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Abstract

Rheology plays an important role in the 3D concrete printing technology, because it directly
governs the flowability and shape retention of the material, impacting both the printing
process and the final quality of the obtained structure. Local raw materials such as Port-
land cement, washed sand, and tap water were used for the preparation of 3D-printed
concrete mixtures. The solid-state polycarboxylate ether with an anti-foaming agent was
used as superplasticizer. The Portland cement was partially replaced (by volume) with
a natural zeolite additive in amounts ranging from 0% to 9% in 3D-printed concrete mix-
tures. A rotational rheometer with coaxial cylinders was used in this research for the
determination of rheological characteristics of prepared 3D-printed concrete mixtures. The
Herschel-Buckley model was used to approximate experimental flow curves and assess
rheological parameters such as yield stress, plastic viscosity, and shear-thinning /thickening
index. The additional experiments and calculations, such as water bleeding test and
evaluation of the carbon footprint of 3D-printed concrete mixtures, were performed in
this work. The replacement of Portland cement with natural zeolite additive positively
influenced rheological and stability-related properties of 3D-printed concrete mixtures.
Natural zeolite additive consistently reduced water bleeding, enhanced yield stress under
increasing shear rates, and lowered plastic viscosity, thereby improving flowability and
mixture transportation during the 3D printing process. As the shear-thinning/thickening
index remained stable (indicating non-thixotropic behavior in most cases), higher amounts
of natural zeolite additive introduced slight thixotropy (especially under decreased shear
rates). These changes contributed to better shape retention, layer stability, and the ability
to print taller and narrower structures without collapse, making natural zeolite additive
suitable for use in the optimized processes of 3D concrete printing. A significant decrease
in total carbon footprint (from 3% to 19%) was observed in 3D-printed concrete mixtures
with an increase in the mentioned amounts of natural zeolite additive, compared to the
mixture without this additive.

Keywords: 3D-printed concrete; technological properties; Portland cement; mineral
additives; water bleeding test; thinning/thickening index; carbon footprint

1. Introduction

The literature analysis which was conducted has shown that 3D-printed concrete
has become one of the faster-growing research domains within construction materials,
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evidenced by a continuously increasing number of publications, expanding international
collaboration networks, and broad interdisciplinary interest since the year 2015. Its rele-
vance is reinforced by the construction industry’s need for automation, digital workflows,
and sustainable practices, with 3D-printed concrete widely viewed as a key enabler of
Construction 4.0 due to its compatibility with robotics, BIM/CAM integration, and ad-
vanced material design frameworks [1-7]. This rising popularity reflects both technological
progress and the sector’s recognition that traditional concrete construction faces limitations
in labor availability, cost control, and geometric flexibility [8].

Industrially, 3D-printed concrete is valued for automating formwork-free fabrication,
reducing labor intensity, and enabling rapid production of complex geometries. Reviews
note that 3D-printed concrete improves material efficiency and supports more sustainable
construction through waste reduction and optimized digital manufacturing processes,
helping address long-standing productivity stagnation in the construction sector. Reported
benefits include significant reductions in construction time and, in many cases, lower costs,
though these outcomes vary depending on system maturity and project conditions [1,9-13].

Despite its momentum, several gaps hinder widespread adoption. Persistent chal-
lenges include achieving consistent interlayer bonding, addressing anisotropic mechanical
performance, and developing reliable reinforcement strategies that meet structural design
codes. Long-term durability data of 3D-printed concrete remain limited, especially regard-
ing environmental exposure, permeability, and interface behavior. Reviews consistently
emphasize the lack of unified standards for printability, quality control, and structural
design, as well as the need for fully integrated digital workflows and validated low-carbon
printable binders [1,8,11,12,14].

1.1. Fresh State Properties of 3D-Printed Concrete

Rheology is a characteristic of the material, which depends on time and provides
a relationship between flow or deformation of the material and shear rate and stresses,
which are critical for understanding the behavior of fresh state concrete during 3D printing
processes [15-21]. The rheology of 3D-printed concretes primary depends on shear rate,
density, temperature, time and equipment of mixing, particle size distribution, supplemen-
tary cementitious materials, mineral additives, and chemical admixtures [22-24].

The use of different rheological models helps scientists and engineers to predict 3D
printability, to ensure structural stability, to optimize different processes, to design materials
(including their quality control), and to make integration with digital fabrication. The most
common models used for the description of 3D-printed concrete rheology are presented in
Table 1.

Table 1. The most common rheological models used to describe 3D-printed concrete mixtures.

Rheological Model Equation
Bingham [17,23] T="T0+ UpY
Modified Bingham [17,18] T="T0+ppy+ C./yz
Hershel-Bulkley [17,23] T=1+K -"yn
Power low [18,23] T=K%"
Casson [19,20] VT =T+ \/ﬁ\/;
De Kee [20,21] T=19+pye AT
Yahia and Khayat [20,21] T =19+ 2\/To-p-y-e~ A7
Bingham thixotropy [20] T="To+ ppy +0(t)

The 3D concrete printing relies on highly thixotropic, shear-dependent and struc-
turally evolving mixtures, which exhibit a finite yield stress, shear-thinning behavior,
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time-dependent structuration (thixotropy and flocculation), and non-linear flow (at mod-
erate and high shear rates). The Herschel-Bulkley rheological model is one of the most
accurate and the most popular models, used for the evaluation of 3D-printed concrete
mixtures. It naturally incorporates all these mentioned characteristics of freshly prepared
mixtures in a way that other rheological models cannot. The flexibility and simplicity of the
Herschel-Bulkley rheological model ensure computational efficiency, making it practical
for real-time simulations and design optimization of 3D printing systems.

The worldwide popularity of 3D-printed concretes is still limited because of the prob-
lems in understanding, characterizing, and predicting their fresh state properties [25-27].
During the printing processes, concrete in a fresh state must be capable of being efficiently
transported to the head of the printer (pumpability) [28,29], being extruded smoothly and
continuously through the nozzle (extrudability) [29,30], and keeping shape and stability
against different forces after extrusion (buildability) [29,31,32]. Pumpability, extrudability,
and buildability are the main key performance indicators that define the printability of
3D concrete [29]. Poor pumpability leads to interruptions, material waste, and equipment
wear [33,34]. Poor extrudability leads to the formation of uneven layers and the appearance
of quality defects [35,36] as well as poor buildability, leading to deformations or even
collapse of 3D-printed structures due to their own weight [37,38].

The correctly selected rheological properties, such as yield stress, viscosity, thixotropy,
and shear-thinning/thickening behavior are crucial for the successful 3D concrete print-
ing processes [17].

