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Abstract: This study examines the pore structure and distribution in 3D printed and cast
foamed concrete using protein-based and synthetic foaming agents alongside various stabi-
lizing additives. In 3D printed samples, pores are irregular and flattened due to mechanical
forces during printing, whereas cast samples display uniform, spherical pores from homo-
geneous foam distribution. Samples containing the CA stabilizer show higher apparent
densities (up to 2.05 g/cm? for printed samples), correlating with lower water absorption.
Protein-based foaming agents (PS) produce smaller, more evenly distributed pores, while
synthetic agents (AS) result in larger, less uniform pores. Stabilizers significantly influence
pore characteristics: commercial stabilizers yield smaller, more uniform pores, while recy-
cled industrial oil (UO) leads to larger, more variable pores. Protein-based agents improve
structural stability and reduce water absorption through uniform pore distributions, while
synthetic agents lower density and increase water absorption. The highest sorption values
were observed in samples with AS without stabilizer (1.7 kg/m?h! /?) and AS and UO
(1.6 kg/m?h! /2) in a vertical orientation, with the horizontal orientation of sample AS and
UO achieving a peak value of 2.0 kg/m?h! /2. Moreover, stabilization using UO resulted in
higher sorption coefficients than stabilization with CA. High porosity in M1 resulted in
low strength (0.2 MPa bending, 0.1 MPa perpendicular compression), while M5 showed
superior performance (11.5 MPa perpendicular compression). PS-foamed samples (M4,
M6) with uniform pores had the highest strengths, with M6 achieving 3.8 MPa bending
and 10.3 MPa perpendicular compression. Perpendicular compression (M5: 11.5 MPa)
was up to three times stronger than parallel compression due to weak interlayer bonds in
3D printing.

Keywords: foamed concrete (FC); foam stability; foam lifetime; lightweight concrete;
foaming agents; foam stabilization

1. Introduction

In recent years, foamed concrete has garnered significant attention due to its ability to
merge the benefits of traditional construction materials with the lightweight and insulating
properties inherent to porous structures. The porous nature of foamed concrete imparts
superior thermal and acoustic insulation, along with reduced structural loads, compared to
conventional materials. However, achieving optimal performance requires a meticulous
regulation of porosity, including the control of pore size, distribution, mechanical strength,
and thermal conductivity—parameters directly influenced by the size and interconnectivity
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of pores within the material [1-4]. Research has demonstrated that increasing porosity
and average pore size generally leads to reductions in mechanical strength and thermal
conductivity, emphasizing the critical trade-offs involved in material design. For practical
applications, such trade-offs play a crucial role in determining the suitability of foamed con-
crete for specific uses. For example, in 3D printed structural components, where customized
geometries and rapid prototyping are key advantages, controlling porosity is critical for
balancing weight reduction with adequate load-bearing capacity. In applications such as
wall panels, tunnel cover panels, or partition blocks, high porosity can enhance thermal and
acoustic insulation, making the material ideal for energy-efficient buildings. Conversely,
components subjected to higher structural loads, such as load-bearing walls or support
columns, require a lower porosity to ensure mechanical integrity. The findings highlight
the need for tailored formulations in foamed concrete to meet application-specific require-
ments. Advanced manufacturing techniques, such as 3D printing, enable precise control
over the distribution and size of pores, facilitating the optimization of both mechanical
and thermal performance. By understanding these trade-offs, engineers and architects can
better integrate foamed concrete into diverse construction scenarios, achieving a balance
between functionality, sustainability, and cost-efficiency.

