i for given time j; f¢measn—mean compressive strength of all mixes.

Values for the analyses are given in Table 4. The CSE; coefficient indicates how close the value
of the particular mixture is to the mean value in the study. For the values of CSE; > 1, the average
strength of a given mixture (i) is greater than the average strength of all mixes.

Table 3. Detailed results of the compressive strength of concrete.

10h 24h 72h 168 h 672 h

Mieszanka fei CoV fei CoV fei CoV fei CoV fei CoV
(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)

B840/SF/FA/LP  13.37 3.0 43.72 7.8 64.26 4.6 76.10 5.6 100.85 4.5
B840/LP 10.90 6.8 37.41 5.7 52.59 2.1 70.00 2.0 95.94 6.6
B840/SF/FA 11.84 8.0 52.63 6.1 73.94 4.5 87.89 32 10229 4.7

B840 10.53 72 36.83 5.8 63.01 7.5 76.10 55 91.14 5.1
B640/SF/FA/LP  7.28 8.5 35.45 6.1 48.45 4.6 59.44 45 80.50 6.7
B640/LP 7.63 7.2 28.91 7.3 43.84 7.7 57.13 54 63.98 3.9
B640/SF/FA 5.98 3.8 32.55 5.7 43.85 6.6 55.70 4.6 75.45 24
B640 6.44 5.0 36.66 59 44.42 3.7 52.80 35 58.60 6.6

Table 4. Evaluation of the compressive strength of concrete.

Mix
Time [h] Parameter

B840/SF/FA/LP B840/LP B840/SF/FA B840 B640/SF/FA/LP B640/LP B640/SF/FA  B640
10 feij (MPa) 13.37 6.64 9.84 6.82 10.29 7.63 5.69 6.44
fe,ij/fcmean () 0.27 0.13 0.20 0.14 0.20 0.15 0.11 0.13
4 feij [MPa] 43.72 37.41 52.63 36.83 35.45 28.91 32.55 36.66
feij/fcmean () 0.87 0.74 1.04 0.73 0.70 0.57 0.65 0.73
7 feij [MPa] 64.26 52.59 73.94 63.01 48.45 43.84 48.85 44.42
feij/fcmean () 1.27 1.04 1.47 1.25 0.96 0.87 0.97 0.88
168 feij (MPa) 76.10 70.00 87.89 76.10 59.44 57.13 55.70 52.80
feij/femean () 1.51 1.39 1.74 1.51 1.18 1.13 1.11 1.05
672 feij (MPa] 100.85 95.94 102.29 91.14 82.50 63.98 75.45 58.60
fe,ij/fcmean (-) 2.00 1.90 2.03 1.81 1.64 1.27 1.50 1.16
CSE; () 1.18 1.04 1.30 1.09 0.94 0.80 0.87 0.79

3.3. Properties of Fresh Mix in the Printing Simulation Test (Squeezing Test)

The test method for simulating the printing process was proposed in a study made by
Perrot et al. [17]. Figures 7-10 present the stress—strain relations for nine time points calculated
from ¢, (time from water contact f;, = 15 min; 30 min; 45 min) and ¢, (assumed cycle time between the
subsequent layers t, = 20's; 15 s;10 s) for selected mixes.

Results are presented in Table 5.
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35 B840/SF/FA/LP

Q00 001 002 003 004 005 006 007 008
e(-)

t,=15min, t,=20s
— t=30min, t,=15s

—— t=15min, t,=10s —— t,=30min, t,=20s

— tp=15min, t,=15s —— tp=45min, t,=15s

— t=30min, t,=10s — t,=45min, t,=10s — tp,=45min, t,=20s

Figure 7. Stress—strain relations for mixes B840/SF/FA/LP.