1.1.1. Pumpability

Too-low yield stress or plastic viscosity can lead to segregation or bleeding during the
pumping processes, while a too-high yield stress or plastic viscosity makes this procedure
more difficult to perform [39-41].

The developed theoretical model [42] has shown that increased thixotropy leads
to higher pumping pressure losses, larger plug radius, and reduced wall shear rates.
It confirms that rapid structural rebuilding during low flow rates increases resistance.
Simulations [43] have shown that thixotropic effects can cause pumping arrest and pressure
peaks after rest periods due to structural rebuilding.

Simulation of computational fluid dynamics [44] showed that shear-thinning behavior
reduced flow resistance, making materials easier to pump through narrow nozzles. Another
study [45] has shown that materials with shear-thinning behavior are easier to pump and
extrude, especially under varying nozzle sizes and speeds.

The formation of the lubrication layer is the ability of the mix to form a lubricating
layer (often due to cement paste migration), which can reduce the friction between the bulk
material and pipe walls, by improving the pumpability. It is not a rheological property, but
authors [46] have established that it is critical for accurate modeling of pressure drop and
velocity profiles.

1.1.2. Extrudability

Yield stress of 3D-printed concrete should be high enough to help the extruded filament
retain its shape after deposition. Authors [38] emphasized that controlled yield stress is
essential for balancing flowability and shape retention during extrusion in 3D concrete
printing. If yield stress is too high, the material is resistant to flowing, requiring excessive
pressure and risking nozzle blockage; if it is too low, the filament may deform or collapse
after extrusion.

Plastic viscosity governs the resistance to flow once yield stress is overcome and must
be optimized to ensure the material flows easily through the nozzle, but does not slump
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after deposition. Authors [46] have developed a numerical framework, which showed how
plastic viscosity can affect extrusion pressure and flow rate (especially in Herschel-Bulkley
fluids). Lower viscosity allowed smoother extrusion and reduced energy consumption,
and higher viscosity may stabilize the filament, but could hinder continuous flow.

Thixotropy describes the time-dependent recovery of structure after shear and helps
the material regain stiffness after extrusion, aiding in layer stability. Thixotropy must
be balanced enough to support buildability, but not so much that it impedes extrusion.
Excessive thixotropy may be resistant to flowing during the extrusion if the structure
rebuilds too quickly. Authors [16] proposed a model for the calculation of initial yield stress
and hardening coefficient, which can show how thixotropy affects extrusion and buildability.
This algorithm makes it possible to determine the rheological characteristics, required to
prevent the freshly prepared mixture from collapsing during the 3D printing process quite
rapidly. In the proposed model, the fresh mixture was treated as a Herschel-Bulkley fluid.
Consequently, it is assumed that no deformation occurs until the maximum shear stress
within the deposited layers exceeds the material’s yield stress. The maximum shear stress
in the layered fresh mixture was obtained from the force-equilibrium condition, while the
yield stress at any point of the 3D printing process was estimated as a function of elapsed
time, which in turn depends on the specific printing path.

Shear-thinning behavior can support both pumpability and shape retention. Materials
with low shear-thinning behavior can be extruded more easily, and this behavior allows the
material to flow smoothly through the nozzle and stiffen afterward. Research results [47]
have shown that low cohesion and higher water content improved extrudability due to
enhanced shear-thinning, though they may compromise buildability.

Authors [46] showed that accounting for wall slip is essential to match experimental
observations in extrusion process modeling. A thin lubrication layer near the nozzle wall
can reduce friction and improve flow. Wall slip conditions can significantly affect velocity
profiles and extrusion pressure. Ignoring wall slip can lead to inaccurate predictions of
extrusion behavior.

1.1.3. Buildability

Yield stress of 3D-printed concrete depends on printing speed and composition of
the mixture, but typically ranges from 500 Pa to 1500 Pa. A high-enough yield stress
of 3D-printed concrete allows the layers to maintain a shape and to resist deformations
created by self-weight and even by additional layers. It also leads to a better vertical
stability of the whole structure, ensuring its higher buildability [33,48]. A too-low yield
stress leads to a slump or a collapse of 3D-printed concrete layers, which can be described
as poor dimensional accuracy. It also limits the maximal height of the structure from
3D-printed concrete [49,50].

Optimal plastic viscosity of 3D-printed concrete also depends on printing speed, layer
height, the behavior of used mineral additives, and chemical admixtures, but typically
ranges from 20 Pa-s to 100 Pa-s. A high-enough plastic viscosity of 3D-printed concrete also
improves the vertical stability of the structure and ensures its better shape retention [33,51].
It means that the layers of 3D-printed concrete stay in place after deposition. A too-low
plastic viscosity, or a too-low yield stress, leads to a poor dimensional accuracy or even
a slump in the 3D-printed concrete layers, as they continue to flow under their own
weight [50,52]. A correct combination of moderate yield stress with moderate or high
plastic viscosity can usually give the best results for the buildability of 3D-printed concrete.

The thixotropy of 3D-printed concrete depends on the environment temperature and
hydration kinetics of the prepared mixture, as well as on the behavior of mineral additives
and chemical admixtures [48,52]. Thixotropy is often characterized by a structural build-up
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rate or a thixotropic index. The build-up rate of 3D-printed concrete typically ranges from
50 Pa/min to 150 Pa/min [53]. A high-enough thixotropy of 3D-printed concrete also
improves the vertical stability of the printed structures. It also ensures a quick restoration
of internal microstructures, leading to the increased resistance of printed layers to the
different impacts of deformations [54]. A too-high thixotropy may cause poor bonding
strength between the layers because of the fast surface stiffening in 3D-printed concrete.
Low thixotropy also leads to a slump or a collapse of 3D-printed concrete layers, which
can be described as poor dimensional accuracy. On the other hand, low thixotropy ensures
better adhesion strength between the layers of 3D-printed concrete, as their surfaces remain
workable for a longer period of time [55]. Moderate thixotropy leads to enough structural
build-up for the stability of structures, but not so fast to harm the bonding behavior between
the layers.

A shorter setting time of 3D-printed concrete mixture ensures rapid stiffening, which
leads to the improvement of layer stability, allowing for the creation of taller struc-
tures [41,56]. On the other hand, a shorter setting time can increase the risk of poor
bonding between the layers or the creation of cold joints, especially when the printing pro-
cess is slow [34,57]. A longer setting time of the 3D-printed concrete mixture leads to better
bonding between the layers and eliminates rushing when printing the large structures. A
longer setting time directly influences the growth of early-age strength and also a poor
dimensional accuracy, leading to the increased risk of structure collapse due to the weight
impact of upper layers [58,59]

1.2. Carbon Footprint

These days, many construction projects aim for net-zero or low-carbon certifications
(e.g., LEED, BREEAM). Even small reductions in the amount of Portland cement (its carbon
intensity is about 0.9 kg CO,/kg), due to the addition of supplementary cementitious
materials which have lower carbon intensities (0.02-0.15 kg CO, /kg) [60-63], or the devel-
opment of cement-free materials (geopolymers) [64,65], can significantly lower the CO,
emissions of the whole construction project. By tracking CO, emissions, civil engineers
can compare designs of the mixtures and choose the most sustainable options [66-68]. CO,
data is also essential for the full lifecycle assessments, as it impacts the decisions on reuse,
recycling, and end-of-life strategies [69-71].

