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The use of multi-density foamed concretes (FCs) to produce multi-functional building components by 3D Con-
crete Printing (3DCP) is investigated. The use of medium-density 3D-printed foamed concrete (3DPFC_800),
primarily serving a load-bearing role, and ultra-lightweight foamed concrete (ULFC_300), as thermal insulation
material poured in the voids defined by the former, is proposed. This enables meeting diverse performance re-
quirements within a single cementitious matrix, eliminating the need for multiple materials. The main properties

of the proposed mixes are investigated. The compressive strength and thermal conductivity are equal to 7.04 MPa
and 0.205 W/mK, and 1.43 MPa and 0.072 W/mK for 3DPFC_800 and ULFC_300, respectively. A successful 2D-
printing test validates the suitability of 3DPFC_800 for 3DCP, and a robotic arm is employed for 3DCP tests. The
proposed application allows for further knowledge on the use of FC in 3DCP and the identification of some issues
and challenges that still need to be addressed.

1. Introduction

Over the last 30 years, the use of lightweight concrete has become
increasingly widespread throughout the world. Compared to traditional
concrete, lightweight concrete offers enhanced sustainability, weight
reduction, multifunctionality, and versatility while maintaining high
technical performance. Among lightweight concretes, Foamed Concrete
(FC) stands out as a cellular material that can be easily produced using
simple methods such as pre-formed foaming method or mixing-foaming
method. These processes could be executed on-site using common ma-
terials like binder, water, foaming agents (synthetic or protein-based),
fine aggregates like sand (typically for densities above 800 kg/m®),
additives and other possible additions such as fibers. With densities
ranging from 90 kg/m?® (Falliano et al., 2022) to 1800 kg/m® depending
on mix design, FC proves highly adaptable for both structural and
non-structural applications. Furthermore, the broad range of densities
makes it possible, depending on the specific case, to tailor the mix design
to obtain cementitious mixes with the desired properties. Overall,
foamed concrete exhibits adequate mechanical strength and durability
(especially at higher densities), excellent thermal insulation and fire
resistance (particularly at lower densities), all while offering cost and

environmental advantages over standard concrete.

To date, FC has undergone extensive study to deepen understanding
of its properties and optimize mix designs across different densities. In
this regard, some researchers (Fu et al., 2020), (Chica and Alzate, 2019),
(Ramamurthy et al., 2009), classified numerous studies in the literature,
providing a comprehensive overview of FC characteristics. Other au-
thors focused on some specific aspects: the effects of foaming agents of
different nature on the characteristics and performance of foamed con-
crete (Panesar, 2013), (Hashim and Tantray, 2021), (Falliano et al.,
2021); fresh-state instability (Jones et al., 2016); hardened-state prop-
erties at different densities, such as compressive strength, microstruc-
tural characteristics, thermal conductivity (Mydin, 2011), durability,
geometric conformity. Others studied some variables that might influ-
ence the aforementioned properties, such as foam generation and foam
properties (Hashim and Tantray, 2021), curing conditions, cement type,
foaming agent and target dry density (Falliano et al., 2018), porosity and
void size (Mydin, 2022a), (Nambiar and Ramamurthy, 2007), filler type
(Nambiar and Ramamurthy, 2006), addition of fibers (Raj et al., 2020),
(Mydin, 2022b), and other kinds of additions derived from wastes, with
a pozzolanic and/or filler function, such as fly ash, furnace slag and
mineral powder (Song et al., 2021), or fly ash and quarry dust
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(Gopalakrishnan et al., 2020). Finally, other authors (Falliano et al.,
2022), (Jones et al., 2017), (Jiang et al., 2016), focused on the charac-
teristics and performance of ultra-lightweight foamed concrete, i.e.,
characterized by a dry density lower than 300 kg/m® and mainly
intended for use as thermal insulation.

Nevertheless, although studies on foamed concrete have been
numerous, providing a comprehensive understanding of this material,
few studies have explored the exciting field of its application in 3D
Concrete Printing.

Among Digital Fabrication with Concrete (DFC) processes, 3D Con-
crete Printing (3DCP) stands out as the most promising and extensively
studied automated construction system. Integrating FC into 3DCP holds
the potential to combine the benefits of FC with those of automated
processes, thereby broadening the application scope of 3DCP technol-
ogy. The advantages of 3DCP include complete design freedom and
customization (du Plessis et al., 2021), (Zhang et al., 2018), (Lim et al.,
2012), scalability from individual components to entire buildings (Lim
et al., 2012), (Rollakanti and Prasad, 2022), (Xiao et al., 2021), (Wu
etal., 2016), (Gosselin et al., 2016), (Bos et al., 2016), and potential cost
and environmental savings compared to traditional construction prac-
tices. The latter goal can be achieved thanks to the elimination of
traditional formwork, by adopting optimized design strategies, such as
topological optimization of structural sections and functional hybridi-
zation, and by avoiding any kind of waste (De et al., 2018). However,
some limitations and challenges still need to be addressed to effectively
apply 3DCP technology in the daily construction practice. These aspects
are treated by Buswell et al. (2018) and by De Schutter et al. (De et al.,
2018) from a technical, economic, and environmental perspective, while
Khan et al. (2020) reported the state-of-art and state-of-practice of
3DCP, and the latest advances in equipment, materials, and computer
modeling.

To date, 3DCP is primarily applied to mortars or normal-weight
concrete, despite recent literature highlighting the potential benefits
of extending its application to FC (Rudziewicz et al., 2023), (Falliano
et al., 2019a), (Markin et al., 2021). Among these, Rudziewicz et al.
(2023) underscored the advantages of enhanced productivity and
reduced construction costs, as well as the alignment of building practices
with circular economy principles. This alignment is facilitated by the
elimination of additional insulating layers, thereby minimizing the need
for materials other than concrete. Moreover, it streamlines end-of-life
recycling processes and promotes the reuse of construction waste,
thereby conserving nonrenewable natural resources and reducing CO2
emissions. The potential applications are extensive, including structural
applications (Cho et al., 2019), load-bearing and insulating elements for
multi-story buildings (Markin et al., 2019a), suspended ceilings
(Falliano et al., 2019b), wall elements without insulation layers in hot
climates (Markin et al., 2021), foamed facade elements (Cho et al.,
2021), energy efficiency interventions on existing walls to achieve
highly insulating, easily recyclable, and customizable facades (Lublasser
et al., 2018), multi-density and multi-property elements combining
lightness and high strength (Geng et al., 2022), walls with optimized
cavities based on thermal performance (Marais et al., 2021),
multi-density elements produced through variable-density FC printing
(Adaptive foam concrete) (Schmid et al., 2022), multi-layer insulating
panels (Falliano et al., 2019a), and lightweight thermal-insulating
mortar (Gao et al., 2023).

