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Abstract: Recent years have witnessed a growing global interest in 3D concrete printing technology
due to its economic and scientific advantages. The application of foamed concrete, renowned for
its exceptional thermal and acoustic insulation properties, not only holds economic attractiveness
but also aligns seamlessly with the principles of sustainable development. This study explores
various solutions related to 3D printing technology in construction, discussing the design, production,
and properties of foamed concrete mixtures. The integration of 3D printing and the potential for
automating the entire process offers opportunities to boost productivity and reduce construction
costs. Furthermore, the utilization of foamed concrete with its commendable insulation properties
will enable a reduction in the usage of materials other than concrete (e.g., mineral wool, facade
mesh, and polystyrene), significantly facilitating the recycling process during building demolition.
This, in turn, will lead to the preservation of nonrenewable natural resources and a decrease in
CO, emissions. Despite the promising results, there have been limited studies focusing on 3D
printing with foamed materials, whereas a survey of the existing body of literature indicates a notable
absence of endeavors pertaining to the utilization of aerated concrete within the realm of 3D printing,
especially geopolymer composites (GP) and hybrid geopolymer composites (HGP). The outcomes
delineated in the ensuing discourse are demonstrative for conventionally used materials rather than
the additive manufacturing variant. Hence, this work aims to systematically review existing practices
and techniques related to producing foamed concrete with 3D printing technology. This analysis also
contributes to the establishment of a foundational framework and furnishes a preliminary basis upon
which future endeavors aimed at the 3D printing of aerated concrete can be embarked. The findings
from the literature analysis justify the desirability of continuing research on this topic, particularly
when considering the potential for large-scale industrial implementation. This article provides a
comprehensive state of the knowledge on the development of 3D printing techniques for foamed
concrete mixtures. By consolidating and analyzing findings from different studies, this article offers
insights into the advancements, challenges, and potential applications of foamed concrete in additive
manufacturing processes. This, in turn, contributes to the overall understanding and advancement of
3D printing technologies using foamed concrete as a versatile and sustainable construction material.
The encouraging results obtained from the analysis further underscore the need for the continued
exploration of 3D printing, especially with an eye towards its industrial-scale implementation.

Keywords: 3D concrete printing; sustainability; foamed concrete; thermal insulation; acoustic
insulation
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1. Introduction

Expanded concrete (cellular concrete) is a lightweight material that is obtained by
introducing and enclosing gas inside a concrete structure. Foam concrete is one of the
varieties of expanded concrete, and its name comes from the method of production. A
foaming agent is added to the cement mixture, as a result of which, at ambient temperatures,
a material with a porous structure is formed, in which the pore volume is at least 20% [1].
Another example of expanded concrete is aerated concrete, which is produced by chemical
reactions between the blowing agent and the concrete. The most used aerated agent is
aluminum powder [2-4]. Aerated concrete hardens at high temperatures and high humidity.
Both foam concrete and aerated concrete are considered environmentally friendly materials.

The universality and very good thermal insulation properties of cellular concrete affect
its widespread use in low-energy construction, which is part of the sustainable development
trend [5]. Cellular concrete is most often produced in the form of blocks, which do not
require additional insulation during the building of walls. Moreover, depending on the
needs and requirements of the structure, the density of the designed foamed materials can
be freely controlled in the range from 200 to 1900 kg/m?> [6]. However, concretes with a
density of less than 400 kg/m? are considered suitable materials for structural applications,
but rather, they are used as insulation material [7].

1.1. Expanded Concrete

As research and technology advancements continue, expanded concrete has the po-
tential to play a significant role in the future of construction, enabling the creation of
more sustainable, cost-effective, and energy-efficient buildings and infrastructure. From
a technical and scientific perspective, these key characteristics contribute to its potential
application in emerging technology that is additive manufacturing. Expanded concrete’s
unique combination of properties, including reduced density, enhanced thermal insulation,
good flowability, high compressive strength, fire resistance, and versatility, positions it as
a promising material for large-scale 3D printing. The integration of 3D printing and the
potential for automating the entire technological process present an excellent opportunity
to enhance productivity and concurrently decrease construction costs. Furthermore, the
additive technology may enable control of the geometry of the manufactured structure
both globally as the entire body of the building and locally on the cross-section of the
wall, enabling the production of solid and foamed areas or with designed air pores. In
addition, during the manufacturing process, it is possible to change the composition and
thus the properties of the material used; this feature will help facilitate both the structural
and insulation requirements.

1.2. Additive Manufacturing Technology

Three-dimensional printing technology allows the creation of buildings or their ele-
ments with complex geometry, which previously would not have been profitable due to
the need to use conventional methods. Many concrete structures have been built in 3D
printing technology, e.g., a two-story building in Dubai by Apis Cor [8], a communal village
in Austin by ICON [9], concrete vehicle arches in California by US Marines Corps [10],
COBOD and Peri Group homes in Berlin [11], a river revetment in Suzhou by Winsun [12]
and pedestrian arch bridge in Shanghai [13], and five residential houses of the Project
Milestones in Eindhoven, the Netherlands [14]. Despite such a wide range of construction
projects, the use of 3D concrete printing for standard structures is rare due to technical
challenges and legal restrictions. Standard concrete mixes cannot be used in the 3D printing
process due to the technological limitations of the process, and above all, the noncompli-
ance of the rheological properties of the conventional material with the requirements of
the printing process. Therefore, it is extremely important to study various mixtures and
the ways of their applications in the future to facilitate the development of an alternative,
ecological way to build private and public buildings.
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Buildings erected with the use of 3D printing technology do not need to use additional
external insulation, plasterboards, or reinforcement meshes, which not only increase con-
struction costs but also hinder the possible recycling of such a building, as only “clean”
concrete waste can be reused. This will save deposits of nonrenewable natural resources.
In contrast to conventional construction methods, the utilization of foamed concrete in 3D
printing technology allows for the elimination of additional external insulation, gypsum
board, or reinforcement meshes. This not only leads to cost reductions in construction
but also facilitates the recycling process, as waste from foamed concrete buildings can be
reused. The recycling of construction waste plays a pivotal role in combating the escalating
global waste issue. Nevertheless, the scientific literature suggests that contaminants from
various materials used in construction, such as gypsum, wood, plastic, steel, or glass, can
impede the efficiency of the recycling process. The multiplicity of materials generates a
very high probability of contamination transferring to the new material. They can reduce
the compressive strength of concrete and reduce the modulus of elasticity by 15% compared
to the reference sample [15].

The exclusive use of foamed concrete for building houses is expected to contribute to
the advancement of the construction materials recycling industry. The absence of a need to
segregate different materials enhances the efficiency of the recycling process and allows for
the greater utilization of waste in the production of new concrete. Additionally, the growth
of the construction sector employing additive manufacturing (3D printing) may serve as
a market for materials derived from the recycling of construction waste. In the context
of environmental conservation and the reduction of waste accumulation in landfills, the
sustainable management of construction waste holds the utmost importance. According
to the European Commission (europa.eu) [16], construction and demolition waste (CDW)
accounts for over one-third of all waste generated in the EU [16,17]. For example, in
2016, 2.5 billion tons of waste was produced in Europe, of which 36.4% was construction
waste. Although a portion of construction waste is recycled (e.g., cleaned rubble into
ground aggregate can be used, for example, to harden the ground, produce asphalt or
road surfaces, and for the production of foundations), a large part of construction waste
is still landfilled [18-20]. Therefore, more and more entities are involved in research on
the development of appropriate concrete or geopolymer mixtures containing recycled raw
material and their use in large-scale production as additives [21-23]. Until now, Portland
cement concrete, composite or sulfoaluminate, and sand or recycled aggregate have been
used as aggregates [24-28]. However, data on mixes and printing parameters are most
often the results of implemented projects and constitute the know-how of the companies
preparing them. Thus far, few studies have addressed the possibility of 3D printing with
foamed materials. Therefore, this work aims to review practices, systematize knowledge,
and learn techniques related to the possibility of producing foamed concrete with 3D
printing technology.