Construction based on 3D-printed concrete due to material efficiency and design
optimization allows one to eliminate formwork and to minimize generated waste, leading
to a significant reduction in the impact on the environment (it can lower CO, emissions by
up to 30-60%) [11,72,73]. The ability to create the optimized geometries, such as hollow or
lattice structures, reduces the total volume of 3D-printed concrete, which is required for the
structural performance and also helps to reduce CO, emissions [74-76].

On the other hand, in the applications of 3D-printed concrete, the amount of Portland
cement is usually 2-3 times higher than in traditional concrete, due to the need to ensure
its adequate rheological and early-age properties [31,77,78]. This increase can significantly
raise the carbon footprint of 3D-printed concretes. Essentially, the overall sustainability
benefit of 3D-printed concretes depends on balancing this higher Portland cement demand
with strategies such as the partial replacement of binder with supplementary cementitious
materials (which can reduce CO, emissions by 20-45%) [79], and structural optimization
that can lower the usage of the whole material [80].

The current study focuses on the investigation of rheological properties and the
stability of freshly prepared and maintained 3D-printed concrete mixtures that have been
modified by different amounts of natural zeolite. Evaluation of the carbon footprint of all
analyzed 3D-printed concrete mixtures was also performed in this work. This research
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could successfully help to reduce the impact on the environment, as 3D-printed concrete
based on supplementary cementitious materials is a key path to sustainable construction.

2. Materials and Methods

Locally produced raw materials such as Portland cement (SC “Akmenes cementas”,
Naujoji Akmene, Lithuania) as a binder, or washed sand (JSC “Rizgonys”, Rizgonys,
Lithuania) as fine aggregate, were used in the preparation of 3D-printed concrete mixtures.

The main properties of Portland cement (CEM I 42.5R) were determined accord-
ing to the requirements of the standard EN 197-1 (https://standards.iteh.ai/catalog/
standards/cen/64d327b1-d5ac-45e3-8b04-fafec9e0698e/en-197-1-2011, accessed on 16 Jan-
uary 2026): the beginning of setting—140 min; the end of setting—170 min; density of the
particles—3120 kg/m?; bulk density—1240 kg/m?; specific surface—4198 cm?/g; volume
constancy (expansion)—1.0 mm. Blaine fineness was 440 m?/kg and median particle size
was 17.6 pum. The mineral composition of Portland cement: C35—53.6%; C,5—17.2%;
C3A—1.4%; C4,AF—10.4%.

Washed sand (fraction 0/1 mm) with density of the particles—2655 kg/m?; bulk
density—1551 kg/m? and fineness module 3.0 was used as fine aggregate and met the
requirements of the standard EN 12620. Particle size distribution of washed sand is
presented in Figure 1.

100

99.9

%0 | Washed sand (fraction 0/1 mm)

80 -
70 4

Passing particles, %
=

30 .
20 .
10
0+ 0.28 0.36
T T T T T T
0.0625 0.125 0.25 0.5 1 2

Particle size, mm

Figure 1. Particle size distribution of washed sand (fraction 0/1 mm).

The solid-state polycarboxylate ether with an anti-foaming agent was used as su-
perplasticizer (HPEG 2400) in all 3D-printed concrete mixtures. The main properties of
superplasticizer were as follows: appearance—white solid; pH values—5.5-7.5; molecular
weight—2400; unsaturation—>95%.

Natural zeolite (distributor “Elega”, Vilnius, Lithuania) produced in the Tran-
scarpathian deposit (Ukrainian region) with density of the particles—2570 kg/m?; Blaine
fineness—320 m? /kg and median particle size—29.0 um was used as a mineral additive
for the modification of the 3D-printed concrete mixtures.

The cumulative particle size distribution of Portland cement and natural zeolite is
presented in Figure 2, the XRD patterns of these materials are presented in Figure 3, and
the chemical composition of all raw materials are presented in Table 2.
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Figure 2. The cumulative particle size distribution of Portland cement and natural zeolite.
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Figure 3. XRD patterns: (a) natural zeolite; (b) Portland cement. CL—clinoptilolite; HE—heulandite;
BCyS—belite; CzS—alite; CygAF—tetracalcium aluminoferrite; CaCOjz—-calcium carbonate;
CzA—tricalcium aluminate.

Table 2. Chemical composition of the main raw materials.

Raw Material

Chemical Composition, %

Si02 CaO MgO Na20 A1203 SO3 K20 Fe203 Ti02 LOI

Portland cement
washed sand
natural zeolite

18.9 62.6 3.94 0.10 4.88 3.47 1.13 3.53 - 1.46
84.9 1.90 3.46 0.35 3.06 - 1.07 3.05 - 2.03
71.3 520 1.20 1.30 13.2 - 3.40 1.90 0.30 220

The Portland cement was partially replaced (by volume) with a natural zeolite additive
in the following amounts: 0%, 3%, 6%, and 9% in 3D-printed concrete mixtures.
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Such amounts of natural zeolite additive were chosen due to its high specific surface
area and porous structure, which lead to increased water demand in the 3D-printed concrete
mixtures [81,82]. A higher amount of water could have a negative impact on the strength
properties and the quality of printing in 3D-printed concretes. Particles of natural zeolite
additive also have an irregular shape and have a lower density (compared to cement
particles), so higher amounts can disrupt particle packing [83], leading to the reduction
in the lubrication effect in 3D-printed concrete mixtures. Pozzolanic reactions of natural
zeolite additive are slower compared to the cement particles, so at higher amounts, the
3D-printed concrete pastes can lose the early hydration products, which help the structure
to build up [82,83]. Higher amounts of natural zeolite additive (more than 9%) can push
3D-printed concrete mixture outside the rheology window, by making it too viscous or too
weak in structural build-up [84].

Tap water (temperature 20 °C) was used for the preparation of the 3D-printed concrete
mixtures. Water-to-cement ratio in the 3D-printed concrete mixtures varied from 0.38 to
0.51. Compositions of 3D-printed concrete mixtures, used for the rheological tests, are
presented in Table 3.

Table 3. Compositions of 3D-printed concrete mixtures.

The Amounts of Raw Materials, kg/m?