The production process of foamed concrete introduces several challenges, particu-
larly in maintaining foam stability during manufacturing. Foam volume and stability
are critical for ensuring homogeneity, consistent pore structures, and desired material
properties. Excessive foam content often leads to coalescence during mixing, producing
larger, irregular pores and diminishing mechanical integrity. Foam instability can arise
due to variations in mixture viscosity, interactions between components, or the effects of
chemical activators. Mechanisms of foam degradation—such as drainage, coalescence, and
bubble overgrowth—are well documented and have significant implications for the mate-
rial’s structural properties [5-7]. These processes must be controlled to achieve a balance
between porosity and strength. Drainage occurs when the liquid within the network of
interfaces is driven by gravity, leading to the separation of gas and liquid phases. This
process reduces foam density and separates the liquid phase, ultimately resulting in a dry
state characterized by polyhedral bubbles. The reduction in drainage is enhanced by in-
creased liquid viscosity, which can be achieved by incorporating a viscous solution into the
liquid phase. Such modifications increase the internal pressure within the bubbles, thereby
reducing their size. Notably, smaller bubble radii correspond to higher internal pressures.
Drainage and diffusion represent the primary mechanisms of foam degradation, alongside
coalescence. Coalescence is a physical phenomenon wherein liquid droplets, gas bubbles,
or solid particles merge to form a single, larger entity. Adjacent bubbles coalesce when the
interstitial film ruptures due to aging processes [8-11]. Another significant degradation
mechanism is bubble overgrowth, in which gas migrates from smaller higher-pressure
bubbles to larger lower-pressure bubbles. Over time, this leads to the expansion of larger
bubbles and the dissolution of smaller ones. This phenomenon can have detrimental effects,
including reduced concrete strength, compromised insulation properties, and difficulties
during material extrusion. These limitations hinder the commercialization and widespread
application of foamed materials. Therefore, the development of effective foam stabilization
techniques is essential to prevent air bubble growth and to maintain fine pores in both
fresh and hardened mixtures. To address the challenges of foam instability, surfactants
are frequently employed as stabilizing agents. These compounds reduce surface tension,
thereby improving the wetting and flow characteristics of concrete mixtures. Surfactants
are categorized by their ionic character (anionic, cationic, nonionic, or amphoteric) and
origin (natural or synthetic) and serve as emulsifiers, dispersants, and foaming agents [12].
Numerous studies have explored the use of micro- and nano-sized solid particles in foamed
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concrete, including nano-silica [13,14], nano-calcium carbonate [13], nano-alumina [15],
nano-Al,Oj3 [16], starch [17], and carbon quantum dots (RHBCDs) [18]. Additionally, used
engine oil (UEO) has been employed to enhance foam stability [19]. Recent research high-
lights that the combined use of surfactants, Janus-ZrO, nanoparticles, and hydrophilic
5i0; facilitates the synthesis of ultra-stable foams [20]. While nanoparticle-modified foams
exhibit reduced flowability and increased viscosity in foamed concrete, their incorporation
can lead to higher foam density and cost increases. These nanoparticles can also mod-
ify the Ca/Si ratio in pore walls and influence cement hydration, thereby enhancing the
strength of foamed concrete [4]. The effects of various anionic surfactant-based foaming
agents on foam properties have been extensively studied, including ammonium lauryl
sulfate (ALS) [21], triethanolamine laurylsulfate (TLS) [21], sodium lauryl sulfate (SLS) [22],
sodium dodecyl sulfate (SDS) [23], alpha olefin sulfonate (AOS), sodium lauryl ether sulfate
(SLES), and sodium alcohol ether sulfate (AES) [24]. Nonionic surfactants, such as Tween 80
(polyoxyethylene (20) sorbitan monooleate—Cg4H124056) and Triton X-100 (polyethylene
glycol tert-octylphenyl ether—C14H70(C2H4O)n, n = 9-10) have also been utilized to
stabilize fresh geopolymer foam [25]. Moreover, stabilizing agents like xanthan gum [26],
carboxymethyl cellulose (CMC) [27], and hydroxypropyl methylcellulose (HPMC) have
been shown to improve foam stability by reinforcing the liquid film. HPMC, a commonly
used thickening agent in concrete and mortars, enhances both foam stability and flow char-
acteristics [28-30]. Investigations into the impact of HPMC on the rheological properties
and constructability of 3D printed foamed concrete (3DPFC) reveal that HPMC improves
yield stress and constructability by promoting the agglomeration of cement particles into
larger flocs [31]. The influence of various factors, including the water—cement ratio and
foam volume [32-34], size of aggregates [35], the addition of fibers [36], pore size [37],
the partial replacement of cement with fly ash, and other additives [38], on the strength
properties of foamed concrete has been investigated. For mixtures intended for 3D printing,
aggregates larger than 4 mm must be excluded, as they can negatively impact shrinkage
during the drying process of successively printed layers. Shrinkage is further influenced
by the cement-to-filler ratio, the type of filler used [39], foam volume, and the choice
of foaming agents [40]. On the other hand, there is a lack of comprehensive studies of
drying shrinkage in foamed concrete incorporating recycled materials for additive man-
ufacturing, particularly concerning the use of various foaming agents. Moreover, while
significant research has been conducted on the development of stable foamed concrete,
the large-scale testing of foamed concrete materials containing construction waste for 3D
printing applications remains limited. The effective incorporation of recycled products
into stable foamed materials holds great potential to revolutionize structural design and
construction, offering more sustainable alternatives for building materials and methods.
Therefore, further investigation into foam stabilization techniques is crucial for improving
the properties and performance of these materials, especially in the context of their use
in additive manufacturing technologies [41]. Air voids introduced into fresh concrete
mixtures for the preparation of controlled products, such as foamed concrete, cellular
concrete, or autoclaved aerated concrete, can create capillary, gel, or randomly trapped
pores. Foamed concrete is typically produced using either mechanical or chemical methods.
Chemical aeration involves the addition of gas-releasing substances, such as aluminum
(Al) or zinc (Zn) powders, hydrogen peroxide (H,O5), or silicon (Si), to the cement paste.
These substances generate gasses like hydrogen (Hy) or oxygen (O;), which create air voids
within the concrete. In contrast, mechanical aeration is achieved by either introducing
pre-prepared foam into the cement paste or by vigorously mixing the paste with a diluted
surfactant. Mechanical aeration is more commonly employed in commercial applications,
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as it allows for better control over the formation of smaller, more stable bubbles, thereby
facilitating the regulation of the final properties of foamed concrete [42,43].