2. Additive Manufacturing with Foamed Concrete

The disparities between conventional concrete designed for 3D printing and foamed
concrete necessitate the development of dedicated printing processes and material transport
systems, particularly for large-scale applications. Given these distinct material composi-
tions, specialized 3D printing processes and material transport systems are essential for
each concrete type. The successful large-scale implementation of 3D printing with foamed
concrete relies on addressing several key challenges unique to this material. The foam con-
tent and its distribution within the concrete mix shall be meticulously controlled to achieve
the desired mechanical properties and printability. As a result, it becomes imperative to
customize the material transport system to effectively handle the unique flow properties
of the foamed concrete mix, ensuring a seamless and consistent supply to the printhead,
which is located on either the robot’s arm or the gantry structure [29]. This advanced print-
ing process represents an innovative construction approach, enabling complex geometries
and structures to be created with high precision and efficiency. The first critical step in
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concrete printing involves the meticulous preparation of the proper concrete mix, which is
a key factor in ensuring the success and quality of 3D-printed structures. Subsequently, the
mixing process takes place, involving the incorporation of stable foam into the cementitious
slurry and the creation of a cellular structure with air voids. Proper mixing uniformly
distributes the foam throughout the concrete mix, enabling a consistent distribution of air
voids within the material. This, in turn, imparts the characteristic lightweight nature of
foamed concrete, which is crucial for achieving a reduced material weight and enhanced
thermal and acoustic insulation properties. Next, the paste is transported to the printhead
to precisely place the material on the working field layer by layer. Figure 1 depicts the
overall 3D printing setup. The material formed in this way sets at a properly selected time,
depending on the mixture. The bonds between the layers are created as a result of the
pressure exerted by the next new band applied by the device [30,31].

@8-

DESIGN MIXING PUMPING PRINTING

Figure 1. Steps in additive manufacturing with foamed concrete.

The basic parameter used to assess the prepared mixture for the possibility of its use
in 3D printing includes the ease of pumping continuously without blocking the material
inside the nozzle. Therefore, the material must be fluid enough for its transport to run
smoothly, but on the other hand, too much fluidity may result in the uncontrolled spilling
of the mix out of the nozzle [32]. This is assessed with the buildability parameter, which
also considers the aspect of a deformation analysis of the printed layers. It is crucial to bear
in mind that the tensile stress induced by nozzle displacement during the extrusion process
results in the elongation of pores within the printed sample [33]. The possibility of building
subsequent layers depends on the yield strength of fresh concrete, which is divided into
static yield strength (important when the nozzle begins to shape the material) and dynamic
yield strength (vital in the further stages of building layers) [34,35]. It is very important to
eliminate the possibility of the structure collapsing under its own weight [30,36,37]. Most
often, the cause of destabilization of the structure is random displacements and the loss of
equilibrium of forces [38].

3. Modern Foamed Concrete

A significant reduction in the self-weight of the structure can be achieved by us-
ing foamed concrete with a lower density (200-1900 kg/m?) than conventional concrete
(2400 kg/m3), which is of great importance in the context of building with the use of 3D
printing technology [39,40]. Thanks to the decreased density, the thermal insulation proper-
ties of the foamed material are higher than those of traditional materials [41]. The lower
density and air voids created by the stable foam contribute to enhanced thermal insula-
tion, making foamed concrete an efficient choice for reducing heat transfer and improving
energy efficiency in buildings. As a result, the use of foamed concrete can contribute to
reducing the thickness of standard thermal insulation in the building envelope. Moreover,
foamed concrete exhibits a high compressive strength, ensuring its ability to withstand
considerable loads and structural demands. This property is essential for constructing
robust and durable buildings and infrastructure. Foamed concrete also possesses satisfac-
tory acoustic insulation properties [42], making it an effective material for reducing sound
transmission and enhancing acoustic comfort within buildings. Another notable advantage
of foamed concrete is its fire resistance of class A1, thanks to its inorganic composition [43].
The stable foam in the concrete mix acts as a natural fire barrier, providing added safety
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and protection against the spread of flames. According to the tests carried out by [44], to
achieve the required fire resistance for structural application, the density of foam concrete
should exceed 250 kg/m?. In addition to its thermal, mechanical, and acoustic properties,
foamed concrete exhibits a resistance to moisture and fungi, making it a suitable material
for applications in humid or damp environments. Its low water absorption capacity further
enhances its durability and resilience to environmental factors [45]. The easy processability
of foamed concrete allows for flexible shaping and molding, making it a versatile material
for creating complex geometries and customized designs in construction projects [36,46].
Therefore, it may be considered an environmentally friendly material with a clear economic
potential [47]. Above the promising properties, the production of foamed concrete con-
firms its environmental friendliness. Its production often uses recycled raw materials (fly
ash, pre-ground foam concrete, sand, granite slabs, chalk, and glass) [48,49]. Also, there
are ongoing numerous research projects on incorporating construction demolition waste
(CDW) into production technology. Despite the many advantages, foamed concrete is not
yet widely used for additive manufacturing due to the challenges of the manufacturing
process of this material for printing applications [50].

3.1. Techniques for Producing Foamed Concrete Materials and Their Suitability for 3D Printing

The production of foamed concrete materials involves various methods, each of which
plays a crucial role in determining the final product’s properties. A key objective in this
process is to introduce technical foam into the cement mix, creating air pores within the
structure while carefully selecting an appropriate foaming agent. The overall production
of foamed concrete can be categorized based on the method of generating air pores in the
material: chemical methods, involving the use of substances like aluminum powder, silica
fume, or hydrogen peroxide that release gas through a reaction, or the use of foaming
agents [46]. In the realm of foam concrete production, two fundamental methodologies hold
prominence: mixed foaming (intensive mixing) and pre-foaming (where the concrete mix
and foam are prepared separately). In the mixed foaming approach, the prepared material
undergoes mixing with a surfactant, yielding a foam that imparts the distinctive porous
structure characteristic of aerated concrete. Conversely, the pre-foam technique allows for
more refined control over the density of the final mixture by incorporating a specific amount
of foam into the prepared material. This technique finds extensive usage within the con-
struction industry, with the resultant material serving as a foundational element for floors,
roads, and parking lots and functioning as a thermal and acoustic insulation layer [51,52].
Figure 2 presents an overview of the diverse foamed concrete production methods. Both
chemical and foaming agents are deployable in either of these approaches. However, a
precise definition of the composition and quantity of foam becomes critically imperative in
the context of the pre-foaming method, as it directly influences the achieved outcomes. The
intricacies and efficacy of these production techniques continually captivate researchers
and practitioners, with persistent endeavors aimed at refining foam concrete’s performance
across a spectrum of construction applications. Indeed, the continued advancements in
foam concrete production methodologies (including additive manufacturing) signify a
profound contribution to the burgeoning use of this versatile material within sustainable
and pioneering construction practices.
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TYPICAL METHODS OF FOAM CONCRETE
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Figure 2. Production process of foamed materials with foaming agents and pre-foaming.

The use of blowing agents has great potential for 3D printing, mainly due to the ability
to control the properties of the mixture. The final volumetric shape of air pores in the
material structure depends on the quality of the foaming agent and the technology of its
application. The greater the content of air pores, the higher the plastic viscosity (the ability
to flow under the applied shear stress) [53]. The higher the volumetric content of the air, the
lower the gravitational force associated with it. The number of pores also affects the density
and strength of the finished material; as the foam itself is thermodynamically unstable
and its disintegration occurs over time, it is important to select agents of appropriate
quality [54,55]. For economic reasons, synthetic foaming agents are most often used for this
purpose. They are cheaper than those based on natural raw materials, can be stored for
a long time, and, additionally, are less susceptible to significant temperature amplitudes.
These agents can be used in both conventional foamed concrete manufacturing techniques
described. Nevertheless, to ensure the easy pumping of concrete for 3D printing, air pores
should be smaller than 1 mm. Compact pores are less susceptible to damage or compression
during material pumping. As per the findings of the research [56], internal pressure exerts
an influence on the air pores. Diminished internal pressure renders larger pores more
susceptible to deformation, whereas smaller air pore diameters correspond to elevated
internal pressures within the bubbles. Other researchers have demonstrated that the pores
with a geometry ranging from 0 to 1 mm?® displayed an almost spherical morphology,
with each pore maintaining its independence from adjacent pores. Furthermore, these
pores were distributed in a relatively uniform manner [57]. Furthermore, with an increase
in foam volume, the merging of bubbles leads to the emergence of a broader range of
void sizes, ultimately resulting in diminished strength [48]. According to the literature
analysis, synthetic foaming agents generate much larger air pores compared to agents
based on natural raw materials (proteins) [58]. The larger size of the pores formed in
the material negatively affects the strength of the concrete and the number of pores [59].
Most of the studies presented in the literature are based on the use of proprietary foaming
agents for testing [60-62]. However, the research is focused on determining the parameters
of the concrete mix to produce foamed concrete with a given density and properties.
Simultaneously, uniform sample density does not imply an even distribution of air voids
within them, whereas the arrangement of pores significantly influences the compressive
strength of foamed concrete, and larger air voids inside the sample result in reduced
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compressive strength [63]. The exact requirements that must be met for 3D printing with
foam concrete have not been defined so far.