Nevertheless, the field of 3D-Printable Foamed Concrete (3DPFC), as
previously mentioned, remains largely unexplored, with research still in
its nascent stages. Some authors have focused on material design
(Markin et al., 2019a), while others have addressed possible mixing
methods (Markin et al., 2019b), (Zhang and Sanjayan, 2024), foam
stability in the case of use of pre-formed foaming method (Cho et al.,
2022), and the effects of foaming agents of different natures (synthetic
or protein-based) on material properties (Markin et al., 2019b),
(Boddepalli et al., 2023).

However, the main challenges are related to fresh-state properties. In
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particular, one of the most significant, and thus extensively studied in
existing literature, is related to the typically low yield stress values
characterizing FC in its fresh state. In fact, the presence of air bubbles in
the fresh cementitious mixture leads to a notable reduction in yield
stress values, enhancing material fluidity and pumpability but
compromising printability and buildability. Nevertheless, the latter,
which, as already mentioned, is ensured by an adequate yield stress
value, is a fundamental property for the printability of fresh cementi-
tious pastes (Muthukrishnan et al., 2021). Indeed, to ensure suitable
printability, materials usually need to exhibit good thixotropy: low dy-
namic yield stress promotes pumpability and extrudability, whereas
high static yield stress and viscosity recovery characteristics promote
good buildability (Chen et al., 2020), (Rahul et al., 2019), (Tay et al.,
2019). Since the porosity of the material increases as the density de-
creases (Kearsley and Wainwright, 2002), obtaining 3DPFC is more
arduous as the material’s density is lower. This is evident since there are
very few examples in the relevant literature of printable foamed con-
crete with densities lower than 1000 kg/m®. Only two studies have
referenced 3D-printing experiments involving 3DPFC with a density
below 600 kg/m?> (Lublasser et al., 2018), (Schmid et al., 2022).

In the existing literature, various authors have explored diverse
methods to improve fresh-state properties of FC for potential 3DCP ap-
plications. These methods include the utilization of hydroxypropyl
methylcellulose (Gao et al., 2023), possibly combined with silica fume
(Liu et al., 2021), (Liu et al., 2022a), (Liu et al., 2023), silica fume or
aluminosilicate (Markin et al., 2021), (Markin et al., 2020), sulphoalu-
minate cement (Liu et al., 2022b), nano-silica (Cho et al., 2019), (Cho
et al., 2020), and the employment of a Viscosity Enhancing Agent (VEA)
(Falliano et al., 2020a). The objective of these approaches is to enhance
static yield stress, dynamic yield stress, and plastic viscosity, thereby
ensuring the printability and buildability of FC. Some examples of
3D-printing applications are depicted in (Cho et al., 2021), (Marais
et al., 2021), (Schmid et al., 2022), (Zhang and Sanjayan, 2024), (Cho
et al., 2022).

In the present study, as detailed in the following section (see 2), a
potential application of FC in 3DCP processes is proposed through the
introduction of a Viscosity Enhancing Agent (VEA), which has been
employed in previous studies by the authors and enables printability of
FC (Falliano et al., 2020a). Specifically, the study presents a design
methodology for developing highly optimized multifunctional building
components with customized mechanical and thermal properties. These
components integrate 3D-printable foamed concrete with a targeted dry
density of 800 kg/m® (3DPFC_800), primarily serving a load-bearing
role, and ultra-lightweight foamed concrete with a targeted dry den-
sity of 300 kg/m3 (ULFC_300), primarily serving as thermal insulation
filling for the voids defined by the former.

After defining key properties, such as 2D-printability and drying
shrinkage for 3DPFC_800, and compressive strength and thermal con-
ductivity for both 3DPFC_800 and ULFC_300, the gathered data was
utilized to design two examples of multifunctional building components,
aligning with the desired thermal performance objectives. Subsequently,
a practical application of 3DCP utilizing 3DPFC_800 was executed with
the assistance of a robotic arm.

2. Research aim

The primary goal of the present preliminary study is to introduce a
design methodology that exploits the potential synergy among various
densities of a singular cementitious material, specifically FC, to meet
multiple customizable performance requirements simultaneously. The
approach aims to create building components with tailored mechanical
properties and thermal characteristics, precisely outlined as objectives
customizable to each specific case.

The study also explores the feasibility of producing at least a portion
of these components using 3DCP processes, as the combination of FC and
3DCP would offer advantages such as improved thermal performance
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and topological optimization. For this type of application, the traditional
FC mix design is modified by adding a Viscosity Enhancing Agent (VEA)
to ensure that the material possesses the rheological properties neces-
sary for effective utilization in such processes. This additional challenge
provides an opportunity to delve deeper into the application of FC in
3DCP processes, a cutting-edge research topic that is currently facing its
initial challenges.

The proposed design approach is tailored to produce lightweight
infill walls with self-supporting properties, while meeting specific me-
chanical strength and thermal conductivity objectives and local regu-
lations. This is achieved by utilizing a singular material with
customizable densities, forming multifunctional building components.

The utilization of these elements for infill construction would allow
for the realization of customized, multifunctional walls, eliminating the
need for stratigraphy with materials of different nature, such as the need
for synthetic thermal insulation materials. This not only would simplify
the construction and decommissioning phases but would provide envi-
ronmental and cost-saving benefits as well.

Furthermore, the research envisions the development of pre-
fabricated components in a factory or on-site once digital fabrication
transitions are achieved. In this regard, digital fabrication of this type of
elements for building envelopes would be easier to achieve, as the age-
old question of implementing structural reinforcements would not arise
(Asprone et al., 2018). In addition, the multifunctional components
could be used in new constructions or to enhance existing buildings’
energy efficiency while providing aesthetic facade renovation, as, for
instance, proposed on a theoretical level by Lublasser et al. (2018).