Sample Series Portland Washed Natural S ..
Cement Sand Zeolite uperplasticizer Water
NZ-0 772 1205 0.000 0.585 292
NZz-3 744 1198 38.40 0.582 301
NZ-6 681 1149 73.70 0.558 312
NZ-9 638 1114 107.1 0.541 325

The mixing of the 3D-printed concrete mixtures for rheological tests began with the
mixing of dry raw materials (Portland cement, washed sand, and natural zeolite) for 1 min.
After that, tap water with a required amount of superplasticizer was added in the mixture.
The mixing of all components was prolonged by an additional 2 min. The selected volume
of prepared 3D-printed concrete mixture for the rheological tests was 100 mL.

The rotational rheometer RN 4.1 (Rheotest Medingen GmbH, Ottendorf-Okrilla,
Germany) with coaxial cylinders was used for rheological tests. The scheme of the cylinder-
measuring system of the rheometer is presented in Figure 4.

Rotating
3 K :: 2
|
15mm | ?35/mm H| 1.5mm

T

?38mm

Figure 4. The scheme of measuring system of the rotational rheometer RN 4.1.

The assembled measuring cup (1) with coupling is poured by 3D-printed concrete
mixture (3) and fixed in the equipment stand. The rotating cylinder rotor (2) is placed inside
the measuring cup (1) with a gap between them of about 1.5 mm and rotated during the test.
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The intrinsic friction of prepared 3D-printed concrete mixture layers takes place between
the measuring cup (1) and cylinder rotor (2). The testing data is written when the rotating
cylinder rotor makes a turn due to its connection with the measuring scale. The applied
equipment enables one to test prepared 3D-printed concrete mixtures in different modes.

The rheological tests were performed at a temperature of 20 + 2 °C according to the
shear rate mode shown in Figure 5, exactly 5 min and 60 min after the preparation of
3D-printed concrete mixtures. The upward and downward branches were included in each
flow curve obtained by 10 linear steps, in which the strain rate was varied from 10 s~! to
100 s~ 1. In each linear step, the shear stress was measured over 30 s.

110
100
90
80
70
60
50
40
30
20
10
0
0 30 60 90 120 150 180 210240 270 300 330 360 390 420 450 480 510 540 570 600
Duration, s

Shear rate, s~

Figure 5. The shear rate mode of the rheological test.

As was mentioned earlier, the Herschel-Bulkley rheological model is one of the
most accurate and popular models, used for the evaluation of 3D-printed concrete mix-
tures. Flow curves of the freshly prepared 3D-printed concrete mixtures (shear stress and
shear rate) were obtained from the testing equipment and were approximated using the
Herschel-Bulkley rheological model according to the following equation:

T="1+k7", 1)

where
T—shear stress, Pa;
To—Yield stress, Pa;
k—the consistency factor, Pa-s";
y—the shear rate, s~ ;
n—the pseudoplastic (thixotropy) index (n < 1) and dilatancy index (n > 1).
The following equation was used to determine the plastic viscosity of the 3D-printed

concrete mixture:
T — 10

i

i = (2)
where

n;—viscosity, Pa-s;

To—yield stress, found out of y-t curve—the point, in which curve crosses T axis, Pa;

7i—the shear rate, s~ 1.

The shear-thinning /thickening index was calculated from hysteresis in up-flow and
down-flow curves by reducing the yield stress after an increase in the shear rate up to

100 s~ ! by the following equation:
. Tf — T

HT_~ 4
YF— %0

)

where
Hr—shear-thinning /thickening index by yield stress;
To—yield stress before the shear flow;
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Tp—yield stress after the shear flow;
Yo—shear rate before the shear flow;
Yr—shear rate after the shear flow.
The water release of the tested 3D-printed concrete mixtures was determined according
to the following methodology. After preparation, the 3D-printed concrete mixture was
placed in a plastic container, covered with a waterproof film, and kept still without any
movement for 2 h. The volume of all tested samples was the same (500 mL). Two h
later, the released water was collected from the surfaces of the samples and weighed.
The water release of the 3D-printed concrete mixture was calculated according to the
following equation:

K, ="~ - b 100%, 4)

where

Kp—is the volumetric coefficient of water bleeding;

a—is the initial volume of sample;

b—is the volume of settled sample.

Carbon footprint analysis was made by lifecycle assessment methodology, defined by
ISO 14040 (https:/ /www.zerocarbon.net.cn/index.php?m=home&c=View&a=indexé&aid=26
2, accessed on 16 January 2026) and ISO 14044 (https:/ /www.bsigroup.com/en-GB/products-
and-services/standards/iso-14044-life-cycle-assessment-requirements-and-guidelines/, ac-
cessed on 16 January 2026), and expressed as kg CO;-equivalent (CO,-eq). CO; emissions
were calculated using a cradle-to-gate approach (A1-A3 stages), including raw material
extraction, material production, and manufacturing.

CO; emissions of the raw material production of each 3D-printed concrete mixture
were calculated according to the following equation:

Pcf :m'Efr/ ®)

where
P—CO; emission of the production 3D-printed concrete mixture, kg CO»-eq;
m—amount of raw material in the composition per 1 m3, kg;
Ep—emission factor of raw material, kg CO-eq/kg (see Table 4).
Electricity consumption for the production of 1 m® of each 3D-printed concrete mixture
was calculated according to the following equation:

ch = m'Efer (6)

where
E—CO; emission of the electricity consumption, kg CO,-eq;
m—total amount of used electricity per 1 m3, kWh;
Ef—emission factor of electricity consumption, kg CO;-eq/kg (see Table 4).
Transportation of raw materials for 1 m3 production of each 3D-printed concrete
mixture was calculated according to the following equation:

ch = m'd'Eft/ (7)

where

T,—CO; emission of transportation, kg CO,-eq;

m—mass of raw material in the composition per m?, kg;

d—distance to production site, km;

Ep—emission factor of transportation, kg CO,-eq/kg (see Table 4).

The total cradle-to-gate carbon footprint for 1 m3 of each 3D-printed concrete mixture
was calculated according to the following equation:
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where
P —CO; emission of the production, kg CO;-eq;
E—CO; emission of the electricity consumption, kg CO,-eq;
T—CO; emission of the transportation, kg CO,-eq;

3. Results
3.1. Rheological Properties of 3D-Printed Concrete Mixtures
3.1.1. Flow Curves

The flow curves of 3D-printed concrete mixtures without natural zeolite additive,
measured 5 min after their preparation, almost match each other, after the increase and the
decrease in shear rates (Figure 6a). These 3D-printed concrete mixtures can be considered
non-thixotropic, and their viscosity almost does not depend on the shear rate. The ultimate
shear stresses of 3D-printed concrete mixtures were from 39 Pa to 62 Pa, which were the
suitable values for 3D printing technologies.