Undoubtedly, the key processes in additive manufacturing are mixing and pumping
the produced composition into the printhead. Despite the requirements, according to the
literature data, devices available on the market can be used to integrate materials [64]
inter alia:

(@) A planetary mixer has arms that move called planetary movements, and the mixing
trajectory is continuous. The mixing blades are set at such an angle that the mixing
efficiency is as high as possible. The resulting material, together with the hardener, is
pumped to the foam generator, where the ingredients combine and foam is produced.
The pumping takes place continuously, and the resulting foam is transported through
a flexible hose to the nozzle [65].

(b) A conical mixer is equipped with two counter-rotating mixers mounted coaxially
in the center axis of the device; thanks to which, a homogeneous concrete mix is
created. The screw agitator transports the material vertically upwards, thus setting
it into rotation. The blades of the second agitator are set on the outside work in the
opposite direction to this movement. Such intensive mixing guarantees the accurate
distribution of all ingredients and obtains a homogeneous mass. The mixing of the
foam with the concrete slurry must occur at lower speeds than the mixing of the
concrete material itself; otherwise, the stability of the preformed foam is significantly
reduced. In addition, the frequency of feeding the prepared foam to the concrete
material is important, as providing all the foam at one time negatively affects the
homogeneity of the final material [60].

(¢) The cavitation disintegrator is a device that shreds the material in two ways: cavitation
and impact. The principal operation of the device is to introduce high-intensity
ultrasonic waves into the process medium, which alternately generates high- and
low-pressure cycles during which cavitation bubbles are formed. After absorbing
enough energy, they implode, and the resulting shear forces cause collisions between
solid particles and breaks them into the expected size. The resulting material is
homogeneous. The cavitation phenomenon occurs in the profiled grooves located
near the impeller. To create zones of low and high pressure inside the tank, it is
important to achieve the appropriate rotational speed [66,67].

(d) Turbulence mixer is the mixer equipped with a vertical shaft, and the tank is in the
shape of a cone. The mixture that is produced in this device can be pumped under
foam concrete pressure directly to the printing head [60].

The pump responsible for transporting the material to the printhead is not in the
printing area but far beyond it. The pumping results depend on the parameters of the
pump and the diameter of the hose, and the distance that the material must travel, as well
as the selected pumping methodology. The pumped material should be stiff enough to not
change its shape after building a layer but fluid enough for transport without disturbances.
The potential accumulation of material inside the hose makes it necessary to replace it
frequently, so it cannot be kept for a relatively long time. On the other hand, the short
flexible hose limits the size of the printing field. The mixture should have a low viscosity
and a moderate yield strength [68]. The pumps used in this process are most often piston,
worm, and centrifugal pumps.

At the Dresden University of Technology, under the CONPrint3D Ultralight Project,
research was carried out to produce foamed concrete suitable for 3D printing, and an
attempt was made to develop a technique for feeding this material to the printhead. Several
concepts were explored, such as (a) manual filling of the printhead reservoir, (b) mixing and
pumping (the mixer was directly connected to the foam delivery pump), (c) pumping to the
integrated mixing system (the mixer was connected directly to the printhead), and (d) the
system where the mixer was placed on the printhead and the supply of raw materials was
automated; an important advantage of this concept was the fact that the pumping process
did not affect the stability of the produced material in any way [69]. Despite checking many
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possibilities of feeding the mixture, each of them turned out to have some limitations, such
as the involvement of additional manpower, slow pace of work, restrictions on the size of
the building due to the location of the pump outside the printing area, and the need to use a
flexible hose or a technologically complex mixing system of ingredients immediately before
extrusion. The authors showed that the durability of the printed layers of foamed concrete
is influenced by both the rheological properties of the mix and the mixing parameters. In
the experiment [41], it was proven that increasing the intensity of mixing improved the
compressive strength by 70%.

3.2. Overview of the Studied Foamed Concrete Mixtures

During additive manufacturing with foamed concrete, the mixing process must be
carried out in such a way that the disintegration of air pores is as small as possible. Consid-
ering the expected low density of the produced material and the low yield strength required
for the process, the composition of the mixture is important, in which the required parame-
ters, (e.g., density) will be achieved with a reduced content of technical foam. Scientists
have so far studied numerous compositions, focusing on different properties. Inter alia, the
research revealed that a blend comprising Portland cement, microsilica, superplasticizer,
and fly ash was employed as the binding agent. The authors examined the structural
integrity of the layered elements, assessing both the compressive and flexural strength
characteristics [70]. Scientists studying geopolymer foam for 3D printing used Class F fly
ash, ordinary Portland cement, silica fume, and fine lime powder. The activators used in
this study included sodium silicate solution (water glass), sodium hydroxide (NaOH), and
sodium sulfate (NaySOy). Lightcrete 02™ liquid surfactant was used as the foaming agent
and foam stabilizer. The investigation revealed that the thermal conductivity of the printed
foamed matrices was comparable to that of various other insulation materials, including
foamed concrete, expanded clay, cork boards, and porous fly ash-based geopolymers. The
selected suspensions exhibited shear yield stress values ranging between 60 and 130 Pa.
Remarkably, the diminished yield stress observed in the foamed suspensions did not im-
pede their buildability due to their correspondingly reduced density. [71]. In a separate
investigation, the researchers amalgamated Portland Type II cement with the inclusion of
coal fly ash, SiO,, Al,O3, and a polycarboxylate ether superplasticizer. The introduction of
a protein-based foaming agent facilitated the generation of the requisite foam composition.
The examined component exhibited a thermal conductivity of 0.24 W/mK, signifying an
improvement exceeding 80% in comparison to the reference material. Furthermore, the
compressive and flexural strengths were evaluated at the 28-day mark, registering values of
10.40 MPa and 2.12 MPa, respectively [59]. The experimental analysis demonstrated that the
incorporation of hydroxypropyl methylcellulose in foam concrete substantially enhances
the pore dimensions, with the variations in pore orientation being contingent upon the
dosage of the admixture [56]. Furthermore, the research revealed that the introduction of
hydroxypropyl methylcellulose and silica fume leads to a heightened plastic viscosity and
yield point, with a pronounced increase in the yield point observed primarily with elevated
levels of silica fume [56,67]. Reducing the share of technical foam while increasing the
mechanical properties of conventional concrete was achieved by replacing sand with (e.g.,
expanded perlite and pumice). The compressive strength of cubic specimens exhibited
a rise of 75% and 180% at the 7-day mark and 65% and 188% at the 28-day interval [72].
While examining the behavior of foamed concrete with the addition of expanded perlite
as the aggregate, five mixes with a density of 800-1355 kg/m? were prepared. The yield
strength and viscosity for these materials were higher than for sand-based materials [73].
Another study showed that aggregate from expanded glass beads as a substitute for sand
allowed it to achieve a material density of 1015 kg/m3, but its strength decreased by 50%
compared to the reference material [45]. Interestingly, replacing 30% of the sand with
expanded clay improved the printability and had a positive effect on the modulus of
elasticity and strength of the sample [74]. Moreover, a negligible amount of sand causes
the shrinkage of concrete to decrease and the yield strength to increase [7]. There was also
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a tendency to increase the density with the increase in the number of layers during the
printing of the walls. Almost all analyzed experiments were focused on testing foamed
concrete with a density above 800 kg/m?3. This is related to the dependence of the increase
in the heterogeneity of the foams with the decrease in the density of the produced material.
The effects of the inhomogeneity and delamination of the foam and base mix negatively
affect the printing process [61].

The essence of the process of erecting a building using 3D concrete printing technology
is the proper selection of the printing parameters, as well as a properly defined path along
which the printing head moves. For example, the appropriate design of the tested sample
with a truss cross-section allowed saving 46.7% of the material while ensuring 90% of the
strength of the tested element. The material used in this study contained expanded clay
sand [61]. Employing heterogeneous compositions of foamed concrete within a singular
construction scenario, e.g., the use of hardened, printed mineral foam and fiber-reinforced
concrete for the construction of some formwork elements, saves up to 72% of the total
volume of concrete and as much as 70% of the weight of the tested element [75].