In this study, the potential application of the proposed design
methodology is illustrated by developing two sample components ideal
for the construction of lightweight walls, whether realized off-site or on-
site. These components are specifically designed for energy-efficient
interventions in existing buildings, as will be clarified afterwards (see
4.2). For the design of the sample components, the integrated use of 3D-
printable foamed concrete with a target dry density of 800 kg/m®
(3DPFC_800), primarily serving the structural function, and ultra-
lightweight foamed concrete with a target dry density of 300 kg/m?
(ULFC_300), primarily serving as filling for the voids defined by the
former, is investigated.

After defining some key properties of the two materials, the design of
the components proceeded based on thermal performance. In fact, the
component stratigraphy was defined to meet regulatory requirements
for thermal performance, which were evaluated by means of UNI EN ISO
13786.

Finally, an application of 3DCP using 3DPFC_800 was carried out.
This application allowed to define the current level of feasibility in terms
of printability of 3DPFC_800 (according to the methods employed in this
study), identifying any open problems and challenges that still need to
be solved, trying to assess their possible causes, and proposing possible
solutions.

It is important to note that the investigated application is just one of
the possible uses of the proposed design method, and the two designed
components are examples of what can be achieved with the results ob-
tained from the performance evaluation of the two considered materials.

In the end, the latest innovative aspect of this research involves the
utilization of the mixing-foaming method for the production of
3DPFC_800. Unlike the typically used pre-formed foaming method, this
alternative method involves incorporating air bubbles within the
cementitious matrix during turbulent mixing at a very high speed
(mixing intensity equal to 3000 rpm), without the need for pre-formed
foam. In this case, the mixing time becomes crucial; a longer mixing
time is associated with a lower density due to the greater number of air
bubbles formed and incorporated within the mixture. Experimentations
have highlighted the effectiveness and repeatability of the method:
mixing the same amount of material for the same duration consistently
results in the same final density of the mixture. Although, to date, all
studies on 3DPFC have employed the pre-formed foaming method, and
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some authors (Markin et al., 2019a), (Markin et al., 2019b), have
deemed this method unsuitable for producing 3DPFC using a
protein-based foaming agent due to limited foaming power, experi-
mental tests conducted in this study confirmed the feasibility of using
the mixing-foaming method with the selected foaming agent and mixing
system. The choice to embrace this alternative method was driven by the
intention to simplify the production process and explore an innovative
approach to producing 3DPFC with protein-based foaming agents.

3. Materials and methods

In the present study, two materials were prepared: a 3D-printable
foamed concrete prepared using the mixing-foaming method and char-
acterized by dry density equal to 800 + 50 kg/m>, referred to as
3DPFC_800; and an ultra-lightweight foamed concrete prepared using
the pre-formed foaming method and characterized by dry density equal
to 300 £+ 50 kg/m3, referred to as ULFC_300.

Fresh-state 2D-printability (Van Der et al., 2021) and the main
hardened-state properties (drying shrinkage, compressive strength, and
thermal conductivity) of 3DPFC_800 were investigated. Furthermore,
the compressive strength and thermal conductivity of ULFC_300 were
also investigated.

The data derived from the assessment of material properties was
utilized in designing two examples of multifunctional building compo-
nents based on the target thermal conductivity performance required by
the UNI EN ISO 13786, as will be further elucidated later in this research
paper (see 4.2).

Finally, an application of 3DCP using 3DPFC_800 was realized by
means of a robotic arm.

3.1. Materials and mix proportions

The two proposed mixes were prepared with the following in-
gredients: Portland cement CEM I 52.5 R in accordance with the EN 197-
1 standard in terms of mix proportions of the constituting elements, a
Viscosity Enhancing Agent (VEA) already employed by the authors in
other works (Falliano et al., 2020b), a protein-based foaming agent, tap
water, and a superplasticizer produced by Master Builders Solutions Italia
Spa.

The mix proportions of the two different mixes presented in this
study are reported in Table 1, where w represents water, ¢ cement, sp
superplasticizer, fa foaming agent (in case of mixing-foaming method), f
foam (in case of pre-formed foaming method). When the pre-formed
foaming method was employed, the pre-formed foam was produced
with a concentration of the foaming agent equal to 5% in volume
(Falliano et al., 2021) and was characterized by a density equal to 80 +
5 g/1. The VEA was added in proportion to 7% and 10% of the cement
weight for ULFC_300 and 3DPFC_800, respectively.

3.2. Mixture preparation

The mixing process was carried out according to two different pro-
cedures depending on the target mix. In fact, ULFC_300 was prepared
according to the pre-formed foaming method, while 3DPFC_800 was
prepared according to the direct mixing-foaming method.

For ULFC_300, initially, the powders were dry mixed for at least 1
min to achieve a homogeneous distribution. Subsequently, water and

Table 1
FCs employed in the present study.

Mix name Mix proportions

w/c sp/c fa/c f/c
3DPFC_800 45% 0.25% 3.1% -
ULFC_300 33% 0.5% - 56%
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superplasticizer were added, and the mixture was stirred to create a
cement paste. Finally, a precise amount of pre-formed foam was added,
and the mixing continued until complete integration into the mixture.

For 3DPFC_800, the powders were also dry mixed initially for at least
1 min to achieve a homogeneous distribution. Subsequently, all liquids,
including the foaming agent, were added, and the mixture was stirred
for the necessary time to reach the target density.

In both methods, the mixing was carried out using a vertical mixer
with a high mixing intensity (3000 rpm) because, as demonstrated in
prior studies (Falliano et al., 2020a), (Sang et al., 2015), (Hanselmann
and Windhab, 1998), the latter promotes the development of a better
microstructure in the hardened-state material, due to smaller and more
homogenously distributed pores, thus allowing to obtain higher me-
chanical performance.

The fresh state aspect of the two mixes presented in this study is
shown in Fig. 1.

3.3. Research methodology

The tests conducted to characterize the materials vary between the
two mixes under investigation, reflecting their distinctive properties and
their designated functions within the proposed applications.