B840

20

(9.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

— tp=15min, t,=10s tp=15min, t,=20s — tp=30min, t,=20s

— tp=15min, t,=15s — t=30min, t,=15s —— tp=45min, t,=15s

— t=30min, t,=10s — tp=45min, t,=10s — tp=45min, t,=20s

Figure 8. Stress—strain relations for mixes B840.
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10.0 B640/SF/FA
7.5
)
~ 5.0 N
o}
2.5
0.(9
.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
€(-)
—— tp=15min, t,=10s tp=15min, t,=20s —— tp,=30min, t,=20s
—— tp=15min, t,=15s — t=30min, t,=15s —— tp=45min, t,=15s
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In terms of the compressive strength of fresh concrete, mixes can be divided into three groups.
The highest strength was exhibited by B840/SF/FA/LP and B840/LP mixes with a high amount of
binder and modified with the limestone powder. The second group consists of B840/SF/FA, B840,
B640/SF/FA/LP, and B640/LP mixes, with medium strength, and the highest for B840/SF/FA. The lowest
strength was obtained by B640/SE/FA and B640. B640/SF/FA/LP and B640/LP mixes were modified
with limestone powder. Despite a lower amount of binders, they exhibit similar strength to mixes with
more binder without limestone powder (B840/SF/FA, B840).
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Table 5. Comparison of fresh concrete compressive strength.

Time Parameter Mix

B840/SF/FA/LP B8S40/LP B840/SF/FA B840 B640/SF/FA/LP B640/LP B640/SF/FA B640

b =105 004ij (KPa) 11.27 9.98 7.64 5.02 6.15 5.14 2.23 247

r 004,,j/mean () 1.23 1.09 0.83 0.55 0.67 0.56 0.24 0.27

fp=15min o oo (kPa) 11.84 11.07 8.34 5.59 6.15 6.03 2.61 2.58
r 004,,j/mean (*) 1.29 121 0.91 0.61 0.67 0.66 0.28 0.28

b o—ops 004 (KPa) 14.22 14.01 11.08 8.84 8.64 9.59 3.71 3.60

r 004,ij/mean () 1.55 1.53 121 0.96 0.94 1.05 0.40 0.39

b =105 004 (KPa) 13.25 12.45 8.43 5.93 6.75 6.44 2.72 237

v 0.04,ij/mean (-) 1.44 1.36 0.92 0.65 0.74 0.70 0.30 0.26

B =30min o g (kPa) 14.86 13.06 9.73 7.58 8.45 7.87 3.66 3.40
r 004,ij/mean (-) 1.62 1.42 1.06 0.83 0.92 0.86 0.40 0.37

to—o0s 004 (KPa) 16.98 15.14 13.14 10.28 10.76 10.85 431 3.93

b 0.04,ij/mean (-) 1.85 1.65 143 1.12 1.17 118 0.47 043

b o—10s 004 (KPa) 16.44 14.10 10.24 7.01 10.08 9.43 3.05 3.17

b 0.04,ij/mean (-) 1.79 1.54 1.12 0.76 1.10 1.03 0.33 0.35

o =45min Lo g (kPa) 18.25 16.47 12.77 8.95 11.46 11.32 3.66 415
b 004,ij/mean (-) 1.99 1.80 1.39 0.98 1.25 1.23 0.40 0.45

b —ops 004 (KPa) 23.37 21.62 15.78 11.29 14.20 14.49 4.44 4.63

v 004,ij/mean (<) 2,55 2.36 1.72 1.23 1.55 1.58 0.48 0.50

MSE;(-) 1.70 1.55 1.18 0.85 1.00 0.98 0.37 0.37

In order to determine the compressive strength of fresh concrete at any given time during printing,
an indicator for fresh concrete strength assessment MSE;, was introduced (Equation (4)):

n 0004ij
MSE; = —/=2 Znen @)
n
00.04,i,j—Sstress at strain 0.04 for mix i and given time j; oean—average stress calculated for all time
points and all mixes; n—number of time points (n = 9).
Strain equal to 0.04 was assumed as a limit value at which the safety of the structure is maintained.
For higher values, the stiffness of the fresh concrete changes significantly (Figures 7-10). A similar
value and explanation of the assumptions can be found in [70]. Moreover, extensive deformation of
the fresh concrete can exceed the strength of its internal forces causing yield and nullification of its
bearing capacity [83]. The results were compared depending on the cycle time (f,) and the test time (t;).
Stress level 0 o4 at strain (e) equal to 0.04 was introduced as the basic value for further comparative
analyses. Figures 11 and 12 show the behavior of different samples during the test. In the first stage
of load increment, the stresses increase linearly. During the test, the specimen exhibits insignificant
deformations, which are presented in Figures 11a and 12a. When a certain stress level is reached,
the deformations start to increase faster than the load. At this point, the side surfaces of the specimen
may bulge, as shown in Figures 11b and 12b. At a certain point, the specimen exhibit fails as shown in
Figure 11c,d and Figure 12¢,d.
Figure 13 presents the changes in the stress levels at 0.04 strain (o o4) in different samples at given
test time £, and cycle time t,.