It has been shown that foam concrete mixtures may achieve good engineering prop-
erties. The foam concrete composition with a density of 1100-1580 kg/m? in studies [56]
was characterized by a low thermal conductivity of 0.24 W/mK, along with a simultaneous
compressive strength exceeding 10 MPa. A high compressive strength value of 8.3 MPa
was also achieved for a material with a density of 1200 kg/m3, in which 5% of the cement
volume was replaced with aluminosilicate [61]. On the other hand, for the concrete made
of fly ash with a density of 600~1000 kg/m? and a porosity of 60-70%, it was found that a
high proportion of surfactant negatively affects the shape of the printed layer [61].

The team from Technische Univeraitdt Dresden [61] carried out tests of various material
mixtures using Portland cement, fly ash, silica fume, and aluminosilicate. During printing,
the nozzle did not clog, but the surface quality of the layers was noticeably lower as the wall
height increased. The time that passed from adding water to the mixture was detrimental
to the surface of the printed layers. The printing time after mixing must therefore be
short, which is important given the need to transport the mix to the construction site [61].
In the case of using a cavitation disintegrator, the results were not satisfactory enough
(the obtained material density was 1412 kg/m?). In further research, different amounts
of foaming agent and different mixtures were used, but the same mixers were used: a
cavitation disintegrator and a turbulence mixer, and it was thanks to the latter that a lower
foam concrete density was obtained even when a smaller amount of foaming agent was
added. At the same time, the study of water absorption of the tested samples showed that
the quality of the pores obtained using a turbulent mixer is better.

Moreover, analyzing the works of the authors, foam concrete suitable for printing
showed low thermal conductivity and relatively high compressive strength above 10 MPa
at a density of 980 kg/m3. The thermal conductivity of the tested mix of printable foam
concrete is 0.24 W/mK, which is about 85% less than conventional fine-grained concrete
(density 2100 kg/ m?3), which has a thermal conductivity of 1.68 W/mK (a value close to
poured concrete) [59,76].

To obtain a quick setting in the process of printing with conventional concrete, types
of cement with shorter setting times are usually selected or accelerating admixtures are
used. These solutions can also be applied to foam concrete. However, the use of setting
accelerating materials in foam concrete does not always give the same effect as in ordinary
concrete [77]. Table 1 provides a concise overview of the aforementioned information.
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Table 1. Catalog of the examined formulations and their pivotal properties specific to three-

dimensional printing concrete.

The Main Components of the

Crucial Properties of 3D

Classification Ingredients Printing Authors Year
Portland cement, '
;sgriritcaésKayserl, Nevsehir, and Karaman Yield strength,
. 4 Viscosity,
foam concrete kllm(;zstone powder, Compressive strengths, S. Kilincarslan et al. [73] 2018
FeiOii Thermal conductivity,
Protein-based foam agent, Flexure strength
Cellulose,
Portland cement, Extrudability, Pumpability,
3D-printed foam concrete ~ Micro-silica, Superplasticizer, Buildability, V. Mechtcherine, et al. [70] 2019
Fly ash Flexural strength,
Fly ash, ordinary Portland cement, Silica
gﬁslpow der Extrudability,
3D-printed foam concrete  Sodium Silicaite, Sodium hydroxide ﬁi?ﬁi;?ﬁet;tlon’ and Eeﬁ}lé?;ﬁl?; (find N. 2019
(NaOH), L
sodium sulfate (Na,SOy), Thermal conductivity
Liquid surfactant
Cement,
Microsilica,
Fly ash,
. Fine quartz sand (Fraction 1: 0.06-0.2 mm), Extrudability, V.N. Nerella
3D printable concrete Natural river sand (Fraction 2: 0-Imm and  Stability etal. [77] 2019
Fraction 3: 0-2 mm),
Polycarboxylate ether
superplasticizer,
Portland Type II cement,
C_O"ﬂ fly ash, Thermal conductivity,
3D-printed foam concrete 286’3 Flexural strength, V. Markin et al. [59] 2019
Polyca,rboxylate, protein-based foaming Compressive strength
agent
Geopolymer binder: furnace slag with a
partial substitution of fly ash,
Sodium metasilicate powder
Sand, Compressive strength,
geopolymer foam concrete ~ Expanded perlite, Thermal properties and K. Pasupathy et al. [72] 2020
Sodium dodecyl sulphate solution as the performance
foaming agent,
Polyvinyl
alcohol (PVA) fiber (8 mm length)
Portland cement,
Fly ash,
Quartz sands were used as coarse and fine
aggregates, respectively, Extrudability,
3D printable concrete Polycarboxylic ether-based Buildability, é\’t }lliahul f}r;il]M. 2020
superplasticizer, Desorptivity anthanam
Hydroxypropyl methylcellulose as a
viscosity modifying agent,
Polypropylene fibers (12 mm length)
Rapid-hardening Portland cement,
Silica fume,
Limestone powder,
AL O3, Shear stress,
3D printable concrete Fe, O3, Tensile strength, Li Wang et al. [75] 2020
Polycarboxylate-based superplasticizer, Sample weight
Viscosity modifying admixture,
Fine silica sand (surface area of 0.11 m2/g
and an average size 0.25 mm)
Portland cement,
Coal fly ash, Foam stability,
Pozzolanic additives of silica fume and Homogeneity and
3D-printed foam concrete  alumosilicate, workability, V. Markin et al. [59] 2021

Polycarboxylate ether-based high-range
water-reducing admixtures, Protein-based
foaming agent

Compressive strength,
Thermal insulation
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Table 1. Cont.
i The Main Components of the Crucial Properties of 3D

Classification Ingredients Printing Authors Year
Portland cement, Static yield stress,
Hydrophobic surface-modified expanded Dynamic yield stress,
perlite, Plastic viscosity, Viscosity

3D-printed foam concrete  Fine sand, Recovery, K. Pasupathy et al. [45] 2022
Polycarboxylate ether-based Printability,
superplasticizer, Buildability,
Sodium dodecyl sulfate Compressive strength
Ordinary Portland cement,
Silica fume, Rheological properties,
Hydroxypropyl methylcellulose, Buildability,

3D-printed foam concrete ~ Nanomodified compound foaming agent, Pressure field, C. Liuetal. [7] 2022
River sand (three distinct grades of sand Shrinkage of concrete,
with maximum particle sizes of 0.6 mm, Yield strength
1.18 mm, and 2.36 mm were utilized) Bubble features
Portland cement,
Silica fume, Yield st

3D-printed foam concrete ~ Hydroxypropyl methylcellulose, 1e10. Stress, C. Liuetal. [56] 2023

Sand,
Nanomodified compound foaming agent

Plastic viscosity

4. Sociological and Ecological Considerations

An increasing problem in the sense of stability and residential opportunities for young
people in Poland is the high prices of houses and flats, which results not only from the
growing demand but also from the prices of materials and rising labor costs. The possibility
of erecting buildings using 3D printing technology will contribute to reducing the demand
for human labor, which is today a significant barrier in the construction industry due
to rising salaries but, above all, the lack of qualified construction workers [70]. In 2022,
the construction sector experienced an average of over 390,000 job vacancies each month,
marking the highest level ever recorded while simultaneously maintaining a relatively
low rate of unemployment within the industry [78]. Physical and hard work, which is
undoubtedly work on a construction site, is no longer attractive to young people brought
up in the era of digitization [79]. The use of additive manufacturing in this part of the
economy is a big challenge, but at the same time, it will create jobs that will be interesting
for the younger generation; what is more, such a scenario will affect the development of
this slightly conservative branch of industry.

In addition, the construction industry is responsible for almost 50% of global carbon
dioxide emissions and 20-50% of natural resource consumption, most of which is related to
significant land exploration, which has a significant impact on the natural environment [80].
Therefore, the development of the construction industry at the global level is important for
solving problems related to climate change, reduction of greenhouse gas emissions, and
lowering energy consumption [81,82]. The use of ecological and energy-saving construction
methods will contribute to saving water, energy, and fossil fuels and reducing greenhouse
gas emissions. The development in the field of 3D printing with foamed concrete will
allow the construction of buildings that are in line with the philosophy of the circular
economy (CE), because they will not need an additional layer of insulation that prevents
the subsequent recycling process of the erected walls. Meanwhile, the reuse of “clean”
construction waste from the demolition of a 3D-printed house will allow for the cheaper
and much more environmentally friendly construction of subsequent buildings. This will
significantly reduce the impact of construction waste on the environment. It can therefore
be assumed that the discussed revolution in the construction industry will significantly
affect the sustainable consumption of resources and will allow for the development of the
recycling of construction waste.