In particular, the evaluation of fresh-state 2D-printability results
crucial for 3DPFC_800 to preliminarily confirm its capability to support
layer-by-layer printing in the fresh state and its suitability for the
envisioned robotic application. Drying shrinkage of 3DPFC_800 is also
crucial for evaluating the feasibility of the proposed application and for
gaining insights into the quality, especially in terms of durability and
aesthetic conformity, of the final 3D-printed products. Furthermore,
additional critical properties in the hardened state, such as compressive
strength and thermal conductivity, need to be investigated because, in
the proposed application, 3DPFC_800 serves primarily as the self-
supporting material while also making a secondary contribution to
thermal insulation.

In consideration of this, the subsequent properties were assessed for
3DPFC_800.

e 2D-printability. The 2D-printing test (Van Der et al., 2021) was
conducted as a preliminary fresh-state printing evaluation on a
smaller scale than the robotic scale used in the last part of this study.
This test aimed to assess the feasibility of layering a certain number
of layers, extruded through a circular nozzle with a 15 mm diameter,
without any element collapse. The test involved manually operating
a small tabletop extruder at a speed of approximately 15 mm/s.

Developments in the Built Environment 20 (2024) 100483

Throughout the experiment, different possible layer heights were
explored.

e Drying shrinkage. This property was assessed using 3 prismatic
specimens, measuring 4 cm x 4 cm x 16 cm, in accordance with UNI
EN 12617-4 standard. After sample preparation, the specimens were
kept for 24 h in molds covered with plastic foil. After 24 h, the
specimens were demolded and placed in a chamber for air curing at a
temperature of 21 + 2 °C and a relative humidity of 60 + 10%. The
length measurement of the samples was conducted using a digital
length comparator at intervals of 1, 4, 5, 6, 7, 14, 21, and 39 days
from sample preparation.

e Compressive strength. This property was assessed using cubic spec-
imens of 4 cm side. Two sets, each comprising 3 cubes, were utilized
to evaluate compressive strength at 7 and 28 days, respectively. After
24 h from sample preparation the cubes were demolded, and prior to
testing date, the specimens underwent air curing at a temperature of
20 + 3 °C and a relative humidity of 60 + 5%. The compressive tests
were conducted in force control mode, following the UNI EN 196-1
standard, using a Zwick-Line Z050 testing machine (load capacity
equal to 50 kN). The load rate, applied to the specimens perpen-
dicularly to the casting direction, was set at 1000 N/s.

e Thermal conductivity. This property was assessed on three slabs
measuring 500 mm x 500 mm x 30 mm and air cured at a temper-
ature of 20 + 3 °C and a relative humidity of 60 + 5%. Before being
subjected to the evaluation of the thermal conductivity, the slabs
were dried in an oven until they reached a constant weight. During
the test, the heat flow meter method with the cold plate set at 15 °C
and the hot plate at 40 °C was employed, in alignment with previous
studies by the authors (Falliano et al., 2019a) and in accordance with
UNI EN 12667.

o 3D-printability. This test was conducted with the objective of pro-
totyping the sections of the component specifically designed for this
purpose, namely, the 3D-printed portions that constitute the struc-
ture of the two building components being designed, as will be
explained later (see 4.2). For the execution of this test, a Universal
collaborative robotic arm, also known as a cobot, was employed.
Unlike traditional industrial robots, cobots are specifically designed
to collaborate safely with humans in a shared work environment,
without the need for physical safety barriers. A circular-section
nozzle with a diameter of 1.2 cm was employed in the printing
process. To adapt continuously to some irregular flow phenomena
experienced during the printing phase, the speed, initially set at an
ideal 20 mm/s, was manually adjusted during the printing within the
range of 10-30 mm/s.

Fig. 1. Mixtures presented in this study: a) 3DPFC_800; b) ULFC_300.
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Regarding ULFC_300, as it is designed in this study to be poured into
the voids defined by the previously 3D-printed material, namely
3DPFC_800, this infill material does not need to fulfill any fresh-state
printability requirements, as, in the present study, it is not intended
for application in 3DCP processes. Nevertheless, similar to 3DPFC_800,
ULFC_300 also demands unique rheological properties tailored for its
specific application, and these properties of both materials will be
addressed in a forthcoming study.

In consideration of this, for ULFC_300 only the compressive strength
at 7 and 28 days and thermal conductivity were assessed, and they were
evaluated according to the same testing procedures described above for
3DPFC_800, with exception that, due to significantly lower expected
compressive strength, the load rate applied to the specimens, perpen-
dicularly to the direction of casting, was equal to 100 N/s.

4. Results and discussion
4.1. Preliminary material study

This section reports results related to the characterization of
3DPFC_800 and ULFC_300. As already mentioned, the tests conducted to
characterize the materials vary between the two mixes under investi-
gation, reflecting their distinctive properties and their designated
functions within the proposed applications.

4.1.1. 2D-printability

The 2D-printability assessment aimed to preliminarily evaluate the
potential suitability of 3DPFC_800 for 3DCP extrusion processes, as also
conducted by Van Der Putten et al. (Van Der et al., 2021) and by Gao
et al. (2023). As reported in Fig. 2, this test was conducted using a
manually operated small-scale 2D-printing tabletop extruder, with a
hand-adjusted speed of approximately 15 mm/s.

During the 2D-printing test, a continuous extrusion of 10 overlapping
layers, each approximately 2.5 cm wide, was achieved without any
collapse, misalignment, or buckling of the lower layers under the pres-
sure exerted by the overlying layers. The obtained result is depicted in
Fig. 3. The variations in layer height observed are not a result of
deformation in the lower layers due to pressure exerted by the weight of
the upper layers. Instead, they are attributed to the manual nature of the
process, as illustrated in Fig. 2, and the use of this test to also try out
different possible layer heights. As demonstrated in the upcoming ro-
botic application (see 4.2), there will be no deformation issues in the
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Fig. 3. Result of 2D-printing test conducted on 3DPFC_800.

lower layers with the employed material.

This method is significant, as the objective of the 2D-printing test is
to evaluate the capability of 3DPFC_800 to allow the fabrication without
the use of formworks sustaining a certain number of superimposed
layers without any collapse, thanks to the timely development of the so-
called green strength. The vertical cuts visible on the layers in Fig. 3
represent the thread pitch of the extruder used for the test. Given that
the test was conducted solely to assess the 2D-printability of 3SDPFC_800
and not to evaluate print quality, which will be assessed later with the
3D-printing test (see 4.2), this extrusion system is deemed suitable for
the intended purpose. The successful continuous extrusion with the
overlap of 10 layers categorizes the material as printable, showcasing
the excellent potential of this lightweight cementitious material, spe-
cifically 3DPFC_800, for use in 3DCP processes.