An even more precise tendency was observed in the 3D-printed concrete mixtures,
measured 60 min after their preparation (Figure 6b). The ultimate shear stresses of 3D-
printed concrete mixtures were from 52 Pa to 61 Pa.

Fundamentally, it can be stated that such 3D-printed concrete mixtures can partially
support their shape and should not flow by themselves. Therefore, the new layer of the
3D-printed concrete mixture laid during the printing process should remain stable and
could be only slightly deformed due to its own weight.
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Figure 6. Flow curves of 3D-printed concrete mixtures without natural zeolite additive: (a) 5 min
after preparation; (b) 60 min after preparation.

The flow curves of 3D-printed concrete mixtures with different amounts of natural
zeolite additive, measured 5 min and 60 min after their preparation, are presented in
Figures 7-9. The flow curves of 3D-printed concrete mixture remain of the same nature,
as water content was increased with the increase in the amount of natural zeolite additive
(see Table 3) in order to ensure its constant consistency. The natural zeolite additives in
the smaller amounts (3% or 6%) slightly increased the thixotropy of 3D-printed concrete
mixtures, compared to the 3D-printed concrete mixtures without this additive.

The natural zeolite additive (3%) decreased the ultimate shear stresses of the 3D-
printed concrete mixtures (measured 5 min after their preparation) from 81 Pa to 71 Pa,
after the decrease in shear rate (Figure 7a). The same tendency was observed in the
3D-printed concrete mixtures, measured 60 min after their preparation (Figure 7b). The
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ultimate shear stresses of 3D-printed concrete mixtures reduced from 87 Pa to 66 Pa, after
the decrease in shear rate.
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Figure 7. Flow curves of 3D-printed concrete mixtures with 3% of natural zeolite additive: (a) 5 min
after preparation; (b) 60 min after preparation.

The same tendency was observed in the 3D-printed concrete mixtures with 6% of
natural zeolite additive (measured 5 min after their preparation). The ultimate shear
stresses decreased from 76 Pa to 62 Pa, after the decrease in shear rate (Figure 8a). The
ultimate shear stresses of the 3D-printed concrete mixtures with 6% natural zeolite additive,
measured 60 min after their preparation, reduced from 70 Pa to 64 Pa, after the decrease in
the shear rate (Figure 8b).
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Figure 8. Flow curves of 3D-printed concrete mixtures with 6% of natural zeolite additive: (a) 5 min

Shear rate, s~

after preparation; (b) 60 min after preparation.

The natural zeolite additives in the highest amount (9%) could increase the thixotropy
of 3D-printed concrete mixtures more drastically, compared to the 3D-printed concrete
mixtures with smaller amounts (3% or 6%) of this additive. The ultimate shear stresses
decreased from 103 Pa to 74 Pa, after the decrease in shear rate (Figure 9a) in the 3D-printed
concrete mixtures with natural zeolite additive (9%), measured 5 min after their preparation.
The changes described above also occur in the 3D-printed concrete mixtures with natural
zeolite additive (9%), measured 60 min after their preparation. The ultimate shear stresses
decreased from 95 Pa to 75 Pa, after the decrease in shear rate (Figure 9b).
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Figure 9. Flow curves of 3D-printed concrete mixtures with 9% of natural zeolite additive: (a) 5 min
after preparation; (b) 60 min after preparation.

3.1.2. Yield Stress

The yield stress of 3D-printed concrete mixtures with lower amounts of natural ze-
olite additive (from 3% to 6%), measured 5 min after preparation, increased two-fold
(100-107%)—from 30 Pa to 60 Pa or 62 Pa (black bars), when the shear rate was increased
(Figure 10a). The yield stress of 3D-printed concrete mixtures, measured 5 min after prepa-
ration, increased by almost three times (183%)—from 30 Pa to 85 Pa (also black bars), with
the highest amount of natural zeolite additive (9%), when the shear rate was increased
(Figure 10a).

The yield stress of 3D-printed concrete mixtures, measured 5 min after preparation,
remained unchanged (increased only from 5% to 0%), with an increase in the amount of
natural zeolite additive (from 3% to 6%), and varied from 55 Pa to 58 Pa (red bars), when
the shear rate was decreased (Figure 10a). The yield stress of 3D-printed concrete mixture,
measured 5 min after preparation, increased (13%)—from 55 Pa to 62 Pa (also red bars),
with the highest amount of natural zeolite additive (9%), when the shear rate was decreased
(Figure 10a).

The results of the yield stress of 3D-printed concrete mixtures, measured 60 min after
preparation, had the same tendency as the results 5 min after preparation. The yield stress
of 3D-printed concrete mixtures with lower amounts of natural zeolite additive (from 3%
to 6%), measured 60 min after preparation, increased (71-66%)—from 35 Pa to 60 Pa or
58 Pa (black bars), when the shear rate was increased (Figure 10b).

The yield stress of 3D-printed concrete mixtures, measured 60 min after preparation,
increased more than two-fold (114%)—from 35 Pa to 75 Pa (also black bars), with the highest
amount of natural zeolite additive (9%), when the shear rate was increased (Figure 10b).

The yield stress of 3D-printed concrete mixtures, measured 60 min after preparation,
increased (from 29% to 22%), with an increase in the amount of natural zeolite additive
(from 3% to 6%), and varied from 45 Pa to 58 Pa or 55 Pa (red bars), respectively, when the
shear rate was decreased (Figure 10b). The yield stress of the 3D-printed concrete mixture,
measured 60 min after preparation, increased (33%)—from 45 Pa to 60 Pa (also red bars),
with the highest amount of natural zeolite additive (9%), when the shear rate was decreased
(Figure 10b).

Higher yield stresses of 3D-printed concrete mixtures allow an increase in their stability.
In practical applications, it means that taller and thinner 3D structures could be printed
without a collapse.
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Figure 10. Yield stress of 3D-printed concrete mixtures with different amounts of natural zeolite
additive: (a) 5 min after preparation; (b) 60 min after preparation.

3.1.3. Plastic Viscosity

The plastic viscosity of 3D-printed concrete mixtures with the lowest amount of
natural zeolite additive (3%), measured 5 min after preparation, increased about 19%—from
1.81 Pa-s to 2.15 Pa-s (black bars), when the shear rate was increased (Figure 10a). The
plastic viscosity of 3D-printed concrete mixtures, measured 5 min after preparation, slightly
decreased (from 3% to 2%) with an increase in the amount of natural zeolite additive (from
6% to 9%), and varied from 1.75 Pa-s to 1.78 Pa-s (black bars), when the shear rate was
increased (Figure 11a).

