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Abstract: Three-dimensional concrete printing (3DCP) is becoming more common in the construction
industry nowadays; however, the aspect of durability of printed concrete is not well-studied yet. Frost
resistance is a very important factor for durability of concrete structures located in northern regions.
Since air-entraining agents (AEAs) are widely used in conventional concrete, this paper focuses on
exploring the potential of using AEAs in 3D concrete as well—the main objective is to determine
how it affects fresh and hardened properties, including frost resistance of 3D concrete. Three
different mixes were printed and cast—the dry mix consisted of ordinary Portland cement (OPC),
limestone filler (LF), sand, as well as viscosity modifying agent (VMA) and superplasticizer (SP).
Two mixes contained different amounts of AEA, the third one was used as reference. First, fresh state
properties were tested—air content, density, and mini cone flow test. Second, 28-day compressive
and flexural strength tests were carried out; bulk and particle densities were also determined. Next,
both cast and printed concrete samples were subject to freeze—thaw cycles according to provisions
of CEN/TS 12390-9, mass loss due to surface scaling was determined for each sample. As a result,
printed concrete samples containing AEA in the amount of 0.06% of binder mass showed the highest
frost resistance—addition of AEA decreased both flexural and compressive strength of this printed
concrete mix by 30-40%. To conclude, the obtained results give an insight of how addition of
AEA to printed concrete mix affects its properties both in long and short term. Further research of
certain aspects, for instance, the air void system and pore distribution is needed to gain a deeper
understanding on how to increase durability of 3D concrete.
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1. Introduction

Three-dimensional printed concrete (3DPC) is a relatively new method used in the
construction process worldwide in the latest few years. The increasing labor cost is one of
the main drives for developing new 3D printing technologies for concrete as it allows for
both time and money to be saved by introducing a certain degree of automation during
the construction process. The automated process of 3D printing also allows for waste
to be significantly reduced in the form of leftover concrete during construction by using
topology optimization. In addition, 3DPC has lower constraints for geometrical freedom
of structures, thus allowing for the creation of new and innovative architectural solutions
by printing concrete in shapes that are more challenging when conventional cast concrete
is used [1-3].

There are still many issues that are not fully resolved in the process of concrete
3D printing, for instance, durability of the printed concrete. Frost resistance is a vital
factor in cooler climates as concrete structures, especially 3D printed ones, are exposed
to freeze—thaw cycles as well as moisture which have a negative long-term effect on the
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properties and surface quality of concrete structures. When water expands due to freezing,
the material suffers from internal micro-cracking, causing progressive scaling of surfaces
until complete concrete deterioration [4].

AEAs (air-entraining agents) are complex surfactant mixtures that are utilized to
improve the frost durability of concrete [5]. The AEA adsorbs onto the cement particles to
enhance particle surface activity and promote particle adsorption at the bubble air/water
interface. If the air bubbles persist to become an adequate air void system in the hardened
concrete, the air voids will provide protection against both internal frost damage and salt
scaling, providing the air voids remain sufficiently empty. In the absence of AEAs, the air
volume in concrete is typically within the range of ~1-3%, composed primarily of voids
greater than 0.5 mm [5].

ACI201.2R [6] recommends that air content for frost-resistant concrete mortar prepared
without coarse aggregates be 9% if exposed to severe weather conditions and 7% if exposed
to moderate conditions. EN 206-1 [7] states that the optimum air content is 5-6% in concrete
containing no coarse aggregates [2].

Use of AEAs can alter rheological as well as hardened state properties of 3D
concrete—improve workability, reduce exudation tendency, and decrease the drying shrink-
age [8]. Rheology is a very important factor in 3D concrete as it affects several other aspects
of 3D printing, such as extrudability, buildability, pumpability, and overall printability of
the material; therefore, it is vital to evaluate both fresh and hardened properties of the 3D
concrete mixes.

There are several papers published on the use of AEA in both conventional and 3D
concrete, for instance, research carried out by Zhang et al. [9] concluded that ordinary
concrete samples with w/c = 0.53 show no significant reduction in compressive strength if
4-5% air is used, but above 7% it causes a sharp decline in compressive strength. Tarhan
and Sahin [10] carried out research on fresh state behavior as well as compressive strength
of air-entrained 3D concrete—they found that the addition of AEA dramatically decreased
compressive strength of 3D concrete, as well as its viscosity and shear stress. Das et al. [11]
concluded that the extrusion and pumping process involved in concrete 3D printing could
worsen frost resistance of air-entrained concrete by destabilizing its air void structure.