4.1.2. Hardened state properties

In addition to the 2D-printing assessment of 3DPFC_800, evaluations
of some properties in the hardened state, particularly drying shrinkage
on 3DPFC_800, and compressive strength and thermal conductivity on
both 3DPFC_800 and ULFC_300, were conducted. For both materials,
samples were prepared using the conventional methods for evaluating
the properties of cementitious mortars.

The forthcoming sub-sections are dedicated to each of the hardened-
state properties evaluated, namely drying shrinkage, compressive
strength, and thermal conductivity.

Fig. 2. Extrusion sequence of two overlapping layers using a manually operated 2D-printing tabletop extruder.
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4.1.2.1. Drying shrinkage. Drying shrinkage was assessed for
3DPFC_800 on 3 prismatic specimens measuring 4 cm x 4 cm x 16 cm.
The results of the test are illustrated in Fig. 4.

The evaluation of drying shrinkage is crucial as it confirms the
suitability of using 3DPFC_800 for the intended application. Given that
the 3D-printing process is characterized by the absence of formwork, the
assessment of drying shrinkage becomes even more relevant, as this
phenomenon can have adverse effects on the quality of 3D-printed
products, particularly because the presence of shrinkage cracks can
negatively impact their aesthetic quality and durability.

The drying shrinkage evaluation conducted on 3DPFC_800 revealed
a primary shrinkage phase within the first 3 days after sample
demolding, attributed to the evaporation of water contained in the
samples and retained by the formwork and plastic foil before demolding
and subsequent exposure to air. A notable increase in shrinkage is also
observed between days 4 and 7. Lastly, a more moderate increment is
consistently recorded in all subsequent measurements conducted
throughout the experiment.

While the drying shrinkage characteristic of 3DPFC_800 is consid-
ered acceptable in the experimental application context of this study,
further studies will be necessary to enhance the 3D-printed products in
this aspect, aiming for a potential real application of the proposed
building components. The formation of drying shrinkage cracks result-
ing from exposure to air, which, as mentioned, typically characterizes
elements produced via 3D-printing, could potentially be reduced or
eliminated through possible variations in the mix design, such as
introducing microfibers into the mixture or specific additives tailored to
such functions. The proposed solutions will undergo testing in subse-
quent experimental studies.

4.1.2.2. Compressive strength. Compressive strength was assessed at 7
and 28 days on cubes of 4 cm side. Specifically, for both 3DPFC_800 and
ULFC_300, six cubes were prepared. Test results, along with the standard
deviation and coefficient of variation, providing insight into the
dispersion of the experimental findings, are presented in Table 2. The
dry density of the two materials was determined by drying specimens at
the age of 28 days in an oven at 110 + 5 °C and weighing them at 24-h
intervals until reaching approximately constant weight (<1% weight
loss in a 24-h period).

The 28-day compressive strength of the 3DPFC_800 series is 7.04
MPa, reflecting a 22% increase compared to the results at 7 days. Despite
the different production methodology proposed and employed in this
work, specifically mixing-foaming method, this value aligns well with
those of foamed concretes with approximately the same density previ-
ously presented by some authors of the present paper and related to FC
prepared with the pre-formed foaming method (Falliano et al., 2019a),
(Falliano et al., 2020a). This trend affirms the efficacy of the
mixing-foaming method for preparing low-density 3D-printable foamed
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Fig. 4. Results of drying shrinkage test conducted on 3DPFC_800.
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concrete. Given that the compressive strength value exceeds 5 MPa,
3DPFC_800 is considered suitable for the intended function within the
scope of the building components proposed in the present work.
Furthermore, it is worth noting that the obtained compressive strength
would enable the material to be utilized not only in the non-structural
field for constructing energy-efficient building envelopes, as proposed
in this work, but also in the structural domain for load-bearing struc-
tures. The latter aspect will be explored in subsequent works.

ULFC_300 also exhibits a noteworthy compressive strength value,
especially considering its very low density, equal to 1.43 MPa. In this
case, the increase in 28-day compressive strength compared to that at 7
days is 25%. Considering the intended role of ULFC_300 as a thermal
insulator, the results found in this study open the way to the possibility
of replacing this conglomerate with one characterized by an even lower
density, such as the one studied by Falliano et al. (2022), which is
currently undergoing evaluation for thermal performance. In fact, as
seen in previous studies (Falliano et al., 2019a), the further reduction in
density, thanks to increased porosity, could potentially result in better
thermal performance, representing the crucial aspect for the proposed
application. This possibility will be assessed in a subsequent study spe-
cifically aimed at enhancing the performance of multifunctional build-
ing components like those proposed in the present work.

4.1.2.3. Thermal conductivity. Thermal conductivity was evaluated
using the heat flow meter method on three slabs of dimensions equal to
500 mm x 500 mm x 30 mm. Specifically, for both 3DPFC_800 and
ULFC_300, three slabs were prepared and tested. Test results, along with
the standard deviation and coefficient of variation, providing an indi-
cation of the dispersion of the experimental findings, are reported in
Table 3. The dry density of the two materials was determined by drying
specimens at the age of 28 days in an oven at 110 + 5 °C and weighing
them at 24-h intervals until reaching approximately constant weight
(<1% weight loss in a 24-h period).

The results indicate that reducing the target density from 800 kg/m>
to 300 kg/m° leads to a percentage decrease in the thermal conductivity
of approximately 65%. Indeed, the reduction in density results in an
increase of porosity and, consequently, enhanced thermal insulation
properties (Falliano et al., 2019a).

The obtained results align with the application objectives of the two
materials envisioned in the present study for the development of
multifunctional building components as detailed in the following section
(see 4.2): in fact, ULFC_300 is specifically designed to primarily fulfill
the thermal performance of the component. However, since 3DPFC_800
also possesses a certain level of porosity, even if significantly lower than
ULFC_300, it also contributes to the overall assessment of the thermal
performance of the proposed building components.