(a) (b) (© (d)

Figure 11. Analysis of specimen failure during the squeezing test—example 1.
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(@) (b) (©) (d)

Figure 12. Analysis of specimen failure during the squeezing test—example 2.
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Figure 13. Comparison of the results of the squeezing test. (a) f;, = 15 min; (b) ¢, = 30 min; (c) t, = 45 min;
(d) legend.

The results for mixes with the same amount of binder show that there show that there is no
correlation between the amount of cement and mineral additives and compressive strength of the mix
(00.04). An exemption was found for mixes with 840 kg/m3 of binder where the compressive strength
increases with the increase of the amount of reactive additives. In every case, the addition of limestone
powder improved the strength of the mixes. The reason for this lies in a smaller surface grain size of
limestone powder, resulting in a better compaction of the matrix. Similar results were found in other
studies [17,29,38,84-87]. In theory, a higher amount of binder should translate to higher rigidity and
strength of the mix, which was not observed in most of the studied mixes. For example, the CI/SP840
mix with a higher amount of binder has lower compressive strength than CI/SP640/SF/FA/LP and
CI/SP640/LP which have lower amounts of binder.

From all given printing times t;, for the highest time #;, = 45 min, the increase of compressive
strength development between cycle times ¢, was the highest. It can thus be stated that, for longer
printing time (higher #;,) and increased cycle time t,, the load-bearing capacity is increasing.

A similar increase in the load-bearing capacity was observed for low-binder mixes modified with
limestone powder (CI/SP640/LP, CI/SP640/SF/FA/LP) and high-binder mixes. For mixes modified with
limestone powder, the compressive strength increases exponentially with the increase of cycle time tp.
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The increase in compressive strength was significantly higher between cycle time f, =15sand t, =20 s
than between t, =10sand t, = 15s.

In the majority of the mixes, the increase of compressive strength between two lowest cycle times
ty is linear regardless of printing time tb. The results seem logical, as lower cycle time (time between
subsequent layer) does not allow the mix to achieve certain parameters. Load from additional
layers slightly influences the structure of the mix due to vibration, resulting in a delayed increase of
load-bearing capacity. Theoretically, it imposes shear stresses into the mix, which impact the bond
between the components [83]. In case of t, =20 s, it was noticed that, for mixes modified with limestone
powder, both with low and high binder content, the increase in compressive strength between the
printing times tb is exponential. Results have shown that the addition of the limestone powder
improves the compressive strength, especially for longer cycle times t,.

3.4. Evaluation of Load-Bearing Capacity during the Printing Process

To verify the properties of the mixes, three out of eight mixes were chosen for final printing.
Each mix was taken from one of the three strength groups. The chosen ones were B840/SF/FA/LP from
the highest strength group, B640/SF/FA/LP from the medium strength group, and B640/SF/FA from the
lowest strength group. Each mix was used to print three columns (D = 160 mm) up until the collapse.
The time from water contact t;, and cycle time ¢, were recorded. Each mix was printed three times at
different time points as seen below:

(1) t,=15min;t, =10s;
(2) t, =30min;t, =15s;
() tp =45min; t, =20s.

Figures 14-16 present the failure mechanism of different columns printed from different mixes.

(a) (b) (c)

Figure 14. Collapse during printing for specimens of mix B840/SF/FA/LP. (a) t, = 15 min; t, = 10s;
(b) t, = 30 min; t, = 155; (c) t;, = 45 min; t, = 20s.
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(@) (b) (©)

Figure 15. Collapse during printing for specimens of mix B640/SF/FA/LP. (a) t, = 15 min; ¢, = 10's;
(b) t, = 30 min; t, = 15s; (c) t, = 45 min; t, = 20 s.

(a) (b) (c)

Figure 16. Collapse during printing for specimens of mix B640/SF/FA. (a) t, = 15 min; t, = 10's;
(b) t, = 30 min; t, = 15; (c) t, = 45 min; t, = 20 s.

For B840/SF/FA/LP (Figure 16) and B640/SF/FA/LP (Figure 17) mix, the collapse occurred due
to elastic buckling, while for B640/SF/FA due to plastic buckling (Figure 18). The comparison of
load-bearing capacity calculated based on the time of collapse of the columns and obtained in the
printing simulation test (squeezing test) is presented in Table 6.