In this study, the influence of foaming agents and foam stabilizers (including recycled
industrial oil as an eco-friendly alternative to traditional stabilizers) on the stability of the
prepared foam, the pore structure, and the macroscopic properties of foamed concrete
incorporating recycled additives (ground bricks as a form of recycled construction waste)
was determined. Moreover, the suitability of these mixtures on the structural integrity
and stability for application in additive manufacturing technologies was investigated. The
use of these recycled additives presents the potential to reduce reliance on raw materials,
lower production costs, and minimize the environmental impact of concrete production. By
optimizing foam stabilization techniques and integrating recycled materials, this research
aims to enhance the performance and sustainability of foamed concrete in large-scale 3D
printing applications. The results will contribute to the development of cost-effective, envi-
ronmentally friendly building materials and promote a circular economy and sustainability
within the construction industry.

2. Materials and Methods
2.1. Designing the Mixture and the Method of Introducing Foam

Figure 1 presents a schematic overview of the process for developing new mix-
tures [44-47]. The research and production of lightweight foamed concrete incorporating
recycled materials involve several key stages, each designed to ensure a systematic eval-
uation and optimization of the final product. The process begins with the preparation of
the concrete mixture, during which recycled materials are introduced to the base mix. This
stage is followed by the production of foamed concrete, accompanied by a simultaneous
analysis of its properties. In parallel, the foam production and evaluation were carried
out, with a particular focus on its stability, a critical parameter for the performance of
foamed concrete. If the foam was found to be unstable, adjustments were made to its
parameters or the mixing protocol as necessary. Nest, the design and production of a
3D printable foamed concrete (3DPFC) mixture are undertaken. During this stage, key
parameters such as mixture density, the mortar-to-foam ratio, stabilizer concentration, and
the water-to-cement ratio (maintained at 0.21) were determined. Once the mixture was
prepared, its fresh properties were evaluated, including slump flow, setting time, and bulk
density. When the foamed concrete achieves stability, it undergoes further testing to assess
its shape retention and workability over time. If any of these properties failed to meet the
required criteria, iterative adjustments were made to refine the process. Once all parameters
were optimized, the buildability of the foamed concrete was tested through 3D printing at
various intervals after mixture preparation. This step determines the material’s suitability
for additive manufacturing. The subsequent stage involves evaluating the hardened prop-
erties of the foamed concrete. This includes an assessment of shrinkage in printed elements,
water absorption, and capillary rise. Moreover, the pore structure was analyzed, focusing
on pore morphology, diameter range, and size distribution in the examined samples. This
structured approach ensures a comprehensive evaluation of the quality and applicability of
lightweight foamed concrete with recycled material additives for additive manufacturing,
facilitating its potential adoption in sustainable construction practices.
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Figure 1. Flowchart of the procedure for developing new mixtures for 3D concrete printing applications.