Also regarding the thermal conductivity, despite the different pro-
duction methodology proposed and employed in this study for
3DPFC_800, namely the mixing-foaming method, the obtained values
align well with those of foamed concretes with approximately the same
density presented previously by some authors of this paper, and related
to FC prepared with the pre-formed foaming method (Falliano et al.,
2019a). These results further confirm the efficacy of the mixing-foaming
method for preparing low-density 3D-printable foamed concrete.

Based on the obtained results, it can be stated that, in addition to
density reduction of the infill material as proposed in the preceding sub-
section, a potential future direction for the research could involve
defining a 3D-printable foamed conglomerate with a lower density,
presumably around 600 kg/m>, capable of achieving a thermal con-
ductivity lower than 0.14 W/mK, thus offering a higher contribution in
thermal performance. However, it is also essential to take into account
the compressive strength requirements discussed earlier in the previous
sub-section, which are considered essential for the proposed application
of 3DPFC_800.

The thermal properties presented in the experimental results have
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Table 2
Experimental 7-day and 28-day compressive strength referred to 3DPFC_800 and ULFC_300.
mix name Compressive strength
mean dry density mean 7-day compr. standard coefficient of mean 28-day compr. standard coefficient of
ydry [kg/ms] strength R 7qm [MPa] deviation [MPa] variation [—] strength R 2g4m [MPa] deviation [MPa] variation [—]
3DPFC_800 820 5.75 0.17 0.03 7.04 0.11 0.02
ULFC_300 305 1.14 0.06 0.05 1.43 0.05 0.03
and potential solutions to address certain process issues and prevent
Table,3 . defects on the final components are suggested.
Experimental thermal conductivity referred to 3DPFC_800 and ULFC_300.
mix name Thermal conductivity 4.2.1. Design
mean dry mean thermal standard coefficient of Once the key properties of 3DPFC_800 and ULFC_300 were estab-
densit}; ydry  conductivity 1 deviation variation [-] lished, the formal and functional optimization of the building compo-
(kg/m"] [W/mK] [W/mK] nents focused primarily on the thermal performance of the building
3DPFC_.800 793 0.205 0.00075 0.0036 envelope, including both the existing wall and the newly designed
ULFC_300 315 0.072 0.00081 0.0112

been utilized to design the innovative building elements, as detailed in
the following section (see 4.2).

4.2. Design of multifunctional building components and 3DCP application

The proposed design methodology, which aims to create multifunc-
tional building components with customizable properties by exploiting
the synergy among different densities of FCs and implementing 3DCP, is
applied in a case study. Specifically, in this study, the methodology is
employed for designing building components for energy efficiency in-
terventions on the opaque envelope of existing buildings, with the goal
of improving thermal performance while simultaneously ensuring an
aesthetically renovated facade. The study focuses on buildings situated
in climate zone E within the Italian context, which applies to the ma-
jority of Italian municipalities. According to the local regulatory
framework outlined in DPR 412/1993, the climatic zone E exhibits a
range of heating degree days spanning from 2101 to 3000. The char-
acteristics of the assumed existing walls, which are 30-cm-thick unin-
sulated hollow brick walls, are detailed in Table 4.

Applying the proposed design methodology has resulted in the
definition of two types of building components utilizing 3DPFC_800 and
ULFC_300: a tongue-and-groove block suitable for production in pre-
fabrication plants and subsequent on-site assembly (hereafter referred to
as BC.1); and a solution designed for direct printing at the construction
site (hereafter referred to as BC.2). In both scenarios, the components
consist of 3D-printed elements, 3DPFC_800, serving as the structural
part and disposable formwork, complemented by ULFC_300 to fill the
cavities defined by the former.

It is essential to highlight that the explored application represents
just one of the potential uses of the proposed design approach, and the
components presented in this section serve as examples of what can be
achieved by applying this method, using the experimental results pre-
viously reported in this study as a basis. The design process described
here for two building components made of the two materials investi-
gated (see 4.1) could lead to several more formally and/or functionally
complex solutions designed for other types of applications.

Lastly, an application of 3DCP employing 3DPFC_800 is presented,

Table 4
Thermal parameters related to the existing uninsulated hollow brick face wall.

Thermal performance according to UNI EN ISO 13786

stationary thermal surface periodic thermal decrement time
transmittance U density transmittance Y, factor [—] shift
[W/m’K] [kg/m°] [W/m’K] [h]

0.918 248 0.366 0.399 8.57

components. Specifically, the objective was to achieve two main goals:
eliminating any thermal bridges and ensuring compliance with the
maximum limits established by the Italian regulation DM June 26, 2015
for the stationary thermal transmittance of the building envelope in the
specific application under consideration, set at 0.28 W/m2K.

Although the section design of the components was based on these
two goals, many other aspects were taken into consideration during this
phase as well. For instance, in the design phase, special attention has
been given to optimizing the path of the 3D-printed layer, which was
assumed to have a width of 25 mm based on the specifications of the
nozzle associated with the robotic system used for 3D-printing, as will be
explained later (see 4.2). This includes considerations such as ensuring
the continuity of the printing path, managing the angles of directional
changes, and reinforcing the component by incorporating an internal
printing path to prevent the presence of excessively long free path seg-
ments to avoid possible instability issues. Additionally, durability as-
pects have been addressed by guaranteeing the continuity of the
extruded layer on exposed faces. Simultaneously, efforts were made to
define closed perimeters for the pouring of the infill ULFC_300.
Furthermore, in addition to the stationary thermal transmittance, other
thermal parameters have been assessed using the UNI EN ISO 13786
standard (specifically periodic thermal transmittance, decrement factor,
time shift, and surface density) and have been taken into consideration.
Lastly, only for the component designed for prefabrication in the factory
and subsequent assembly on site, some limitations have been imposed
(based on building components for similar uses currently on the market)
on their size and weight to ensure ease of transport and handling, and to
facilitate assembly operations in the scenario of a real application of
these components. In particular, a maximum size of 50 cm in the three
directions and a maximum weight of 10 kg were imposed.

Building components, BC.1 and BC.2, designed according to the
principles mentioned above, are illustrated in Figs. 5 and 6, and Figs. 7
and 8, respectively. Their thermal characteristics are detailed in Table 5
and Table 6, respectively.