Table 6. The comparison of load-bearing capacity calculated based on the time of collapse of the
columns and obtained in the printing simulation test (squeezing test).

Results of Results of Squeezing Test of Small
Printed Column  Specimen (h = 35 mm, d = 60 mm)
Mix tp (min) t, (s) P Osr,0.04 /
Osrkol CoV 0'51,0.04 CoV Ot kol
(kPa) ) (kPa) )
15 10 6.60 0.063 11.27 0.002 1.71
B840/SF/FA/LP 30 15 8.27 0.038 14.86 0.045 1.80
45 20 12.64 0.033 23.37 0.023 1.85
15 10 3.12 0.091 6.15 0.019 1.97
B640/SF/FA/LP 30 15 451 0.063 8.44 0.026 1.87
45 20 8.21 0.053 14.20 0.018 1.73
15 10 1.51 0.255 2.23 0.088 1.48
B640/SF/FA 30 15 2.01 0.136 3.66 0.008 1.82
45 20 2.62 0.109 4.44 0.048 1.70

The ratio of load-bearing capacity 050,04/ 05 ko1 fOr mixes ranges between 1.48 and 1.97 which
constitutes to a mean of 1.77; CoV = 0.0739. Similar results for printed columns and samples in the
squeezing test were obtained in [80]. Comparison of the results is presented in Figure 17. The study
has shown that proposed mixes are suitable for 3D printing.
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Figure 17. The comparison of load-bearing capacity calculated based on the time of collapse of
the columns and obtained in the printing simulation test. (a) B840/SF/FA/LP; (b) B840/SF/FA/LP;

(c) B640/SF/FA.
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3.5. Compressive Strength of Printed Columns

Determination of compressive strength of columns was conducted on a specimen with D = 160 mm
and H = 205 + 10 mm. Due to insufficient load-bearing capacity of the B640/SF/FA fresh concrete,
the speed during its printing was reduced. The test was conducted 10 h after the end of printing.
Samples before and after the test are presented in Figure 18. For each mix, three samples were prepared.

(@) (b)

Figure 18. Column printed out of B840/SF/FA/LP: (a) after printing; (b) after compression test.

Figure 19 presents the comparison of a compressive strength of columns. Solid lines represent
the mean value from three results, while dotted lines represent particular results direct from tests.
The highest strength was obtained by the B840/SF/FA/LP mix with the highest amount of binder and
modified with limestone powder. The compressive strength of column printed from B640/SF/FA and
B640/SF/FA/LP mixes was significantly lower, which is caused by the lower binder amount. Strain level
at failure in the study ranged between 4%o and 5%o, which concurs with typical concrete structures.

7.0
6.5
6.0 ..__::::::;:;;;:::::::-:.”'.‘_..

5.5
5.0
45

E.4.0 7

J_‘t3.5 > T

©30 7 ’
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—— B640/SF/FA

1.0
0.5{ )/

0.0 e
0.000 0.001 0.002 0.003 0.004 0.005 0.006
e[-]

Figure 19. Comparison of compressive strength of columns after 10 h.

Figure 20 presents the comparison of compressive strength of printed columns with the results
of compressive strength of standard prisms after 10 h. The ratio of compressive strength of standard
cubes (f;) and printed columns (f,) in the study was between 1.69 and 2.08. The mean ratio from all
samples was J;—: = 1.87 at CoV of 0.086. The results have shown that, by using a proper correction
factor, it is possible to evaluate the strength of printed samples based on the results of standard ones.
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Figure 20. Comparison of compressive strength of printed columns with the results of compressive

strength of standard cubes after 10 h.

Figure 21 presents the cross sections of printed columns.

(@) (b)

Figure 21. Cross sections of printed column: (a) B840/SF/FA/LP; (b) B640/SF/FA/LP; (c) B640/SF/FA.