Many authors [12-17] have conducted frost resistance tests based on the methodology pre-
scribed by CEN/TS 12390-9 [18], ASTM C666 [19], or other relevant standards—measurement
of mass loss due to scaling, changes in compressive strength, and dynamic modulus of elastic-
ity of cast concrete. There is a limited amount of studies that focus on testing frost resistance
of 3D printed concrete samples, for instance, Sikora et al. [16] based their test procedure
on provisions of ASTM C666, used concrete samples with a size of 40 x 40 x 160 mm?> and
determined weight and strength changes of each sample after a certain amount of freeze-thaw
cycles, whereas, Assaad et al. [2] tested printed layer bond strength and cumulative mass loss
after subjecting the samples to a certain amount of freeze-thaw cycles according to provisions
of CEN/TS 12390-9 as part of their research. Weight loss of 3D printed specimens was found
to be lower than that of mold cast specimens indicating of a higher frost resistance in several
studies [2,20]; however, Das et al. [16] found that after subjecting cast and 3D concrete to
300 freeze-thaw cycles according to provisions of ASTM C666, printed concrete had lower
resistance to freeze—thaw conditions compared to their cast counterparts. In addition, Sikora
et al. [16] found that the performance of 3D printed concrete under freezing and thawing
cycles was very similar to cast concrete and showed high stability. Van der Puten et al. [21]
came to similar conclusions—frost resistance of printed and cast samples was tested according
to provisions of Belgian standard NBN B 15—231 [22] and no significant difference was
determined between traditionally cast and printed samples. As the abovementioned previous
research provides very contradicting results, it is vital to evaluate the freeze—thaw test method
for printed samples and the main factors that might cause such contradicting results.

The main issue this paper focuses on is how different amounts of added AEA impacts
both fresh and hardened properties of 3D printed concrete while using cast concrete samples
of the same mixes for reference. All mixes are evaluated in terms of how suited they are
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for 3D printing with the specific printer setup and settings, as well as how addition of
AEA affects frost resistance and compressive and flexural strength of printed concrete
samples—all of these properties are related to increases in durability of the printed concrete,
which can lead 3D concrete to become more widely used in the construction industry.

2. Materials and Methods
2.1. Concrete Mixes

The experimental dry mixture consisted of OPC CEM I 42.N by SCHWENK Ltd.
(Brocéni, Latvia), limestone filler by Saulkalne S Ltd. (Salaspils, Latvia)—a powder material
with a fineness of less than 1 mm (99.9%), sand by SAKRET Ltd. (Latvia) with particle
size ranging from 0 to 2 mm, density of 1.5-1.6 g/cm?, fineness category F3—all obtained
from local plants in Latvia, as well as powder-type viscosity modifying agent (VMA) by Se
Tylose Gmbh & Co (Wiesbaden, Germany)—sodium carboxymethyl cellulose (Na-CMC).
Amount of the added VMA was 0.2% of total dry mixture mass. Commercial high-range
water reducing agent (HRWRA) Dynamon SP-1 by MAPEI Ltd. (Italy) was used to obtain
the necessary rheological properties for the concrete mix. The amount of added HRWRA
was 0.45% of total binder mass. SikaAIR by SIKA AG (Switzerland) which is based on
synthetic surfactants was used as air entraining agent.

Three different concrete mixes were used for 3D printing, casting, and testing—the first
one (mix AEA-000) contained limestone filler as well as additives for enhancing rheological
properties of the mixture and was used as a reference whereas the other two mixes had
different amounts (0.06% and 0.12% of binder mass) of AEA added to the dry mass together
with water—Mix AEA-006 and Mix AEA-012 accordingly. The ingredients for all mixes
were proportioned by mass. The experimental mixture proportioning of concrete was
obtained through previous research ensuring that it has the necessary extrudability and
buildability for carrying out the further tests. See Table 1 for all mix proportions of the
concrete used for 3D printing, casting, and testing.

Table 1. Concrete mix proportions for Mix AEA-000, Mix AEA-006, and AEA-012 (amounts expressed
in grams per 1000 g of dry mixture).