Upon comparing the thermal data presented in Table 4, Tables 5 and
6, both solutions were proven effective in achieving excellent thermal
performance, with BC.1 exhibiting superior characteristics in this re-
gard. In fact, through the implementation of the proposed solutions the
thermal transmittance U of the building envelope can be significantly
enhanced, bringing it back within the permissible range defined by the
relevant standard, specifically 28 W/m?K. In particular, an average
percentage increase of 244% and 245% can be obtained in the case of
BC.1 and BC.2, respectively, compared to the existing wall. Moreover,
the adopted solutions lead to improvements in other thermal parameters
considered. For instance, they also contribute to enhancing the thermal
performance under dynamic conditions by increasing the thermal
inertia of the system through a rise in surface density. Additionally,
there is a substantial reduction in the impact of external thermal flow on
internal environments, achieved through a decrease in the decrement
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Fig. 5. BC.1 design: a) horizontal section with representation of the printing path; b) isometric 3D view; c) tongue and groove between two blocks. (All measures are

in cm).

Figs. 6. 3D isometric representation of BC.1 applied to the existing wall.

factor and time shift. As previously stated regarding the properties of the
investigated materials (see 4.1), to achieve even better performance, it
would be possible to employ materials with higher thermal efficiency.
Specifically, consideration could be given to using more thermally
advanced materials, especially for the ultra-lightweight material inten-
ded for filling the voids, which plays a key role in the thermal properties
of the new components.

From a methodological standpoint, one potential improvement could
involve the implementation of parametric design.

In fact, this design methodology is particularly compelling in the case
of 3DCP applications due to its potential for the unitary management of
the entire design and realization process, and the possible management

of highly complex geometries through a relatively simple tool. It also
provides the ability to modify the component in progress quickly and
easily by adjusting input design parameters, facilitating rapid design
adaptation, and offering a cost-effective solution tailored to the specific
case, thereby making the method even more flexible. Furthermore,
through the use of parametric design, it would be possible to optimize
the design of building components based on specific requirements while
meeting regulatory standards. An example of some potential modifica-
tions that could be implemented instantly and cost-efficiently by
adopting parametric design for the design of the BC.2 component is
illustrated in Fig. 9.

4.2.2. Robotic application

Once the building components were defined, an application of 3DCP
was carried out using the material specifically designed for this type of
application, namely 3DPFC_800. For this purpose, as illustrated in
Fig. 10, a Universal collaborative robot with a nozzle of 12 mm diameter
circular section (resulting in an extruded layer approximately 25 mm
wide and 10 mm high) was employed.

Regarding BC.2, which, as previously mentioned, relates to a
possible on-site application, only a portion with a length of 35 cm was
realized during the 3DCP test. This choice is linked to the desire to limit
the printed object’s size to promote its handling while still demon-
strating its technical feasibility. To distinguish the graphic representa-
tions, this modified solution is referred to as BC.2.1 and its design is
shown in Fig. 11. Nevertheless, it should be emphasized that in the
actual scenario, this modified solution should not be characterized by
the straight transverse closure on both short sides of the element, since,
despite its low density, it might result in a thermal bridge; instead, the
continuity of the element around the entire perimeter of the building’s
exterior walls, in the case of real on-site application, would avoid the
possible thermal bridge phenomenon here highlighted.

The outcomes of the 3DCP applications for the high-density portions
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Fig. 7. BC.2 design: a) horizontal section; b) isometric 3D view. (All measures are in cm).

Figs. 8. 3D isometric representation of BC.2 applied to the existing wall.

Table 5

Thermal parameters related to the complete system, including the existing wall
and BC.1. All data are average values of the sections evaluated. (*the value in
each section is always lower than 0.28 W/m?K).

Thermal performance according to UNI EN ISO 13786:2008

stationary thermal surface periodic thermal decrement time

transmittance U density transmittance Y, factor [—] shift

[W/m?K] [kg/m’] [W/m’K] (h]

0.267* 473 0.0034 0.013 >24
Table 6

Thermal parameters related to the complete system, including the existing wall
and BC.2. All data are average values of the sections evaluated. (*the value in
each section is always lower than 0.28 W/m?K).

Thermal performance according to UNI EN ISO 13786

stationary thermal surface periodic thermal decrement time
transmittance U density transmittance Y, factor [—] shift
[W/m*K] [kg/m’] [W/m’K] [h]
0.266* 376 0.010 0.038 20.14

of BC.1 and BC.2.1 are illustrated in Figs. 12 and 13.

The 3D-printing trials confirmed the effective applicability of
3DPFC_800 in 3DCP processes, experimentally validating its suitable
properties for efficient pumping, extrusion, and layer-by-layer 3D-print-
ing. Significantly, following extrusion, the material demonstrates the
capacity to promptly establish green strength, allowing it to support a
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Fig. 9. Exemplification of some types of parameters that could be instantly
modified using parametric design to customize and optimize building compo-
nents. A: stratigraphy of the individual section, succession of a number of high-
density printed layers and infill cavities; B: orientation of printed layers and
radius of curvature of curvilinear sections; C: thickness of printed layers, size of
cavities defined by printed path, and resulting total thickness of the element
being designed.

certain number of overlying layers while maintaining its shape unal-
tered and ensuring the stability of the component. This is evident from
the absence of deformations in the lower layers under the weight of
those above. Following these tests, 3DPFC_800 was deemed suitable for
3DCP applications, without the need for formworks, for creating 3D-
printed elements composed of overlapping layers, and this outcome
underscores the exceptional potential of the lightweight cementitious
material, particularly 3DPFC_800, for integration into 3DCP processes.

Nonetheless, the 3D-printing tests also revealed some practical
challenges that require further attention in the realm of 3DCP with FC.
In fact, both during the process and the subsequent qualitative analyses
of the printed elements, several issues and defects have been identified.

Concerning the process, several issues were encountered during the
fabrication of the components, and among these, the main ones include:
irregular extruded flow with occasional interruptions during the print-
ing process, likely caused by sporadic macro-air bubble occurrences;
occasional presence of tearing in printed filaments due to poor fluidity of
the material; slippages of printed material outside the printing path in
cases of excessive material fluidity. These issues primarily originated
from the non-uniformity of material consistency and fluidity, possibly
influenced by the waiting time between material mixing and actual
extrusion, as well as irregular material flow due to pumping issues and
the presence of macro-air bubbles.