5. Conclusions

Due to the nature of additive manufacturing technology, concrete mixes intended for
printing must meet specific requirements in terms of material properties. The growing
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interest in concrete 3D printing means that the developed mixes and the printing prepa-
ration technology must be repeatedly checked and evaluated very critically. So far, in
the construction market, foam concrete has been used as structural material for low-rise
buildings or a filler element in skeletal structures. Foamed concrete exhibits valuable
characteristics, such as reduced density, enhanced thermal insulation, good flowability,
high compressive strength, fire resistance, and versatility, making it an environmentally
friendly material with potential applications in sustainable construction. Large-scale 3D
printing using foamed concrete offers the advantage of eliminating the need for additional
external insulation, plasterboards, or reinforcement meshes during construction, leading to
cost reduction and simplifying the recycling process. The ability to control the geometry
and composition of the manufactured structure allows for tailored designs that meet both
the structural and insulation requirements. Despite the conducted research on this material,
one method of preparing a foamed concrete mix for 3D printing has not yet been developed.
First, it is necessary to determine the composition and proportions of the composition,
which will make it possible to pump and build layers. Addressing challenges unique to
foamed concrete, such as precise control of the foam content and distribution, is crucial for
achieving the desired mechanical properties and printability. The integration of foamed
concrete with 3D printing offers innovative opportunities for construction, enabling the
creation of complex geometries with high precision and efficiency. There are two techniques
for producing foamed compositions, depending on how the foam is produced and how
pores are generated in the mix. Pre-foaming and mixed foaming are ways of introduc-
ing foam into a concrete slurry. Air pores may be caused by the addition of chemicals
or blowing agents to the mixture. The use of advanced components of the concrete mix
makes it possible to control its parameters, such as setting speed, mechanical strength,
fire resistance, thermal insulation, and aesthetics. Most of the information available in the
literature presents the results of experiments based on the empirical method of material
composition design. The methods of foam concrete production in the analyzed research
works were the use of foaming agents and pre-foaming. The number of air pores inside the
material depends on the foaming agent used and the application technology. The ease of
pumping foamed concrete is influenced by the pores formed, and their diameters should
not be greater than 1 mm. The ability of foamed concrete to form layers during printing
is considered ideal when the size and shape of the layer faithfully reflect the width of the
nozzle. The density of the foamed concrete decreases during the curing and drying of the
already printed elements. However, as the number of printed layers increases, there is
a noticeable tendency to increase the density. Despite the promising results achieved so
far by scientists studying foam concrete for 3D printing, it is necessary to conduct further
research on this material and the printing process itself. Achieving the desired density and
mechanical properties while maintaining printability is a key focus. Notably, the use of
specific mixtures and additives has shown promise in achieving high compressive strength
and low thermal conductivity, making foamed concrete a viable option for sustainable
construction practices. The choice of foaming agent and production method significantly
influences the properties of the foamed concrete material. Synthetic foaming agents are
often favored for their economic benefits and stability. Mixing techniques, such as the use
of a turbulent mixer, have demonstrated improved foam concrete density and quality of
the pores. The development and implementation of additive manufacturing with foamed
concrete material will undoubtedly contribute to the reduction of global carbon dioxide
emissions, the consumption of natural resources, and the reduction of thermal energy
consumption. Buildings without reinforcement meshes or additional external insulation
are easier to demolish, and the “clean” construction waste will be able to be reused for the
construction of other buildings.

Opverall, additive manufacturing with foamed concrete holds significant potential for
revolutionizing construction practices and facilitating the development of eco-friendly
and efficient building structures. Further research and advancements in foamed concrete
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production and 3D printing technologies are crucial to unlock the full potential of this
innovative construction material.

Author Contributions: Conceptualization, M.R., M.M., M.G., P.D. and M.H.; methodology, M.R,,
MM., M.G., PD. and M.H.; software, M.R.,, M.M., M.G. and P.D.; validation, M.R., M.M., M.G,,
PD., M.H. and K.M,; formal analysis, M.G., P.D., M.H., KM. and LH.; investigation, M.R., M.M.,
M.G. and P.D.; resources, M.H. and K.M.; data curation, M.R., M.M., M.G., P.D., M.H. and K.M.;
writing—original draft preparation, M.R., M.M., M.G. and P.D.; writing—review and editing, M.H.,
K.M. and I.LH,; visualization, M.R., M.M., M.G. and P.D.; supervision, M.H.; project administration,
K.M. and I.H,; and funding acquisition, M.H., KM. and I.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Polish National Centre for Research and Development in
Poland under the M-ERA.NET 3 program, grant number M-ERA.NET3/2021/115/3D-FOAM /2022.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No data.

Acknowledgments: Author K.M. is supported by the Foundation for Polish Science (FNP). We
would like to acknowledge support by the Ministry of Education and Science within the program
“Implementation Doctorate”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kadela, M.; Koztowski, M.; Kukietka, A. Application of Foamed Concrete in Road Pavement—Weak Soil System. In Procedia
Engineering; Elsevier Ltd.: Amsterdam, The Netherlands, 2017; pp. 439—446. [CrossRef]

2. Hajimohammadi, A.; Ngo, T.; Mendis, P. How does aluminium foaming agent impact the geopolymer formation mechanism?
Cem. Concr. Compos. 2017, 80, 277-286. [CrossRef]

3. Shen, S; Tian, J.; Zhu, Y.; Zhang, X.; Hu, P. Synthesis of industrial solid wastes based geopolymer foams for building energy
conservation: Effects of metallic aluminium and reclaimed materials. Constr. Build. Mater. 2022, 328, 127083. [CrossRef]

4. Jackiewicz-Rek, W.; Kuziak, J.; Legierski, T.; Drzymata, T.; Grzesiak, K. Wiasciwosci Wytrzymatosciowe Betonu Ekspandowanego
Proszkiem aluminiowym. Available online: https://www.dnibetonu.com/wp-content/pdfs/2018/jackiewicz-rek_kuziak_
legierski_grzesiak.pdf (accessed on 2 June 2023).

5. Skorniewska, M.; Zapotoczna-Sytek, G. Autoklawizowany Beton Komorkowy a Zréwnowazony Rozwdj; Scientific Works of Institute of
Ceramics and Building Materials: Opole, Poland, 2012; pp. 113-124.

6. Van Rooyen, A.S. Mechanics and Durability of Surface Treated Structural Foamed Concrete. 2020. Available online: https:
/ /scholar.sun.ac.za (accessed on 31 August 2023).

7. Liu, C,; Chen, Y,; Zhang, Z.; Niu, G.; Xiong, Y.; Ma, L.; Fu, Q.; Chen, C.; Banthia, N.; Zhang, Y. Study of the influence of sand on
rheological properties, bubble features and buildability of fresh foamed concrete for 3D printing. Constr. Build. Mater. 2022, 356,
129292. [CrossRef]

8. Apis Cor. The Largest 3D Printed Building Ever Constructed on Earth; Dubai. Available online: https://apis-cor.com/2019/12/
19/dubai-unveils-the-worlds-largest-3d-printed-building-by-apis-cor/ (accessed on 2 June 2023).

9.  ICON Build. West Texas Living. Available online: https://www.iconbuild.com/ (accessed on 30 June 2023).

10. ICON—3D Tech, ICON 3D Print Demonstration with USMC at Camp Pendleton. Available online: https:/ /www.youtube.com/
watch?v=p]JP2EK3uBII (accessed on 30 June 2023).

11. COBOD International. Peri 3D Construction. Available online: https://cobod.com/projects-partners/peri/ (accessed on 30
June 2023).

12. Winsun 3D Builders. The World’s First 3D Printed River Revetment Wall. A Major Milestone in River Engineering. Available
online: https://www.winsun3dbuilders.com/2019/11/08/3d-printing-milestone-in-river-engineering/ (accessed on 30
June 2023).

13. Ders.org. World’s Longest 3D Printed Concrete Pedestrian Bridge Opens in Shanghai. Available online: http://www.3ders.org/
articles/20190116-worlds-longest-3d-printed-bridge-opened-in-shanghai.html (accessed on 30 June 2023).