Mix Water orcC O—S; I;im Limestone Filler SP * VMA * AEA * W/OPC *
AEA-000 155 328 564 108 1.5 0.2 - 0.47
AEA-006 155 328 564 108 15 0.2 0.197 0.47
AEA-012 155 328 564 108 15 0.2 0.394 0.47

* Note: SP = superplasticizer, VMA = viscosity modifying agent, AEA = air-entraining agent, OPC = ordinary
Portland cement, W = water.

2.2. Mixing, 3D Printing and Curing

The inside room temperature was 19-21 °C, relative air humidity between 20-30%
throughout the whole mixing, printing, and curing process. Mixing was carried out using a
portable mortar mixer RUBIMIX -9 N by RUBI UK LTD. (Rainham, United Kingdom) with
a speed of 780 RPM. First, all dry ingredients were mixed for 60 s until the dry mass was
homogenous. Second, tap water (t = 9-10 °C) mixed with HRWRA in the amount of 0.46%
of binder mass was added to half of the dry mixture and mixed for 30 s, then the remaining
dry mixture was gradually added and mixed for 30 s—this was carried out to facilitate the
mixing process and ensure full hydration of the binder. Third, AEA and an additional 50 g
of water was added to the mixture (except Mix AEA-000) and mixed for another 60 s. Next,
fresh state properties of mortar were tested—see Section 2.3 for a description of tests.

Three-dimensional printing was performed with a custom-made gantry type printer
developed within RTU for the printing of concrete and other building materials. The
printer has a 2000 x 1000 x 1200 (h) mm aluminum frame allowing for maximum model
dimensions of 1260 x 417 x 844, max load capacity of hopper—300 kg. Repetier-Host by
GmbH & Co. KG. (Willich, Germany) and customized open source Repetier-Firmware were
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used for controlling the printer, slicing was carried out using Simplify3D by Simplify3D Ltd.
(Cincinnati, OH, United States). Printhead nozzle diameter—25 mm, layer width—40 mm,
layer height—10 mm. Printer configuration is shown in Figure 1.

Figure 1. Three-dimensional printer (a), printer hopper (b), and nozzle (c).

The mixed concrete was filled into the hopper and extruded through the printhead
until a homogenous mass of concrete was flowing through the nozzle. After that, each
concrete mixture was printed into pre-prepared molds resembling modified molds for
casting concrete samples used in flexural strength tests—height and width of 40 mm and
length of 960 mm, printing speed of 800 mm/min. Molds were used to avoid voids caused
by layering and to ensure a smooth surface for testing—see Figure 2b. After curing, each
molded line was sawed into 6 samples with a length of 160 mm each. The layer height of
10 mm remained the same throughout the printing process—4 layers were printed into the
molds creating a model with total height of 40 mm. A total of 12 samples were printed
using each concrete mix—see the printed models in Figure 2.

(@) (b)

Figure 2. Printed models in molds for mechanical strength tests (a), demolded printed models for

mechanical strength tests (top—side surface; bottom—top surface (b), and frost resistance tests (c).

Next, the samples for frost resistance tests were printed—500 mm long straight
lines consisting of 10 layers—each 10 mm high and 50 + 5 mm wide, printing speed
of 1200 mm /min, which were divided into 100 mm wide samples whilst still in fresh state
40-60 min after printing

The reference samples were cast at the same time as 3D printing was carried out—the
mortar was filled into the molds without extruding it through the printhead. Mold-
ing of test samples was carried out according to provisions of EN 12390-2 [23] and
EN 196-1 [24]—4 cubes were cast and later on sawed in half for freeze-thaw testing, in
addition, 6 samples sized 40 x 40 x 160 mm were cast for strength tests.
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Both cast and printed samples were cured at room temperature (19-21 °C), relative
humidity between 20-35% as providing high moisture conditions for printed models was
not possible due to their size; all samples were covered with a PE sheet for the first 48 h,
cast samples were demolded after 48 h and stored next to printed samples.