The plastic viscosity of 3D-printed concrete mixtures, measured 5 min after prepara-
tion, decreased significantly (from 62% to 48%) with an increase in the amount of natural
zeolite additive (from 3% to 9%), and varied from 1.51 Pa-s to 1.65 Pa-s (red bars) when the
shear rate was decreased (Figure 11a)).

The plastic viscosity of 3D-printed concrete mixtures with the lowest amount of natural
zeolite additive (3%), measured 60 min after preparation, also increased about 13%—from
1.91 Pa's to 2.15 Pa-s (black bars), when the shear rate was increased (Figure 10b). The plastic
viscosity of 3D-printed concrete mixtures, measured 60 min after preparation, decreased
(9%) or increased (5%) with an increase in the amount of natural zeolite additive (from
6% to 9%), and varied from 1.76 Pa-s to 2.01 Pa-s (black bars), when the shear rate was
increased (Figure 11b).

The plastic viscosity of 3D-printed concrete mixtures, measured 60 min after prepa-
ration, also decreased significantly (from 53% to 32%) with an increase in the amount of
natural zeolite additive (from 3% to 9%), and varied from 1.51 Pa-s to 1.75 Pa-s (also red
bars) when the shear rate was decreased (Figure 11b).

The lower plastic viscosity of 3D-printed concrete mixture in practical applications
can help to improve its flowability, when (with the help of a pump) it is transported to the
printing head of a 3D printer. The natural zeolite additive can improve the placement of
concrete mixture during the 3D concrete printing process. It should be mentioned that the
plastic viscosity of the 3D-printed concrete mixtures was almost constant (did not increase),
even 60 min after their preparation. This ability ensures better placement during the 3D
printing processes.
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Figure 11. Plastic viscosity of 3D-printed concrete mixtures with different amounts of natural zeolite
additive: (a) 5 min after preparation; (b) 60 min after preparation.

3.1.4. Shear-Thinning / Thickening Index

The increased amount of natural zeolite additive practically did not change the shear-
thinning/thickening index of the 3D-printed concrete mixtures, both 5 min and 60 min
after preparation, when the shear rate was increased or decreased (Figure 12).
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Figure 12. Shear-thinning/thickening index of 3D-printed concrete mixtures with different amounts
of natural zeolite additive: (a) 5 min after preparation; (b) 60 min after preparation.

The shear-thinning/thickening index of 3D-printed concrete mixtures, measured 5 min
after preparation, decreased insignificantly (from 4% to 6%) with an increase in the amount
of natural zeolite additive (from 3% to 9%), and varied from 0.97 to 0.95 (black bars), when
the shear rate was increased (Figure 12a).

The shear-thinning/thickening index of 3D-printed concrete mixtures, measured 5 min
after preparation, increased insignificantly (from 11% to 7%) with an increase in the amount
of natural zeolite additive (from 3% to 9%), and varied from 0.95 to 0.99 (red bars), when the
shear rate was decreased (Figure 12a). The shear-thinning/thickening index of 3D-printed
concrete mixtures, measured 60 min after preparation, also decreased insignificantly (from
2% to 4%) with an increase in the amount of natural zeolite additive (from 3% to 9%), and
varied from 0.95 to 0.97 (also black bars), when the shear rate was increased (Figure 12b).
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The shear-thinning/thickening index of 3D-printed concrete mixtures, measured
60 min after preparation, also increased insignificantly (from 8% to 3%) with an increase in
the amount of natural zeolite additive (from 3% to 9%), and varied from 0.99 to 0.95 (also
red bars), when the shear rate was decreased (Figure 12b).

The measurements which were performed indicate the stability of the shear-
thinning /thickening index of 3D-printed concrete mixtures as it remains close to 1. These
mixtures exhibit nearly Newtonian behavior with insignificant shear-thinning/thickening
effects, regardless of the amount of natural zeolite additive or time of preparation. These
mixtures exhibit non-thixotropic behavior and the results corelate well with the previously
mentioned changes in the yield stress and plastic viscosity of the 3D-printed concrete
mixtures with different amounts of natural zeolite additive.

3.2. Water Bleeding of 3D-Printed Concrete Mixtures

The research results have shown that natural zeolite additive in all cases reduced
the water separation from the 3D-printed concrete mixtures (Figure 13). The maximum
volume coefficient of water bleeding (3.6%) was obtained for 3D-printed concrete mixtures
without natural zeolite additive. A decrease in the volume coefficient of water bleeding
from 2.8% to 1.8% was observed with an increase in the amount of natural zeolite additive
in 3D-printed concrete mixtures from 3% to 9%. It was from 0.8% to 1.8% lower, compared
to the results of 3D-printed concrete mixture without natural zeolite additive. In principle,
it can be stated that the natural zeolite additive can improve the stability of the mixtures
during the 3D printing processes.
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Figure 13. Volume coefficient of water bleeding of 3D-printed concrete mixtures with different
amounts of natural zeolite additive.

3.3. Carbon Footprint of 3D-Printed Concrete Mixtures

The CO, emission factors of the used raw materials were obtained from ICE Database
(v3) [85] and are presented in Table 4. The emission factors of electricity and transportation
are presented in Table 5.

Electricity consumption for 1 m® was as follows: mixing (7 kWh), pump operation
(5 kWh), robotic gantry (4 kWh), and control systems (2 kWh).

The distances for the raw material transportation to the construction site located in
Vilnius (Lithuania) were as follows: Portland cement (236 km), washed sand (100 km),
natural zeolite additive (550 km), superplasticizer (1350 km), and tap water (0 km).
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Table 4. CO, emission factors of used raw materials.

Raw Materials Used in 3D-Printed Concrete Mixtures

Portland Washed Natural Superplasticizer Water
Cement Sand Zeolite perp
Emission factor, 0.9300 0.0050 0.0200 2.5000 0.0003

kg CO;-eq/kg [85]

Table 5. Emission factors for electricity and transportation.

Electricity Transportation

Emission factor, kg CO,-eq/kWh [86] 0.2500 -
Emission factor, kg COy-eq/ton-km [87] - 0.1000

Calculations have shown that the total amount of CO, emissions, generated only from
the production of raw materials, decreased with the increase in natural zeolite additive
(see Table 6). It decreased from 726 kg CO,-eq (mixture without natural zeolite additive) to
700 kg COy-eq, 642 kg COy-eq, or even 602 kg CO,-eq, with the increase in the amount of
natural zeolite additive from 3% to 9%. It was from 4% to 20% lower, compared to the CO,
emissions of the mixture without natural zeolite additive.

Table 6. Amount of CO, emissions generated only from the production of raw materials.

Compositions of 3D-Printed

Emissions, Related to the Production of Raw Materials, kg CO»-eq

Concrete Portland Washed Natural . .