4. Environmental and Economic Aspects

4.1. Environmental Impact of Concrete

(0)

._i
2@0 21

L L
15 125814 1616 17 18 I|9

Based on obtained results presented in Tables 7 and 8, a quantitative analysis of environmental
impact of prepared mix was performed. Criteria chosen for the analysis were: Global Warming
[kg COzeql, Carcinogenic [CTUh], Ozone depletion [kg CFC-11eq], Ecotoxicity [CTUe], and Fossil fuel
depletion [M]]. The analysis was performed based on different studies and databases and regards
the potential environmental impact of different materials [88-90]. The analysis incorporates only the
impact correlated to the production of raw materials, not the impact correlated with the shipment of
materials and products. The Environmental Impact Evaluation EIE; ; presented in Table 7 determines
the degree to which a mix impacts the environment. The indicator is calculated as (Equation (5)):

EL;;

EIE; ; =
v Elmean,j

©)
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El; j—Environmental Impact for given mix (i) and given evaluation category (j);Elyeqn,j—mean value
for each category (j) of Environmental Impact. The lower the value of EIE; ;, the less harmful the mix is
for the environment.

Table 7. Comparison of the Environmental Impact of mixes.

Global Ozone Fossil
Mix Warming EIE;j=» Carcinogenic EIE;j=4 Depletion EIE;j=¢ Ecotoxicity EIE;j=s Fuell EIE; ;=10 ElEmeani
(kg COmel) ) (CTUh) -) (kg ] (CTUe) ) Depletion ) 4
8 &P2eq CFC-11q) %))
B840/SF/FA/LP 604.07 1.00 1.19 x 107° 1.27 2.61 x 1072 1.03 1264.97 1.22 231.18 1.01 1.10
B840/SF/FA 604.04 1.00 1.19 x 1075 1.27 2.61 x107° 1.03 1264.74 1.22 231.07 1.01 1.10
B840/LP 761.10 1.26 9.22 x 1070 0.98 3.10 x 1072 1.22 1068.57 1.03 286.72 1.25 1.15
B840 761.72 1.26 9.29 x 107 0.99 3.12 % 107° 1.23 1075.34 1.04 287.81 1.25 1.15
B640/SF/FA/LP 461.75 0.77 9.25x 107° 0.98 2.03 x 1072 0.80 980.55 0.95 178.81 0.78 0.85
B640/SF/FA 461.71 0.77 9.24 x 1070 0.98 2.03 x 1072 0.80 980.17 0.94 178.66 0.78 0.85
B640/LP 581.09 0.96 7.16 x 1076 0.76 2.40 x 1072 0.94 827.60 0.80 220.56 0.96 0.89
B640 581.85 0.97 7.25x 107° 0.77 242 x107° 0.95 835.89 0.81 221.89 0.97 0.89
Elmean;j 602.17 - 9.41x107° - 254 x 107° - 1037.23 - 229.59

The EIE,0,,; (mean Environmental Impact Reduction) indicator shown in Table 7 corresponds to
the mean reduction of given mix’s (i) impact on the environment. The lower the value, the less harmful
the mix is for the environment.

Based on conducted analysis, the mixes with a high amount of binder (840 kg/m?) are, for the
most part, more harmful for the environment than mixes with lower amounts of binder (640 l(g/m3 )-
In the case of mixes with a low amount of binder, the EIE; ; indicator for each category is lower than 1,
which means that their value is below average for a group of mixes.

In terms of global warming, ozone depletion and fossil fuel depletion that mix with only cement as
a binder (B840/LP, B840, B640/LP, B640) have the worst environmental impact. In the case of high-binder
mixes, the environmental impact is as much as 22%-27% above the average (EIE;; = 1.22 —1.26).
In the case of low-binder mixes (B640/LP, B640), their environmental impact was about 14%-20% more
negative than mixes with reactive mineral additives. For the above categories of environmental impact,
cement should be replaced by reactive mineral additives. This is recommended especially for mixes
with a large amount of binder. However, the addition of mineral additives such as silica fume and fly
ash increases the carcinogenicity and ecotoxicity. In these categories, mixes containing fly ash and
silica fume in relation to mixtures without those additives are about 19%-29% more harmful in a high
binder group of mixes and 13%-22% more harmful when the amount of binder is lower (640 kg/m?).

In the analysis of mean Environmental Impact Evaluation, the mixes with a lower binder amount
had the best results, which is an obvious fact. Mixes with reactive mineral additives have lower
EIE, 00, values by 5% than mixes with a high binder amount (840 kg/m3) and 4% than low-binder
(640 kg/mS) mixes. In terms of EIE,,,, ;, despite their carcinogenic impact, ecotoxicity mixes with
mineral additives are more ecological. The results were included in the final evaluation of the mixes
for 3D printing.

Table 8. Unit environmental impact for used materials.