14. Wolfs, R.; Bos, D.; Salet, T. Lessons learned of project Milestone: The first 3D printed concrete house in the Netherlands. In

Proceedings of the RILEM Spring Convention & 4th International Congress on Materials & Structural Stability, Rabat, Morocco,
10 March 2023. [CrossRef]


https://doi.org/10.1016/j.proeng.2017.06.235
https://doi.org/10.1016/j.cemconcomp.2017.03.022
https://doi.org/10.1016/j.conbuildmat.2022.127083
https://www.dnibetonu.com/wp-content/pdfs/2018/jackiewicz-rek_kuziak_legierski_grzesiak.pdf
https://www.dnibetonu.com/wp-content/pdfs/2018/jackiewicz-rek_kuziak_legierski_grzesiak.pdf
https://scholar.sun.ac.za
https://scholar.sun.ac.za
https://doi.org/10.1016/j.conbuildmat.2022.129292
https://apis-cor.com/2019/12/19/dubai-unveils-the-worlds-largest-3d-printed-building-by-apis-cor/
https://apis-cor.com/2019/12/19/dubai-unveils-the-worlds-largest-3d-printed-building-by-apis-cor/
https://www.iconbuild.com/
https://www.youtube.com/watch?v=pJP2EK3uBlI
https://www.youtube.com/watch?v=pJP2EK3uBlI
https://cobod.com/projects-partners/peri/
https://www.winsun3dbuilders.com/2019/11/08/3d-printing-milestone-in-river-engineering/
http://www.3ders.org/articles/20190116-worlds-longest-3d-printed-bridge-opened-in-shanghai.html
http://www.3ders.org/articles/20190116-worlds-longest-3d-printed-bridge-opened-in-shanghai.html
https://doi.org/10.1016/j.matpr.2023.06.183

Materials 2023, 16, 6032 14 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Weglinski, S.; Babiak, M.; Blaszczyniski, T. Przydatnos¢ Kruszyw z Recyclingu do Produkcji Betonu Studies of Possible Use
of Oleic Imidazoline as Modifying Agent for Hard Bitumen View Project Blaszczynski View Project. 2017. Available online:
https:/ /www.researchgate.net/publication /324602097 (accessed on 30 June 2023).

European Commission. Construction and Demolition Waste. Available online: https://environment.ec.europa.eu/topics/waste-
and-recycling/construction-and-demolition-waste_en (accessed on 30 June 2023).

Wolff, G. Resource Efficient Use of Mixed Wastes Improving Management of Construction and Demolition Waste; European Commission:
Brussels, Belgium, 2017.

Sme, LE. Directorate-General for Internal Market. Competitiveness of the European Cement and Lime Sectors. Available online:
https:/ /single-market-economy.ec.europa.eu/publications /competitiveness-european-cement-and-lime-sectors_en (accessed
on 30 June 2023).

Dogan-Saglamtimur, N.; Bilgil, A.; Szechyniska-Hebda, M.; Parzych, S.; Hebda, M. Eco-Friendly Fired Brick Produced from
Industrial Ash and Natural Clay: A Study of Waste Reuse. Materials 2021, 14, 877. [CrossRef] [PubMed]

Ministry of the Environment. Reference Document on BAT’s in the Cement and Lime Industry and in Magnesium Oxide
Production. Available online: http://ippc.mos.gov.pl/ippc/custom/Cementownie_2010(1).pdf (accessed on 30 June 2023).
Suntharalingam, T.; Upasiri, I.; Gatheeshgar, P.; Poologanathan, K.; Nagaratnam, B.; Santos, P.; Rajanayagam, H. Energy
Performance of 3D-Printed Concrete Walls: A Numerical Study. Buildings 2021, 11, 432. [CrossRef]

Marijnissen, M.P.A.M.; van der Zee, A. 3D Concrete Printing in Architecture—A research on the potential benefits of 3D Concrete
Printing in Architecture. In Proceedings of the 35st International Conference on Education and Research in Computer Aided
Architectural Design in Europe (eCAADe 2017), Rome, Italy, 20-22 July 2017. [CrossRef]

Ziejewska, C.; Marczyk, ]J.; Korniejenko, K.; Bednarz, S.; Sroczyk, P.; Lach, M.; Mikula, J.; Figiela, B.; Szechyriska-Hebda, M.;
Hebda, M. 3D Printing of Concrete-Geopolymer Hybrids. Materials 2022, 15, 2819. [CrossRef]

Hamidi, E; Aslani, F. Additive manufacturing of cementitious composites: Materials, methods, potentials, and challenges. In
Construction and Building Materials; Elsevier Ltd.: Amsterdam, The Netherlands, 10 September 2019; Volume 218, pp. 582-609.
[CrossRef]

Chen, M,; Li, L.; Zheng, Y.; Zhao, P,; Lu, L.; Cheng, X. Rheological and mechanical properties of admixtures modified 3D printing
sulphoaluminate cementitious materials. Constr. Build. Mater. 2018, 189, 601-611. [CrossRef]

Hager, I.; Maroszek, M.; Mroz, K.; Kesek, R.; Hebda, M.; Dvorkin, L.; Marchuk, V. Interlayer Bond Strength Testing in 3D-Printed
Mineral Materials for Construction Applications. Materials 2022, 15, 4112. [CrossRef]

Ma, G,; Li, Z.; Wang, L. Printable properties of cementitious material containing copper tailings for extrusion based 3D printing.
Constr. Build. Mater. 2018, 162, 613-627. [CrossRef]

Li, X.; Zhang, N.; Yuan, J.; Wang, X.; Zhang, Y.; Chen, F,; Zhang, Y. Preparation and microstructural characterization of a novel 3D
printable building material composed of copper tailings and iron tailings. Constr. Build. Mater. 2020, 249, 118779. [CrossRef]
Cao, X.; Yu, S.; Cui, H.; Li, Z. 3D Printing Devices and Reinforcing Techniques for Extruded Cement-Based Materials: A Review.
Buildings 2022, 12, 453. [CrossRef]

Ponikiewski, T.; Gierori, D.; Wrzecion, K.; Augustyn, ]. Projektowanie Betonéw w Technologii Druku 3D, Modyfikowanych
Wybranymi Domieszkami Chemicznymi. Available online: https://www.dnibetonu.com/wp-content/pdfs /2018 /ponikiewski_
gieron_augustyn_wrzecion.pdf (accessed on 30 June 2023).

Cuevas, K.; Chougan, M.; Martin, F.; Ghaffar, S.H.; Stephan, D.; Sikora, P. 3D printable lightweight cementitious composites with
incorporated waste glass aggregates and expanded microspheres—Rheological, thermal and mechanical properties. . Build. Eng.
2021, 44, 102718. [CrossRef]

Cui, H,; Li, Y;; Cao, X.; Huang, M.; Tang, W.; Li, Z. Experimental Study of 3D Concrete Printing Configurations Based on the
Buildability Evaluation. Appl. Sci. 2022, 12, 2939. [CrossRef]

Chen, Y.; Zhang, Y.; Xie, Y.; Zhang, Z.; Banthia, N. Unraveling pore structure alternations in 3D-printed geopolymer concrete and
corresponding impacts on macro-properties. Addit. Manuf. 2022, 59, 103137. [CrossRef]

Al-Noaimat, Y.A.; Ghaffar, S.H.; Chougan, M.; Al-Kheetan, M.]. A review of 3D printing low-carbon concrete with one-part
geopolymer: Engineering, environmental and economic feasibility. Case Stud. Constr. Mater. 2023, 18, e01818. [CrossRef]

Cui, H; Yu, S.; Cao, X.; Yang, H. Evaluation of Printability and Thermal Properties of 3D Printed Concrete Mixed with Phase
Change Materials. Energies 2022, 15, 1978. [CrossRef]

Nguyen-Van, V; Li, S.; Liu, J.; Nguyen, K.; Tran, P. Modelling of 3D concrete printing process: A perspective on material and
structural simulations. Addit. Manuf. 2023, 61, 103333. [CrossRef]

Zhang, C.; Nerella, V.N.; Krishna, A.; Wang, S.; Zhang, Y.; Mechtcherine, V.; Banthia, N. Mix design concepts for 3D printable
concrete: A review. In Cement and Concrete Composites; Elsevier Ltd.: Amsterdam, The Netherlands, 1 September 2021. [CrossRef]
Mechtcherine, V.; Bos, E.; Perrot, A.; da Silva, W.L.; Nerella, V.; Fataei, S.; Wolfs, R.; Sonebi, M.; Roussel, N. Extrusion-based
additive manufacturing with cement-based materials—Production steps, processes, and their underlying physics: A review. In
Cement and Concrete Research; Elsevier Ltd.: Amsterdam, The Netherlands, 1 June 2020; Volume 132. [CrossRef]