Mixtures Cement Sand Zeolite Superplasticizer Water Total
NZ-0 718 6.03 0.00 1.46 0.09 726
NZ-3 692 6.00 0.77 1.46 0.09 700
NZ-6 633 5.75 147 1.40 0.09 642
NZ-9 593 5.57 2.14 1.35 0.10 602

The electricity consumption for the production of 1 m? of each 3D-printed concrete
mixture was the same—18 kWh, leading to the total amount of CO, emissions 4.5 kg CO,-eq.

Calculations have shown that partial replacement of natural zeolite additive has
practically no influence on the total amount of CO; emissions related to the transportation
of the raw materials (see Table 7).

The maximum amount of total carbon footprint (cradle-to-gate boundary) was ob-
tained for 3D-printed concrete mixtures without natural zeolite additive, and reached
760.9 kg COy-eq (see Figure 14). A decrease of about (3%) was calculated, evaluating the
3D-printed concrete mixture with the lowest amount (3%) of natural zeolite additive, which
showed 736.3 kg CO,-eq. A significant decrease of about (19%) was calculated, evaluating
the 3D-printed concrete mixture with the highest amount (9%) of natural zeolite additive,
which showed 638.7 kg CO;-eq.

Calculations demonstrate that the usage of natural zeolite additive is an effective
way to reduce CO, emissions in the production of 3D-printed concretes. This reduction
in CO, emissions was strongly influenced by the partial replacement of Portland cement,
which was the primary factor of high carbon emissions in 3D-printed concrete. Natural
zeolite additive not only increases the sustainability of 3D-printed concrete, but also aligns
with the global efforts to minimize the environmental impact of the materials used in
the construction.
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Table 7. Amount of CO, emissions, generated during the transportation of raw materials.

Compositions of 3D-Printed

Concrete
Mixtures

Emissions, Related to the Transportation of Raw Materials, kg CO»-eq

Portland Washed Natural
Cement Sand Zeolite

Superplasticizer Water Total

NZz-0
NZz-3
NZ-6
NZ-9

18.2 12.1 0.00 0.08 0.0 30.4
17.6 12.0 211 0.08 0.0 31.8
16.1 11.5 4.05 0.08 0.0 31.7
15.1 11.1 5.89 0.07 0.0 32.2
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Figure 14. Total carbon footprint of 3D-printed concrete mixtures with different amounts of natural
zeolite additive.

4. Discussion

The summary of all determined properties of 3D-printed concrete mixtures is pre-
sented in Table 8.

There are several factors affecting the increase in yield stress of 3D-printed concrete
in its fresh state. The main factors are the floculation of cement particles [88], as well as
nucleation and the formation of calcium hydrosilicates within the contact points of cement
particles [89], which lead to the creation of internal microstructures and can be described
by a theoretical model, sugessted by authors [90].

In our study, the yield stress of 3D-printed concrete mixtures increased drastically
(5 min and 60 min after preparation) with the increase in the amount of natural zeolite
additive, when shear rates were increased. This can be explained by the structural build-up,
influenced by the particles of natural zeolite. It aligns with the results of [91], which indicate
that synthetic zeolites can also accelerate the setting and the stiffness of high-performance
3D-printed concrete mixtures, leading to a higher buildability. Authors [38] also declare
time-dependent network formation, which reinforces the static structure in 3D-printed
concrete mixtures due to pozzolanic reactions and their thixotropic behavior.

The yield stress of 3D-printed concrete mixtures was more stable 5 min and 60 min
after preparation, when shear rates were reduced. As declared by authors [92], thixotropy
and reversible structuration were the main factors affecting the resistance to breakdown,
due to the reformation of the internal microstructure of the 3D-printed concrete mixture
during its rest period.
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Table 8. Summary of determined properties of 3D-printed concrete mixtures.
Composition of Mixtures
Properties of 3D-Printed Concrete Mixtures
NZ-0 NZ-3 NZ-6 NZ-9
Shear rate 5 min 39 81 76 103
. After -
Ultimate shear stress increased 60 min 52 87 70 95
Pa Shear rate 5 min 62 71 62 74
After
decreased 60 min 61 66 64 75
Shear rate 5 min 30 60 62 85
. . After
Yield increased 60 min 35 60 58 75
stress, .
Pa Shear rate 5 min 55 58 55 62
After -
decreased 60 min 45 58 55 60
Shear rate 5 min 1.81 2.15 1.75 1.78
. . After
Plastic increased 60 min 191 2.15 1.76 2.01
viscosity, -
Pa-s Shear rate 5 min 2.45 1.51 1.51 1.65
After
decreased 60 min 2.31 1.52 1.51 1.75
Shear rate 5 min 1.01 0.97 0.96 0.95
. After -
Shear- increased 60 min 0.99 0.97 0.95 0.97
thinning/thickening index o 5 min 0.89 0.9 0.95 0.97
After
decreased 60 min 0.92 0.99 0.95 0.98
Volume coefficient of water bleeding, % 3.6 2.8 2.2 1.8
Cradle-to-gate carbon footprint, CO,-eq/ m3 760.9 736.3 678.2 638.7

The increase in yield stress with the increase in shear rates and time indicates a more
robust 3D-printed concrete mixture, which ensures layer support that leads to a better
buildability. The Literature [38,40,91] also emphasized the importance of controlling the
yield stress when managing the extrudability and buildability of 3D-printed concrete
mixtures, as the pozzolanic and filler effects of the zeolite additive have a direct impact
on their structure evolution [93]. On the other hand, higher yield stress can reduce the
open time and extrudability of the 3D-printed concrete mixture [94]. Strategies such as the
amount corrections of chemical admixtures or zeolite additives may help to preserve the
extrudability of 3D-printed concrete mixtures [38,91].

The effects of natural zeolite on the rheological properties of the grout mixtures were
studied in work [95]. The results showed that, with a constant superplasticizer content, an
increase in the natural zeolite amount significantly increased yield stress, plastic viscosity,
and shear-thinning behavior. Authors have declared that it was possible to obtain grouts
with satisfactory rheological properties, especially when natural zeolite was used together
with superplasticizer. The direction of the change in plastic viscosity observed in this
work was different compared to our research, because of the differences in the particle size
distribution of zeolite additives and the amounts of chemical admixtures.

The non-linear tendency of our results of plastic viscosity corresponds well with results
of the other authors. In highly flowable cement systems, the enhanced packing density
and modified thickness of cement paste films, provided by the particles of natural zeolite
additive, were the main factors affecting the decrease in plastic viscosity [96]. On the other
hand, higher-than-optimal amounts of natural zeolite additive led to the increased plastic
viscosity due to the increased water demand and interparticle friction [84].