2.3. Testing
2.3.1. Fresh State Properties

First, a mini cone slump test according to EN 1015-3 [25] was carried out once for
each of the fresh mortars by jolting the table 15 and 25 times, also—vertical slump was
determined right before loading the mortars into the printer hopper—see Figure 3a. Second,
fresh mortar density as well as air content was measured once for each mix according
to the provisions of EN 12350-7 [26] by using an 8L air entrainment meter with hand
pump—see Figure 3b,c. Next, extrudability and buildability tests were carried out once
for each mix before printing the actual models. After printing, a 50 mm wide line it was
visually examined and evaluated for cracks and inhomogeneity—lack of which allowed
the concrete mix to pass the extrudability test as in a properly extruded process there
should be no discontinuity in the layers and no gaps in the extruded mixtures [27,28].
Previous research has also used similar approach of visually inspecting a predetermined
printed model in order to evaluate its extrudability [28-30]. As there were no other specific
requirements for these concrete mixes regarding buildability, the buildability test consisted
of printing a model of a 10-layer high 500 mm long line—corresponding to the size of test
samples—without its collapse. Similar approach has been used and described in other
previous research [28,31].

(b)

Figure 3. Fresh state property testing: mini cone slump (a), density (b), and air content (c).

2.3.2. Density, Flexural, and Compressive Strength

First, all samples were weighed and measured to determine material density; one of
each sample was ground by using a laboratory grinder mill—the obtained powder was
used to determine particle density by using the Le Chatelier flask. Next, flexural, and
compressive strength tests were carried out in accordance with standard EN 1015-11 [32].
For the printed samples, both flexural and compressive strength was tested for 3 samples of
each series parallel to printing direction. Testing was carried out by using a testing machine,
“Controls 50-C56Z00” by Controls S.p.A. (Italy); testing speed was set to 1.0 MPa/s for
compressive strength, 0.5 mm/s for flexural strength.

2.3.3. Frost Resistance

Frost resistance was tested by exposing the samples to freeze-thaw cycles according
to the provisions of CEN 12390-9—modified slab tests were carried out by submerging
the test surfaces in 3% NaCl solution and placing them in a climatic test chamber. The
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freeze—thaw resistance was evaluated by the measurement of mass scaled from concrete
sample surface area after 14, 28 and 56 freeze-thaw cycles.

As mentioned in Section 2.2, printed samples for frost resistance testing were obtained
by sawing the edges of a printed straight line, whereas cast samples were obtained by
sawing cubic samples with an edge length of 100 mm in half. Three samples of each kind
were tested. After a certain number of cycles, the mass loss was determined for each sample
with precision of 0.1 g. The results were expressed in g/m? of exposed surface area—for
printed samples the projected area was measured without considering the grooves formed
by layers.

3. Results and Discussion
3.1. Fresh State Properties

Results from all fresh state property tests are summarized in Table 2 below. Mix
AEA-000 contained 8.5% of air which is a relatively high amount for a mix containing no
AEA—this can be explained by the presence of sodium carboxymethyl cellulose (used as
VMA) in the concrete mix. The fact that the use of cellulose based VMASs increases the
amount of entrained coarse air voids and with it, porosity, causing decreased mechanical
properties of concrete has been described in previous research [33,34]. The addition of
0.06% of AEA increased the air amount in the concrete mix AEA-006 to 14.0%—the amount
of entrained air increased by 65% compared to the mix without any AEA. Air content
in mix AEA-012, however, was 15%, which is a 76% increase when compared to mix
AEA-000. The air content values exceed the minimum air content value of 6.0-11.5% for
frost resistant concrete (exposure classes XF1-XF4) determined by annex BS 8500-1 [35] to
EN 206-1, indicating that the strength reduction by additional entrained air is unnecessary
as it possibly adds little value in enhancing frost resistance. Interaction of the AEA with
other additives used in this specific concrete mix should be evaluated as it is very likely
that VMA has entrained too many coarse air voids into the mix. Fresh state density of Mix
AEA-000 was 2105 kg/m3, it was decreased by 68% to 1962 kg/m? for mix AEA-006 and
by 79% to 1938 kg/m? for mix AEA-012—these values roughly correspond to the amounts
measured of entrained air in the mixes, indicating the level of precision of the used method
for measuring it.

Table 2. Fresh state properties of mixes AEA-00, AEA-006, and AEA-012.