Cho, S.; Kruger, J.; van Rooyen, A.; van Zijl, G. Rheology and application of buoyant foam concrete for digital fabrication. Compos.
Part B Eng. 2021, 215, 108800. [CrossRef]

Bedarf, P.; Dutto, A.; Zanini, M.; Dillenburger, B. Foam 3D printing for construction: A review of applications, materials, and
processes. Autom. Constr. 2021, 130, 103861. [CrossRef]


https://www.researchgate.net/publication/324602097
https://environment.ec.europa.eu/topics/waste-and-recycling/construction-and-demolition-waste_en
https://environment.ec.europa.eu/topics/waste-and-recycling/construction-and-demolition-waste_en
https://single-market-economy.ec.europa.eu/publications/competitiveness-european-cement-and-lime-sectors_en
https://doi.org/10.3390/ma14040877
https://www.ncbi.nlm.nih.gov/pubmed/33673275
http://ippc.mos.gov.pl/ippc/custom/Cementownie_2010(1).pdf
https://doi.org/10.3390/buildings11100432
https://doi.org/10.52842/conf.ecaade.2017.2.299
https://doi.org/10.3390/ma15082819
https://doi.org/10.1016/j.conbuildmat.2019.05.140
https://doi.org/10.1016/j.conbuildmat.2018.09.037
https://doi.org/10.3390/ma15124112
https://doi.org/10.1016/j.conbuildmat.2017.12.051
https://doi.org/10.1016/j.conbuildmat.2020.118779
https://doi.org/10.3390/buildings12040453
https://www.dnibetonu.com/wp-content/pdfs/2018/ponikiewski_gieron_augustyn_wrzecion.pdf
https://www.dnibetonu.com/wp-content/pdfs/2018/ponikiewski_gieron_augustyn_wrzecion.pdf
https://doi.org/10.1016/j.jobe.2021.102718
https://doi.org/10.3390/app12062939
https://doi.org/10.1016/j.addma.2022.103137
https://doi.org/10.1016/j.cscm.2022.e01818
https://doi.org/10.3390/en15061978
https://doi.org/10.1016/j.addma.2022.103333
https://doi.org/10.1016/j.cemconcomp.2021.104155
https://doi.org/10.1016/j.cemconres.2020.106037
https://doi.org/10.1016/j.compositesb.2021.108800
https://doi.org/10.1016/j.autcon.2021.103861

Materials 2023, 16, 6032 15 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Falliano, D.; De Domenico, D.; Ricciardi, G.; Gugliandolo, E. 3D-printable lightweight foamed concrete and comparison with
classical foamed concrete in terms of fresh state properties and mechanical strength. Constr. Build. Mater. 2020, 254, 119271.
[CrossRef]

Kapicova, A.; Bily, P; Fladr, J. Effect of hydration retarder on mechanical and acoustic properties of foam concrete. Mater. Today
Proc. 2023, 85, 95-99. [CrossRef]

Leschok, M.; Cheibas, I.; Piccioni, V.; Seshadri, B.; Schliiter, A.; Gramazio, F.; Kohler, M.; Dillenburger, B. 3D printing facades:
Design, fabrication, and assessment methods. Autom. Constr. 2023, 152, 104918. [CrossRef]

Vilches, J.; Ramezani, M.; Neitzert, T. Experimental Investigation of the Fire Resistance of Ultra Lightweight Foam Concrete Wear
Evaluation of 3D Woven Materials View Project Experimental Investigation of the Fire Resistance of Ultra Lightweight Foam
Concrete. 2012. Available online: https://www.researchgate.net/publication /274194981 (accessed on 30 June 2023).
Pasupathy, K.; Ramakrishnan, S.; Sanjayan, ]J. Enhancing the properties of foam concrete 3D printing using porous aggregates.
Cem. Concr. Compos. 2022, 133, 104687. [CrossRef]

Ahmed, G.H. A review of “3D concrete printing”: Materials and process characterization, economic considerations and environ-
mental sustainability. |. Build. Eng. 2023, 66, 105863. [CrossRef]

Fedorowicz, L.; Kadela, M.; Bednarski, L. Modelowanie Zachowania Pianobetonu W Konstrukcjach Warstwowych Wspotpracujacych Z
Podtozem Gruntowym; Wydawnictwo Wyzszej Szkoty Technicznej w Katowicach: Katowice, Poland, 2014.

Ramamurthy, K.; Kunhanandan Nambiar, E.; Indu Siva Ranjani, G. A classification of studies on properties of foam concrete. Cerm.
Concr. Compos. 2009, 31, 388-396. [CrossRef]

Butkute, K.; Vaitkevicius, V. 3D concrete printing with wastes for building applications. J. Phys. Conf. Ser. 2023, 2423, 012034.
[CrossRef]

Jones, M.R.; Mccarthy, A. Preliminary Views on the Potential of Foamed Concrete as a Structural Material. Available online:
www.iceni.com/unlock.htm (accessed on 30 June 2023).

Nerella, V.N.; Mechtcherine, V. Characterising Bond between Concrete Layers Resulting of Extrusion-Based Digital Construction
DEFG Priority Program 2005 Opus Fluidum Futurum-Rheology of reactive, multiscale, multiphase construction materials (SPP
2005) View project Increasing the Fatigue Resistance of Strain-Hardening Cement-Based Composites (SHCC) by Experimental-
Virtual Multi-Scale Material Design View Project. 2018. Available online: https:/ /www.researchgate.net/publication /327652014
(accessed on 30 June 2023).

Aldridge, D. Introduction to Foamed Concrete: What, Why, How? In Use of Foamed Concrete in Construction; Thomas Telford
Publishing: London, UK, 2005.

Bagheri, A.; Samea, A.; Li, X.; Fu, Z.; Luo, Z.; Mei, G.; Yang, H.; Lu, C.; Kwan, A.K.H.; Fung, W.W.S. Effect of air content on the
rheology of foamed concrete. Mag. Concr. Res. 2019, 71, 461-467. [CrossRef]

Pugh, R.]J. Foaming, foam films, antifoaming and defoaming. Adv. Colloid Interface Sci. 1996, 64, 67-142. [CrossRef]

Cho, S.; van Rooyen, A.; Kearsley, E.; van Zijl, G. Foam stability of 3D printable foamed concrete. . Build. Eng. 2021, 47, 103884.
[CrossRef]

Liu, C.; Zhang, Y.; Banthia, N. Unveiling pore formation and its influence on micromechanical property and stress distribution
of 3D printed foam concrete modified with hydroxypropyl methylcellulose and silica fume. Addit. Manuf. 2023, 71, 103606.
[CrossRef]

Liu, H,; Liu, C.; Wu, Y;; Bai, G.; He, C.; Yao, Y.; Zhang, R.; Wang, Y. 3D printing concrete with recycled coarse aggregates: The
influence of pore structure on interlayer adhesion. Cem. Concr. Compos. 2022, 134, 104742. [CrossRef]

Markin, V.; Ivanova, I; Fataei, S.; Reif8ig, S.; Mechtcherine, V. Investigation on Structural Build-Up of 3D Printable Foam Concrete.
In RILEM Book Series; Springer: Berlin/Heidelberg, Germany, 2020; pp. 301-311. [CrossRef]

Markin, V.; Nerella, V.N.; Schréfl, C.; Guseynova, G.; Mechtcherine, V. Material Design and Performance Evaluation of Foam
Concrete for Digital Fabrication. Materials 2019, 12, 2433. [CrossRef] [PubMed]

Markin, V.; Sahmenko, G.; Nerella, V.N.; Nather, M.; Mechtcherine, V. Investigations on the foam concrete production techniques
suitable for 3D-printing with foam concrete. In IOP Conference Series: Materials Science and Engineering; IOP Publishing Ltd.:
Bristol, UK, 2019; Volume 660, p. 012039. [CrossRef]

Markin, V.; Krause, M.; Otto, J.; Schrofl, C.; Mechtcherine, V. 3D-printing with foam concrete: From material design and testing to
application and sustainability. J. Build. Eng. 2021, 43, 102870. [CrossRef]

Falliano, D.; Parmigiani, S.; Suarez-Riera, D.; Ferro, G.A.; Restuccia, L. Stability, flexural behavior and compressive strength
of ultra-lightweight fiber-reinforced foamed concrete with dry density lower than 100 kg/ m3. J. Build. Eng. 2022, 51, 104329.
[CrossRef]

Nguyen, T.K,; Suhaizan, M.S.; Nguyen-Xuan, H.; Tran, P. Mechanical responses of buoyant bio-inspired foamed concrete
structures. Constr. Build. Mater. 2023, 391, 131731. [CrossRef]

Da Silva, W.R.L. 3D Concrete Printing-from Material Design to Extrusion. In Proceedings of the Annual Civil Engineering
Workshop at Ecole Centrale de Lille, Villeneuve-d’Ascq, France, 5-7 July 2017.