Material Global Warming  Carcinogenic Ozone Depletion Ecotoxicity Fossil Fuel
(kg COzeq/kg) (CTUh/kg) (kg CFC-11¢q/kg) (CTUe/kg) Depletion (M]/kg)
CEM1525R 0.903 1.06 x 108 3.61x 1078 1.19 0.336
Water 0.0002 1.35 x 10710 2.04x 1071 0.179 0.0002
Fine Aggregate 0.0024 273 x 10710 6.63 x 10710 0.026 0.0042
Fly ash 0.15 8.87 x 107° 4.25x 1077 0.764 0.0291
Silica Fume 0.534 454 x 1078 4.00 x 1078 432 0.278

Limestone powder 0.002448 3.00 x 10710 6.9615 x 10710 0.02652 0.004578
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4.2. Economic Analysis

Based on the current price lists [91] and manufacturers’ prices [92], the market cost of printing
mixtures in Poland was calculated (Tables 9 and 10). The calculations were based on the average
National Bank of Poland rate of 1 Euro = 4.4631 PLN [93]. Compared to the price of typical C25/30
or C30/37 concretes used popularly on construction sites (cost of about 48-50 Euro/m?), mixes for 3D
printing are almost twice as expensive.

Analyzing the cost of tested mixes listed in Table 10, it can be concluded that the most expensive
mix is the one containing 840 kg/m? of cement and limestone powder (B840/LP). The least expensive is
the mixture B640/SF/FA with a cement content of 640 kg/m3 and reactive additives (fly ash and silica
fume). The CE; index determines the ratio of a given mix price to the average price calculated for all
mixes (Cpean). The CE; > 1 means that the price of the mixture is above the mean, while CE; < 1 means
the price is below (Equation (6)):

Ci

Cmean

CE; = (6)

Ci—price of a given mix (i); Cesn—mean price of all mixes.

Table 9. Price of mixes.

Mix Cost (€/m3) CE; (-)
B840/SF/FA/LP 99.34 1.10
B840/SF/FA 93.95 1.04
B840/LP 103.52 1.15
B840 95.54 1.06
B640/SE/FA/LP 83.17 0.92
B640/SF/FA 79.73 0.88
B640/LP 86.33 0.96
B640 79.97 0.89
Crmean 90.19 -

Table 10. Unit price of materials.

Material Cost (€/kg) Source Price Date
CEMI525R 0.103 price lists [91] 04.2020
Superplasticizer 2.697 manufacturers’ prices [92] 04.2020
Silica Fume 0.207 manufacturers’ prices [92] 04.2020
Fly Ash 0.027 manufacturers’ prices [92] 04.2020
Fine aggregate 0.005 manufacturers’ prices [92] 04.2020
Limestone Powder 0.022 manufacturers’ prices [92] 04.2020
Water 0.001 price lists [91] 04.2020

5. Discussion

When analyzing the possibilities of applying the 3D printing in construction, the environmental
impact and economic aspects might convince investors to choose this technology. Based on conducted
research, a final analysis of suitability of mixes for 3D printing (FE;) was performed. The assessment
was conducted in four categories:

(1) Strength evaluation of mixes - MSE;,
(2) Strength evaluation of concretes - CSE;,

(3) Environmental impact - EIE iean is
(4) Cost analysis - CE;.

Comparison of individual evaluations was presented in Table 11.
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Table 11. Final evaluation of mixes potentially suitable for 3D printing.

Parameter Description Mix

BS40/SF/FA/LP BS40/LP  BS40/SF/FA B840  B640/SF/FA/LP B640/LP B640/SF/FA B640
-1  environmental
(EIEmeans) impact 0.90 091 0.87 0.87 1.17 1.17 1.13 112
(CE;)~! cost analysis 0.91 0.96 0.87 0.94 1.08 1.13 1.04 1.13
Mog, ~ Strengthevaluation 1.70 155 118 0.85 1.00 0.98 037 037
of mixes
csp;  Strengthevaluation 118 1.04 130 1.09 0.94 0.80 087 079
of concretes

FE; (final evaluation) 1.17 1.11 1.05 0.94 1.05 1.02 0.85 0.85

Mixes with high amount of binder have higher values of FE;, which is understandable considering
both high performance of fresh mix and hardened concrete. Mixes with high amount of binder and
limestone powder achieved the highest FE; index values between 1.11 and 1.17. Mix modified with
reactive mineral additives with high amount of binder (B840/SF/FA) achieved the FE; value of 1.05.
Due to environmental impact and low strength, mix without any additives achieved a FE; value of
only 0.94, below the average.