2.2. Materials

The CEM 1 52.5R ordinary Portland cement (OPC) supplied by Lafarge (Matogoszcz,
Poland), quartz sand with a particle size range of 0.1-1 mm, ground brick (GB), and recycled
materials were used to prepare the mixtures. The chemical composition of raw materials
was determined using an EDX-7200 energy-dispersive X-ray fluorescence spectrometer, as
shown in Table 1 (Shimadzu Corporation, Kyoto, Japan).

Table 1. Chemical composition of the raw materials.

Oxide Material
Composition (%) Brick Sand CEM 1 52.5R
CaO 1.23 1.20 59.91
SiO, 60.1 81.50 27.76
Al Os 15.7 13.01 4.05
Fe, 05 7.02 1.05 3.02
SO; - - 3.55
K,O 3.15 2.16 0.81
TiO, 0.81 1.08 0.52
ZnO - - 0.03
MnO 0.10 - 0.13

S5rO - - 0.08
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Table 1. Cont.
Oxide Material
Composition (%) Brick Sand CEM I 52.5R

V505 - - 0.03
MgO 2.20 - -
Na,O 0.21 - -

CI‘203 - - 0.02
ZrO; - - 0.03
CuO - - 0.02
Rb,O - - 0.01
Ir203 - - 0.01
Y,03 - - 0.01
P>,0O3 0.16 - -

Bi, O3 - - 0.01

Two types of foaming agents were used, namely a synthetic foaming agent (PIAN-
OTWOR, AS) provided by MEEX-AG (Chrzanéw, Poland) and a protein-based foaming
agent (ISOCEM S/B, PS) supplied by ISOLTECH SRL (Verdellino, Italy). The basic proper-
ties of these foaming agents are presented in Table 2.

Table 2. The basic properties of foaming agents according to the manufacturers” data [48,49].

Dosage Densit Compressive Compressive
Component % )g (k /m:%] Strength After Strength
’ & 7 Days (MPa) After 28 Days (MPa)
Synthetic Foaming Agent (AS) 2 1602 52 9.7
Protein-Based Foaming Agent (PS) 3 1600 5.5 10.1

To improve foam stability, two stabilizing additives were used, which were industrial
machine oil (Orlen Velol RC 68, UO) supplied by Orlen Poland and a mixture of cetyl and
stearyl alcohols (CAs) supplied by PCC Exol SA (Brzeg Dolny, Poland), whose properties
are presented in Tables 3 and 4, respectively. The foamed concrete mixture design was
developed through an in-depth review of the existing literature. This approach ensured
a solid foundation in current knowledge and best practices. Additionally, the project
aimed to verify the open time for 3D printing of a mixture incorporating ground brick as
a supplementary material. The incorporation of crushed brick, a recycled waste material,
introduces valuable reactive components, such as silica (5i0;) and alumina (Al,O3), into
the mix. These substances can improve the rheological properties of the concrete mixture
and facilitate the cement binding process through pozzolanic reactions, which is crucial for
enhancing the durability of the concrete and reducing its environmental impact. Research
has shown that the addition of crushed brick in quantities ranging from 10 to 30% of the
cement mass can enhance the mechanical properties of concrete, particularly in lightweight
concretes with reduced density, while simultaneously lowering production costs and carbon
footprint [50]. An important aspect in the design of foamed concrete mixes is the use of
foam stabilizers, which help control porosity and foam durability during mixing. Industrial
oil acts as a foam stabilizer by increasing the surface tension in the mixture, preventing
the premature rupture of gas bubbles. This allows for better control of the pore structure,
which is critical for achieving a homogeneous concrete structure with desired mechanical
properties. Studies on lightweight foamed concrete have demonstrated that the inclusion
of used oils improves foam durability and the uniform distribution of pores, contributing
to the enhanced stability and mechanical properties of the material [51]. Additionally,