Our observation that the plastic viscosity remains nearly constant 60 min after the
preparation of the 3D-printed concrete mixture confirmed its technological robustness. The
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reduced risk of pressure spikes and nozzle clogging during the extended 3D printing are
the main quality factors mentioned in similar rheological tests and reviews [40,91].

The stability of the shear-thinning/thickening index indicates that the natural zeolite
additive does not significantly influence the structural breakdown or rebuilding of 3D-
printed concrete mixtures under the shear. These are the critical parameters which allow
one to predict the flow during the processes of pumping and extrusion. Authors [91]
observed that the rheology of 3D-printed concrete mixtures was influenced mostly by
yield stress and plastic viscosity, but not by thixotropy, confirming our conclusion that the
Bingham model was appropriate for the description of the flow behavior of these systems.

A stable shear-thinning/thickening index, which is close to 1, indicates that the 3D-
printed concrete mixture exhibits nearly Newtonian behavior, meaning its viscosity changes
very little under shear [97]. This stability has critical implications for a structural build-
up, as the 3D-printed concrete mixture does not substantially restructure after shear. Its
thixotropic recovery is limited and can delay stiffness gain between the layers and com-
promise early structural build-up [98]. From the point of the microstructure, this behavior
suggests a uniform particle network with limited flocculation under shear, resulting in
consistent layer interfaces, but weaker interlayer bonding if resting times are short [99].

The incorporation of natural zeolite as a partial cement replacement in 3D-printed
concrete is primarily motivated by sustainability objectives, yet its economic implications
remain a critical barrier to widespread adoption. The partial replacement of cement
with natural zeolite additive can proportionally reduce CO, emissions, offering potential
benefits under carbon pricing schemes and green building certifications. However, the
direct financial savings from carbon credits are small enough (typically EUR 1-3) per cubic
meter at current EU ETS prices (EUR 80/tCO,) [100].

In Europe, average cement prices are about EUR 160-170 per ton, and are suitable
for industry; natural zeolite prices often exceed EUR 500 per ton (Ukrainian-sourced may
cost about EUR 200 per ton) [101]. Material handling and storage costs also increase due to
the lower density (about 1/3) of natural zeolite additive, so the total price of 3D-printed
concrete can rise about 10-15% per cubic meter.

The efficiency of the 3D printer introduces another cost dimension. Natural zeolite
additive increases water demand and alters rheology, often slows down extrusion, and re-
quires longer interlayer times. It is suggested that the partial replacement (3-95%) of cement
by natural zeolite additive leads to a drop in productivity of about 5-10% (or EUR 30-50 per
cubic meter) and a need for additional equipment and labor costs. These operational costs
can exceed carbon credit benefits and eliminate any economic savings [38,41].

5. Conclusions

The measurements show that the ultimate shear stress of 3D-printed concrete mixtures
strongly depends on the amount of natural zeolite additive and the time that passed after
the preparation of mixture.

e  When shear rate was increased:
- the ultimate shear stress of 3D-printed concrete mixtures with different amounts
of natural zeolite additive increased significantly at both measured times—from
95% to 164% after 5 min, and from 35% to 83% after 60 min.
e  When shear rate was decreased:

- the ultimate shear stress of 3D-printed concrete mixtures with different amounts
of natural zeolite additive increased insignificantly at both measured times—from
0% to 19% after 5 min, and from 8% to 23% after 60 min.
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The results of performed measurements show that the yield stress of 3D-printed
concrete mixtures strongly depends on the amount of natural zeolite additive and the
character of applied shear rates, but was stable over time limits between 5 min and 60 min
after the preparation of the mixture.

e  When shear rate was increased:

- the yield stress of 3D-printed concrete mixtures with different amounts of natural
zeolite additive increased significantly at both measured times—from 100% to
183% after 5 min, and from 66% to 114% after 60 min.

e  When shear rate was decreased:

- the yield stress of 3D-printed concrete mixtures with different amounts of nat-
ural zeolite additive increased insignificantly or moderately at both measured
times—from 5% to 13% after 5 min, and from 22% to 33% after 60 min.

The results demonstrate that the plastic viscosity of 3D-printed concrete mixtures is
sensitive to both the amount of natural zeolite additive and the time that passed after the
preparation of the mixture.

e  When shear rate was increased:

- the plastic viscosity of 3D-printed concrete mixtures with the lowest amounts
(3%) of natural zeolite additive increased at both measured times—about 19%
after 5 min, and about 13% after 60 min.

- the plastic viscosity of 3D-printed concrete mixtures with higher amounts (6-9%)
of natural zeolite additive decreased from 3% to 2% after 5 min, and either
decreased by about 9% or increased by about 5% after 60 min.

e  When shear rate was decreased:

- the plastic viscosity of all 3D-printed concrete mixtures significantly decreased
with the increase in the amount of natural zeolite additive at both measured
times—from 62% to 48% after 5 min, and from 53% to 32% after 60 min.

The shear-thinning/thickening index of 3D-printed concrete mixtures shows only
insignificant variations with the changes in the amount of natural zeolite additive and the
character of applied shear rates, both 5 min and 60 min after the preparation of the mixture.

e  When shear rate was increased:

- the shear-thinning/thickening index of all 3D-printed concrete mixtures slightly
decreased with the increase in the amount of natural zeolite additive at both
measured times—from 4% to 6% after 5 min, and from 2% to 4% after 60 min.

e  When shear rate was decreased:

- the shear-thinning/thickening index of all 3D-printed concrete mixtures slightly
increased with the increase in the amount of natural zeolite additive, also at both
measured times—from 11% to 7% after 5 min, and from 8% to 3% after 60 min.

The addition of natural zeolite to 3D-printed concrete mixtures effectively reduces
water bleeding, thereby enhancing mixture stability during the 3D printing process. It was
reduced from 3.6% to 2.8% or 1.8%.

A significant decrease (from 3% to 19%) of carbon footprint in 3D-printed concrete
mixtures was observed with an increase in the amount of natural zeolite additive, compared
to the calculations of the mixture without natural zeolite additive. Calculations demonstrate
that quite a long traffic distance (550 km) of natural zeolite had a small influence on the
CO, emissions, which were related to the transportation of such raw material (increased
only from 30.4 kg CO;-eq to 31.7 kg CO,-eq or 32.2 kg CO,-eq). The usage of natural
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zeolite additive is a promising way to reduce CO, emissions in the production of 3D-
printed concretes.

Our future research will focus on the optimization of amounts of natural zeolite
additive to achieve the balanced mechanical/structural performance and environmental
benefits of 3D-printed concrete mixtures, as well as the evaluation of their long-term
durability under various service conditions. The authors have a plan to test the hardened
concrete mixtures (extruded from the head of a 3D printer) to confirm obtained rheological
results in a much more practical scenario.
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