Bedarf, P; Szabo, A.; Zanini, M.; Heusi, A.; Dillenburger, B. Robotic 3D Printing of Mineral Foam for a Lightweight Composite
Concrete Slab. In Proceedings of the 27th Conference on Computer Aided Architectural Design Research in Asia (CAADRIA),
CAADRIA, Delft, The Netherlands, 15-18 July 2022; Volume 2, pp. 61-70. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2020.119271
https://doi.org/10.1016/j.matpr.2023.05.268
https://doi.org/10.1016/j.autcon.2023.104918
https://www.researchgate.net/publication/274194981
https://doi.org/10.1016/j.cemconcomp.2022.104687
https://doi.org/10.1016/j.jobe.2023.105863
https://doi.org/10.1016/j.cemconcomp.2009.04.006
https://doi.org/10.1088/1742-6596/2423/1/012034
www.iceni.com/unlock.htm
https://www.researchgate.net/publication/327652014
https://doi.org/10.1680/jmacr.17.00267
https://doi.org/10.1016/0001-8686(95)00280-4
https://doi.org/10.1016/j.jobe.2021.103884
https://doi.org/10.1016/j.addma.2023.103606
https://doi.org/10.1016/j.cemconcomp.2022.104742
https://doi.org/10.1007/978-3-030-49916-7_31
https://doi.org/10.3390/ma12152433
https://www.ncbi.nlm.nih.gov/pubmed/31366172
https://doi.org/10.1088/1757-899x/660/1/012039
https://doi.org/10.1016/j.jobe.2021.102870
https://doi.org/10.1016/j.jobe.2022.104329
https://doi.org/10.1016/j.conbuildmat.2023.131731
https://doi.org/10.52842/conf.caadria.2022.2.061

Materials 2023, 16, 6032 16 of 16

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Energii, S.R.; Stepieni, M.; Krawczyk, P; Dzido, A.; Wotowicz, M. Wplyw Predkosci Obrotowej Na Prace Dezintegratora
Kawitacyjnego. Available online: http://repo.pw.edu.pl (accessed on 30 June 2023).

Hielscher Ultrasonics GmbH, Ultrasonic Disintegration: Moisturizing, Dissolving, Dispersing. Available online: https://www.
hielscher.com/pl/disintegration-wetting-dissolving-dispersing.htm (accessed on 30 June 2023).

Mechtcherine, V.; Nerella, V.N.; Kasten, K. Testing pumpability of concrete using Sliding Pipe Rheometer. Constr. Build. Mater.
2014, 53, 312-323. [CrossRef]

Mechtcherine, V.; Markin, V.; Will, E; Nather, M.; Otto, J.; Krause, M.; Naidu, V.N.; Schrofl, C. CONPrint3D Ultralight—
Herstellung monolithischer, tragender, wairmeddammender Wandkonstruktionen durch additive Fertigung mit Schaumbe-
ton/Production of monolithic, load-bearing, heat-insulating wall structures by additive manufacturing with foam concrete.
Bauingenieur 2019, 94, 405-415. [CrossRef]

Mechtcherine, V.; Nerella, V.N.; Will, F,; Nather, M.; Otto, J.; Krause, M. Large-scale digital concrete construction—CONPrint3D
concept for on-site, monolithic 3D-printing. Autom. Constr. 2019, 107, 102933. [CrossRef]

Marczyk, J.; Ziejewska, C.; Gadek, S.; Korniejenko, K.; Lach, M.; Géra, M.; Kurek, I.; Dogan-Saglamtimur, N.; Hebda, M.;
Szechyniska-Hebda, M. Hybrid Materials Based on Fly Ash, Metakaolin, and Cement for 3D Printing. Materials 2021, 14, 6874.
[CrossRef]

Pasupathy, K.; Ramakrishnan, S.; Sanjayan, J. Enhancing the mechanical and thermal properties of aerated geopolymer concrete
using porous lightweight aggregates. Constr. Build. Mater. 2020, 264, 120713. [CrossRef]

Kilincarslan, M.; Davraz, M.; Akga, M. The effect of pumice as aggregate on the mechanical and thermal properties of foam
concrete. Arab. |. Geosci. 2018, 11, 289. [CrossRef]

Rahul, A.; Santhanam, M. Evaluating the printability of concretes containing lightweight coarse aggregates. Cem. Concr. Compos.
2020, 109, 103570. [CrossRef]

Wang, L.; Jiang, H.; Li, Z.; Ma, G. Mechanical behaviors of 3D printed lightweight concrete structure with hollow section. Arch.
Civ. Mech. Eng. 2020, 20, 16. [CrossRef]

Alghamdi, H.; Neithalath, N. Synthesis and characterization of 3D-printable geopolymeric foams for thermally efficient building
envelope materials. Cem. Concr. Compos. 2019, 104, 103377. [CrossRef]

Nerella, V.; Nather, M.; Iqbal, A.; Butler, M.; Mechtcherine, V. Inline quantification of extrudability of cementitious materials for
digital construction. Cem. Concr. Compos. 2019, 95, 260-270. [CrossRef]

Phillips, Z.; Construction’s Labor Gap Tops 500K. 14 February 2023. Available online: https:/ /www.constructiondive.com/news/
construction-worker-demand-over-half-million /642710/ (accessed on 30 June 2023).

Nyms-Goérna, A.; Sobczak, A. Mtodzi na Rynku Pracy w Polsce i Wybranych Krajach Unii Europejskiej. In Zeszyty Naukowe
Paristwowej Wyzszej Szkoty Zawodowej im. Witelona w Legnicy; Pafistwowa Wyzsza Szkota Zawodowa im. Witelona w Legnicy:
Legnica, Poland, 2018.

Khasreen, M.M.; Banfill, PE.G.; Menzies, G.F. Life-Cycle Assessment and the Environmental Impact of Buildings: A Review.
Sustainability 2009, 1, 674-701. [CrossRef]

European Commission—Department: Energy—In Focus. Energy Efficiency in Buildings. 2020. Available online: https://
commission.europa.eu/news/focus-energy-efficiency-buildings-2020-02-17_en (accessed on 19 April 2023).

Tokbolat, S.; Nazipov, F; Kim, ].R.; Karaca, F. Evaluation of the Environmental Performance of Residential Building Envelope
Components. Energies 2019, 13, 174. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://repo.pw.edu.pl
https://www.hielscher.com/pl/disintegration-wetting-dissolving-dispersing.htm
https://www.hielscher.com/pl/disintegration-wetting-dissolving-dispersing.htm
https://doi.org/10.1016/j.conbuildmat.2013.11.037
https://doi.org/10.37544/0005-6650-2019-11-19
https://doi.org/10.1016/j.autcon.2019.102933
https://doi.org/10.3390/ma14226874
https://doi.org/10.1016/j.conbuildmat.2020.120713
https://doi.org/10.1007/s12517-018-3627-y
https://doi.org/10.1016/j.cemconcomp.2020.103570
https://doi.org/10.1007/s43452-020-00017-1
https://doi.org/10.1016/j.cemconcomp.2019.103377
https://doi.org/10.1016/j.cemconcomp.2018.09.015
https://www.constructiondive.com/news/construction-worker-demand-over-half-million/642710/
https://www.constructiondive.com/news/construction-worker-demand-over-half-million/642710/
https://doi.org/10.3390/su1030674
https://commission.europa.eu/news/focus-energy-efficiency-buildings-2020-02-17_en
https://commission.europa.eu/news/focus-energy-efficiency-buildings-2020-02-17_en
https://doi.org/10.3390/en13010174

	Introduction 
	Expanded Concrete 
	Additive Manufacturing Technology 

	Additive Manufacturing with Foamed Concrete 
	Modern Foamed Concrete 
	Techniques for Producing Foamed Concrete Materials and Their Suitability for 3D Printing 
	Overview of the Studied Foamed Concrete Mixtures 

	Sociological and Ecological Considerations 
	Conclusions 
	References