As the B840/SF/FA mix achieved the same result as B640/SF/FA/LP, it can be said that, even
with lower overall amount of binder, the mix still has a good overall score, above the average in
the studied group. Lower overall scores were achieved by mixes with a lower amount of binder
without the addition of limestone powder. Even though those mixes are considered less harmful for
the environment, their strength parameters MSE; significantly decrease the overall score in the study.

Mixes with a lower amount of binder and the addition of limestone powder have similar results
to mixes with a higher amount of binder and no limestone powder. Considering the costs and
environmental impact, the B640/SF/FA/LP and B640/LP mixes are the most suitable for 3D printing.
With lower by 8%-13% price and 17% lower than average environmental impact, their strength still
allowed them to be classified as the most suitable. Compared to other low-binder mixes (B640/SF/FA
and B640), they exhibit lower environmental impact by 4%-5%.

The proposed method of evaluation can also be used only for specific requirements. In the case
where a complex structure requires high fresh concrete parameters, the MSE; index will have the highest
importance. The whole evaluation can be made based only on a single index. For example, the results
of this study have shown that the B840, B640/SF/FA, and B640 mixes are significantly worse than
B840/LP or B840/SF/FA/LP considering the MSE; value. However, their results are significantly better
when taking the strength of cured specimen (CSE;) or price (CE;) into consideration. The proposed
evaluation system allows for the assessment of the selected parameter related to 3D printable materials.

The conducted study has shown that the strength parameters of the mix (fresh concrete) can
be improved by the addition of limestone powder. Many researchers use the limestone powder
for the improvement of rheological characteristics of the mix [17,29,38,84], without considering the
influence of its amount on the properties of the mix. In a study [85], the authors modified the mix with
different amounts of limestone powder and calcinated clay, without changing the amount of cement
or w/b ratio. In another study [86], the cement was replaced with 0%, 25%, or 50% (by volume) of
limestone powder. At 25% replacement, the loss of strength was insignificant, which was also proven
in this study. The study [87] focuses on lightweight concretes, where cement was partially replaced
with a limestone powder similarly as in [86]. The authors stated that the amount of approximately
20% of limestone powder does not significantly influence the compressive strength of concrete,
while significantly reducing the total amount of cement. However, at 40%, the influence of limestone
powder on compressive strength was noticeable. The results obtained in this study concur with the
results from [86,87]. It is possible to obtain similar properties of composite for 3D printing by replacing
certain amounts of cement with limestone powder.
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The article in an original way proposed a parametric evaluation of mixes in terms of suitability for
3D printing. Based on the proposed method, the mixes can be chosen by their different characteristics.
The method includes the environmental impact of the mixes.

The study has determined the behavior of mixes depending on the printing time and cycle time,
which is an innovative approach. The prepared analysis allows for choosing the proper moment for
applying additional layers, which can be helpful in determining recommended printing speed.

6. Conclusions

The study was conducted on eight mixes. The mixes were designed to allow for determining
the influence of the binder amount and type of mineral additive on their suitability for 3D printing.
In addition, their environmental impact was evaluated. The mixes were divided into two groups,
one with high binder content (840 kg/m3) and one with low binder content (640 kg/m3 ). The binder in
designed mixes was either cement (B840, B640, B840/LP, B640/LP) or cement with mineral additives:
silica fume (SF), fly ash (FA) as a partial replacement (B840/SF/FA, B840/SF/FA/LP, B640/SF/FA,
B640/SF/FA/LP). The influence of limestone powder (LP) was also determined (B840/LP, B640/LP,
B840/SF/FA/LP, B640/SEF/FA/LP). The following conclusions can be drawn:

e  The results of compressive strength determination after 28 days have shown that mixes with a
higher binder amount (840 kg/m?3) have better results than mixes with a lower binder amount
(640 kg/m?). The study has shown that reactive mineral additives (silica fume (SF), fly ash (FA))
improve the compressive strength of designed mixes.

e  The proposed coefficient CSE; was used to compare the compressive strength of designed mixes.
The value of the coefficient allows for quickly determining which mixes have higher than average
compressive strength. The same formula can be used to determine different mechanical parameters
of concrete.