Measured Air Fresh State Density,

Vertical Slump,

Mix Content, % kg/m> Slump @ x 15, mm  Slump & X 25, mm mm
AEA-000 8.5 2105 171 180 10
AEA-006 14.0 1962 156 172 4
AEA-012 15.0 1938 150 169 3

Mix AEA-000 which contained no air-entraining additive, had the highest slump
diameter values of 171 mm and 180 mm after 15 and 25 jolts accordingly, and a vertical
slump value of 10 mm. Addition of 0.06% of AEA decreased horizontal values to 156 and
172 mm accordingly, as well as vertical slump value to 4 mm. Concrete mix containing
0.12% AEA had the highest rate of plastic viscosity with slump diameters of 150 and
169 mm, and vertical slum of 3 mm. This coincides with previous research [6,36] indicating
that the entrained air bubbles increase the yield stress point of mortar which contributes
to geometrical stability of 3D printed concrete layers. Although, all mixes passed the
extrudability and buildability of the pre-tests before the actual models were printed, it
was obvious that the addition of AEA to the 3D concrete mix had a positive impact on
overall printability of concrete as the air-entrained mass could still be extruded from the
nozzle without any visual defects of the layers, but had a much better buildability than
the non- air-entrained mix as the slump value was lower (especially the vertical slump);
therefore, the printed layers of air-entrained mixes could sustain their initial form better
than the printed non-entrained mix. This coincides with the previous research [37,38].
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It must be noted that the workability and viscosity of the mix containing 0.12% of AEA
(maximum recommended percentage of AEA advised by manufacturer is 0.15%) did not
differ significantly from the mix with AEA-006, which contained half the amount of AEA,
indicating a dosage level after which the properties of concrete mix are not altered even
with the addition of a significantly high amount of AEA to it. Ouyung et al. [39] also found
a plateau for the increment of air content and workability of concrete forms after adding a
certain value of AEA to the mix.

3.2. Hardened Properties

As depicted in Table 3, bulk density of cast samples was slightly higher than that of
the printed ones; for mixes AEA-000 and AEA-006, the difference was within the limits of
standard deviation; however, printed samples of the AEA-012 mix had a 4% lower bulk
density than cast samples of the same mix. Particle density of the dry mix was 2615 kg/m?,
which allowed the calculation of the void ratio for each series of samples—see Equation (1).

P, — (1—‘)0) -100% , )
1Y
where Py—void ratio; pp—bulk density of sample; p—particle density of sample.

Table 3. Density of printed and cast samples of mixes AEA-00, AEA-006, and AEA-012.

Cast Mix Printed Mix Bulk Density, kg/m? Particle Density, kg/m3 Void Ratio, %
AEA-000 2044 + 33 21
AEA-000 2011 £ 62 23
AEA-006 1769 £ 74 32
AEA-006 1746 £ 26 2615 + 82 33
AEA-012 1752 £ 32 33
AEA-012 1689 £ 20 35

Void ratios for printed and cast samples of the same mix did not differ significantly,
indicating that the concrete mass of printed samples was not layered and did not contain
any major voids due to the selected printing method in molds.

Printed samples of mix containing 0.12% of AEA and 15.0% entrained air had the
lowest density, 1689 + 20 kg/m>, whereas samples printed of a mix with 0.06% of AEA and
14.0% entrained air had density of 1746 & 26 kg/m?, which is a 16% and 13% decrease com-
pared to the density of the printed mix without air-entraining additives (2011 + 62 kg/m?).

Figure 4a shows that mean 28-day flexural strength of printed samples, as expected,
was lower than that of cast ones for all mixes; however, the biggest difference was for
mix AEA-006—mean flexural strength of printed samples of this mix was 1.8 MPa (25%)
lower than that of cast samples. The addition of 0.06% of AEA to the concrete mix caused a
decrease in flexural strength by 32% for printed samples (from 7.9 to 5.4 MPa), and by 14%
for cast samples (8.3 to 7.1 MPa). Addition of 0.12% of AEA decreased flexural strength by
37% for printed samples (from 7.9 to 5.0 MPa), and by 32% for cast samples (8.3 to 5.7 MPa).

As per Figure 4b, the mean 28-day compressive strength of printed samples was also
lower than that of cast ones for all mixes; AEA-000 showed the biggest difference—mean
compressive strength of printed samples (30.8 MPa) of this mix was 9.3 MPa (23%) lower
than that of cast samples (40.1 MPa). Addition of 0.06% of AEA to the concrete mix caused
a decrease in compressive strength by 36% for printed samples (from 30.8 to 19.7 MPa),
and by 33% for cast samples (40.1 to 26.7 MPa). Addition of 0.12% of AEA decreased
compressive strength by 52% for printed samples (40.2 to 14.9 MPa), and by 45% for cast
samples (40.2 to 22.0 MPa).
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Figure 4. Flexural (a) and compressive (b) strength of 3D printed and cast samples.