As a temporary measure during the production process, the initially
planned constant printing speed of 20 mm/s was manually adjusted to a
range between 10 mm/s and 30 mm/s to accommodate the irregular
material flow from the nozzle. Another potential solution to address
challenges related to pumping and reduce the presence of macro-air
bubbles involves greater control of pump pressure and testing the
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Fig. 11. BC.2.1 design: a) horizontal section with representation of the printing path; b) isometric 3D view. (All measures are in cm).

Fig. 12. Representative images of BC.1 obtained using 3DCP.

implementation of an extruder at the printing head, just before the
nozzle. Certainly, the process phase plays a crucial role as it directly
impacts the final element’s properties, performance, and quality in the
hardened state, so this phase must be carefully considered for possible
improvements in results. The proposed solutions and other potential
remedies for addressing the highlighted process issues will undergo
testing in subsequent practical experimental studies.

Lastly, a qualitative evaluation of the components in the hardened
state allowed to assess the final characteristics of BC.1 and BC.2.1,
specifically focusing on geometric conformity to the design, potential
defects in the layers, adhesion between overlapping layers, and the
overall aesthetics. The final characteristics of the components in the
hardened state, along with the results of this qualitative evaluation, are
detailed in Table 7.

10

During the qualitative evaluation of the building components, the
height of the printed elements was recorded. This assessment revealed a
correspondence between the expected and final height of the elements,
further confirming the buildability property of 3DPFC_800 and the
absence of deformations in the lower layers, which are subjected to
greater pressure due to the weight of the overlying ones.

Three types of defects due to the fabrication process and observed on
the final components are highlighted in Fig. 14. These defects, repre-
senting the main issues of the manufactured elements and directly
deriving from the aforementioned process issues, include slippages out
of the printing path due to excessive localized fluidity, presence of
tearing due to the lack of continuity in the printed filament caused by
localized fluidity reductions, and the presence of cavities and cracks due
to the creation of macro-bubbles during the production process. No
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Fig. 13. Representative images of BC.2.1 obtained using 3DCP.

Table 7
General characteristics of the 3D-printed objects. (*this characteristic was
evaluated by breaking the element).

Final characteristics of extruded components

BC.1 BC.2.1
layer height 12 mm 12 mm
layer width 24-30 mm 24-30 mm
total element height 120 mm 168 mm
number of fully 10 13
realized levels
number of levels even 10 14
only partially realized
surface features homogeneous and opaque homogeneous and opaque
defects localized slippages, tearing,  localized slippages, tearing,

macro-bubbles cavities
yes

macro-bubbles cavities
adhesion between yes
layers (no cold

Jjoints)*

cracks due to drying shrinkage were visually detected in the manufac-
tured building components. However, possible variations in the mix
design, such as introducing microfibers into the mixture or incorpo-
rating specific additives tailored to such functions, could further miti-
gate the occurrence of the phenomenon, which typically characterizes
3D-printed elements due to the absence of formwork. All the afore-
mentioned solutions will be subjected to testing in subsequent practical
experimental studies.

5. Conclusions and outlook

This study introduces the concept of exploiting synergies from the
combined utilization of foamed concretes (FCs) with varying densities
and 3D Concrete Printing (3DCP) to create innovative and highly

optimized multifunctional building components. The potential of this
proposed design methodology is exemplified through the development
of two sample components tailored for energy-efficient interventions in
existing buildings.

The design of the proposed sample components involves the inte-
grated use of 3D-printable foamed concrete with a targeted dry density
of 800 kg/m® (3DPFC_800), primarily serving a structural function, and
ultra-lightweight foamed concrete with a targeted dry density of 300 kg/
m? (ULFC_300), primarily acting as filling for the voids defined by the
former. This innovative approach ensures the achievement of both high
mechanical performance and excellent thermal insulation using a single
component characterized by the same cementitious matrix.

Upon defining key properties such as 2D-printability and drying
shrinkage for 3DPFC_800, and compressive strength and thermal con-
ductivity for both 3DPFC_800 and ULFC_300, the obtained data were
leveraged to design two examples of multifunctional building compo-
nents, aligning with the desired thermal performance targets. Finally, a
practical application of 3DCP using 3DPFC_800 was executed with the
assistance of a robotic arm.

Based on the experimental study, the following conclusions can be
drawn.

1) 3DPFC_800 has been successfully produced using the mixing-
foaming method. Although this method is not commonly used for
the production of 3D-printable foamed concrete, it has proven
effective with the production method and foaming agent employed
in this study.

2) 3DPFC_800 is characterized by a compressive strength at 28 days of
7.04 MPa. The material is, therefore, suitable for the use envisaged in
this research study, and it could also be used in the structural field;

3) considering its very low density, ULFC_300 is also characterized by a
non-negligible compressive strength equal to 1.43 MPa. This finding

Fig. 14. Examples of defects due to the manufacturing process: a) hardened-state BC.1; b) fresh-state BC.2.1. Slippage out of the printing path, tearings on single
layers, and cavities or craks left by the presence of macro air bubbles are highlighted in red, yellow and blue circles, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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leaves the way open to the possibility of replacing this conglomerate
with one characterized by an even lower density in the context of the
proposed building components;

3DPFC_800 and ULFC_300 are characterized by a thermal conduc-
tivity equal to 0.205 W/mK and 0.072 W/mK, respectively, with a
percentual decrease of the latter compared to the former of about
65%. Therefore, ULFC_300 can be considered an insulating material.
In future studies, it would be interesting to produce a 3D-printable
foamed concrete characterized by lower density to increase the
thermal performance of the resistant portion of the proposed multi-
functional components as well;

the possibility to achieve by continuous extrusion the overlap of 10
layers without collapse, misalignment and buckling phenomena
makes 3DPFC_800 a printable material suitable for 3DCP
applications;

3DPFC_800 was successfully employed in a 3DCP printability tests.
These tests revealed both the strengths and the issues, defects, and
challenges that still need to be addressed in the field of 3DCP with
foamed concrete. Some potential solutions to the highlighted issues
have been proposed, and further studies will be necessary to thor-
oughly investigate these problems, ensuring the development of
high-performance products.
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