e  The conducted printing simulation test (squeezing test) allows for determining the development
of compressive strength of fresh mix. The study has shown a change in mix stiffness at strain level
of 0.04. This level of strain was assumed as a limit value, for which the stresses were determined
00.04- This assumption allowed for preparing the stress—strain curves for designed mixes. The tests
were conducted for two different time factors. The time f, was the time from a cement-water
contact until the test. The time ¢, was the time reflecting the time of consecutive layers being
printed (cycle time). Based on the proposed test, the printing parameters can be set (nozzle speed,
pump performance, and mixer performance) to incorporate the mechanical properties of the mix.
It can be also used another way around to determine if the mix is feasible for printing at assumed
parameters. The main outcomes from the tests:

O Replacing the cement with silica fume (SF) and fly ash (FA) increased the compressive
strength only in the group of mixes with higher binder content.

@) It was observed that the addition of only limestone powder as an inert microfiller
significantly improved mechanical performance of fresh concrete regardless of
binder amount.

@) The increase in mix strength is the higher the later the printing starts (f;) and the higher
the cycle time t,.

O In the majority of the mixes, the increase of compressive strength between the two lowest
cycle times ¢, is linear regardless of printing time t;. In the case of t, = 20 s, it was noticed
that, for mixes modified with limestone powder, both with low and high binder content,
the increase in compressive strength between the printing times ) is exponential.

O Looking at the mixes modified with the limestone powder, it can be said that its
addition improves the development of the compressive strength for longer cycle times
tp. The limestone powder improves overall mechanical performance of the mixes which
concurs with other studies [80,85-87].
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O The lowest strength increase was exhibited by mixes without limestone powder and low
binder amount (CI/SP640, CI/SP640/SF/FA).
O The highest strength increase was observed for low-binder mixes modified with limestone

powder (CI/SP640/LP, CI/SP640/SF/FA/LP) and high-binder mixes (CI/SP840, CI/SP840/LP,
CI/SP840/SF/FA/LP, CI/SP840/SF/FA).

e Based on the performed test of the compressive strength of the mix during the printing process,
the stresses o, k. at the moment of failure of the structure during the printing process were
calculated. The stresses were then compared with the limit stresses ¢y o4 obtained in the squeezing
test. The method allows for transferring the squeezing test results for practical use. The main
outcomes from the test were:

O The stresses o, , are lower than oq 4. It was determined that the value of 050,04/ 05 kol
was on average 1.77. The result allows for evaluating the stresses at failure and limit stresses.

O The presented study has proven that the squeezing test, which simulates the printing
process, can successfully be used to initially determine the properties of the mix, which later
can be verified during printing.

e The main outcomes of the compressive strength test of printed columns after 10 h of water
contact were:

O The strength of the printed structure (f,) was compared to the strength of standard samples
(fn). The proposed fy/ f, coefficient had an average value of 1.87. Standard samples exhibit
higher compressive strength. This is due to their compaction while casting, while printed
samples cannot be prepared this way and have more air voids [23,24]. The results of the
test allow for determining the strength of the printed structure based on the results of
standard samples.

O The test can used as a supplementation of the standard compressive strength test and
squeezing test. The results reflect how quickly the printed structure can be loaded with
structural elements such as lintels, beams, and slabs. The limitation to the test is that it was
conducted only at a single time point. Further studies need to be performed for different
times between 10 h and 24 h.

e Conducted quantitative analysis of the environmental impact of mixes allowed for determining
the EIEeq,,; indicator. The lower the value of EIE; j, the less harmful the mix is for the environment.
Mixes with a lower amount of binder achieved better results for the EIE,,, ;. The difference
between low- and high-binder mixes in the study was about 25 percentage points. Mixes with
reactive mineral additives have lower EIE,,,,,, ; by 5% for high-binder mixes (840 kg/m3), and 4% for
low-binder mixes (640 kg/m3) than mixes without reactive mineral additives. Even though mixes
with reactive mineral additives are more carcinogenic and have higher ecotoxicity, their overall
environmental impact is lower.

Currently, there are no precise methods for determination of the strength properties of fresh
concrete (mixes) suitable for 3D printing. The conducted review of literature and studies performed
by different researchers proves the importance of this issue and highlights the need for standardized
methods. This will allow for comparing the results of various studies and implementing their results
for industrial purposes. Additionally, the proposed original method evaluation of mixes suitable for 3D
printing can help to choose the optimal mix based on material, environmental, and economical factors.
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