Both mixes showed a decrease in both flexural and compressive strength, and density
with the addition of air-entraining additive—strength reduction for samples containing
AEA dosage of 0.06% and 0.12% of binder mass did not differ significantly, indicating a
formation of a plateau after reaching the addition of AEA which does not alter the air
content, as well as other fresh state and hardened properties of the concrete mix, which
coincides with other published work on this matter [39]. As the time between layers
was relatively low (~15 s) and the printed samples for strength tests were extruded into
molds, it is considered that layer bonding does not affect mechanical properties of printed
samples significantly; this was also confirmed by the visual inspection of samples before
and after testing.

As depicted in Figure 5, 3D printed and cast samples of mix AEA-000 showed mass
loss due to scaling in the amount of 406 and 87 g/m? accordingly after being subject to
56 freeze—thaw cycles. The addition of 0.06% of AEA achieved the highest frost resistance
out of all mixes—it decreased mass loss of test samples 6.4 times for printed samples
(63 g/m?), as well as 3.4 times for cast samples (25 g/m?). Printed and cast samples of
mix AEA-012 had a mass loss in the amount of 83 and 37 g/m?, accordingly, after being
subjected to 56 freeze-thaw cycles, which indicates a lower frost resistance with the addition
of AEA in the amount of 0.12% of binder mass than for 0.06%.

=
AEA-012 3D m 14 cycles
=3 28 cycles

AE4-012 Cast{]]
g 4E4-006 30|
-

& 4EA-006 Cast-{]]

T

E= 56 cycles

AEA-000 Cast—

I I I I
0 100 200 300 400

Mass loss, g/m2

Figure 5. Mass loss of 3D printed and cast samples after freeze—thaw cycles.

As the obtained frost resistance test results of 3D printed concrete are in line with the
provisions for concrete class XF4 according to Annex LVS 156-1 [40] to EN 206-1 (mass
loss due to surface scaling after 56 freeze-thaw cycles less than 350 g/m?), the concrete
mix might be suitable for use in 3D printed structures exposed to freezing conditions;
however, further research has to be carried out regarding other aspects, such as sulfate
and chloride resistance, air void distribution as well as use of other additives in order to
increase its durability.

An increase in air content for the 3D concrete mix by use of AEA decreased its density
and flexural and compressive strength, while improving its buildability and frost resistance.
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An increased amount of entrained air could allow for decreased material consumption
when printing a similar structure with non-air-entrained concrete, while increasing its frost
resistance. Printed samples of the AEA-006 mix that showed the highest frost resistance,
had a flexural strength of 5.4 MPa and compressive strength of 19.7 MPa, which indicates
that the concrete mix might be used for single story buildings or other structures that do
not need to withstand high loads. As the obtained frost resistance values are relatively
high—corresponding to class XF4, the amount of entrained air could be reduced in order
to minimize the decrease in strength of the printed concrete. Further research needs to be
carried out in order to evaluate the appropriate amount of AEA, as well as the air void and
pore structure of the concrete in order to find a balance between buildability, workability,
frost resistance, and strength.

4. Conclusions

Use of air-entraining agents in a 3D concrete mix was evaluated as part of this research.
It was found that the addition of AEA in the amount of 0.06% of binder mass did not differ
significantly from the mix containing 0.12% of AEA in terms of both fresh and hardened
properties. Overall, the presence of AEA increased the yield stress point, buildability, and
with it, overall printability of 3D concrete compared with the same mix containing no AEA.

Entrained air caused a decrease in density, as well as both flexural and compressive
strength of the printed concrete, affecting printed concrete more than the conventionally
cast samples.

Printed samples had a lower frost resistance than cast ones, which is in line with some
of the previously published work; however, there is also some contradiction in previously
published research. The addition of AEA in the amount of 0.06% of the binder mass
significantly increased the frost resistance of the printed and cast concrete.

Further research of certain aspects, for instance, the air void system and pore dis-
tribution, is needed to gain a deeper understanding on how to increase durability of 3D
concrete. The reduced density caused by entrained air might offer a reduction in material
consumption as well as an increase in the frost resistance of concrete mixes used in the 3D
printing of structures exposed to weather.
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