Processes 2025, 13, 403

7 of 31

a mixture of cetyl and stearyl alcohols (CAs) used as a stabilizing agent reduces the
surface tension of water, promoting the formation of smaller and more uniform pores in
foamed concrete. This, in turn, enhances foam durability, particularly under intensive
mechanical mixing. Examples of using fatty alcohols as foam stabilizers in lightweight
concretes show their positive impact on the uniformity of pore structure and material
stability, resulting in improved concrete quality. The development of a foamed concrete
mix with the addition of crushed brick and foam stabilizers is based on strict control over
the proportions of cement, crushed brick, water, and additives. The first step involves
conducting preliminary tests to determine the impact of crushed brick on the rheological
properties and strength of the mixture. Next, foam stabilizers are introduced to optimize the
pore structure and ensure stability during mixing. The final stage involves validating the
mix, with results including the evaluation of compressive strength, modulus of elasticity,
and other functional properties, such as thermal and acoustic insulation. Research examples
suggest that the inclusion of crushed brick and foam stabilizers in foamed concrete mixes
can significantly improve the homogeneity of the material structure and its mechanical
and thermal properties [52]. The foamed concrete mix with the addition of crushed brick
and foam stabilizers represents a comprehensive approach that enables the production
of concrete with desired properties. Through the use of these materials, it is possible to
create lightweight, durable, and environmentally friendly concrete, which can be applied in
various construction fields, including the production of structural elements such as tunnel
covers and wall panels.

Table 3. Characteristics of the RC 68 guide oil.

Parameters Unit Typical Values
Kinematic viscosity at 40 °C mm?/s 69.5

Pour point °C —15

Flash-point °C 230

Table 4. Characteristics of the EXOalc 1618 material.

Parameters Unit Analysis Result
Water content (%) 0.3
Hydroxyl number mgKOH/g 211
Iodine number g]2/100 g <1.0

2.3. Foam Preparation

Foaming agents (AS) are chemicals incorporated into concrete mixtures to create
and maintain a porous structure. These agents are widely used due to their effectiveness
and ability to regulate pore quantity and size. This control is crucial for achieving the
desired mechanical and insulating properties of the material. Moreover, synthetic foaming
agents are characterized by high chemical stability, which contributes to the long-term
durability of the material, improving the foamed concrete production process. However, a
notable disadvantage of synthetic foaming agents is their higher cost compared to natural
alternatives, as well as their potentially lower environmental friendliness. Protein-based
foaming agents, on the other hand, are natural substances used to produce foamed concrete.
For instance, the ISOCEM S/B agent, utilized in testing, is a highly effective foaming
agent derived from a hydrolyzed protein of animal origin (from animal horns and hooves).
These agents are particularly valued for their biodegradability and sustainable sourcing.
However, they exhibit lower chemical stability relative to synthetic agents and present
challenges in precisely controlling the size and distribution of pores. The choice of foaming
agent significantly influences the mechanical, thermal, and insulating properties of foamed
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concrete. For example, foaming agents can reduce the density of the material, which
typically leads to a decrease in compressive strength. However, optimal formulations and
proportions can mitigate this effect. Foamed concretes using synthetic foaming agents often
display superior mechanical properties compared to those produced with protein-based
agents, primarily due to the more uniform pore structure achieved with synthetics. Both
types of foaming agents contribute to enhanced thermal and acoustic insulation properties
of foamed concrete by increasing porosity, which improves overall insulating performance.

Foamed concrete incorporating protein-based foaming agents offers enhanced eco-
logical and sustainability benefits, making it particularly advantageous in the context of
sustainable construction. The addition of foaming agents also significantly influences the
rheological properties of the mixture, which is critical for applications such as 3D printing.
Excessive amounts of foaming agents can compromise the stability of printed structures;
therefore, optimizing both the type and dosage of foaming agents is essential to achieve
high-quality 3D printed foamed concrete. In the study of foamed concrete production,
foam stability is commonly evaluated by monitoring its disintegration over time. This
is typically performed using a transparent measuring cylinder; in the present research,
1000 mL polypropylene (PP) in a beaker with a handle was used for this purpose. Mea-
surement of the volume of water separated from the foam is crucial for assessing foam
stability and, if necessary, adjusting the foam-to-cement paste ratio. Figures 2 and 3 illus-
trate the temporal breakdown of the foam. The air pressure influenced the quality of the
foam. Their increase from 4.0 to 6.0 bar accelerated the foam disintegration. Moreover,
increasing the foaming agent concentration from 2% to 5% significantly enhanced foam
stability (Figures 2 and 3). These results indicate the importance of optimizing parameters
during foam production and selecting the appropriate water-to-foaming-agent ratio. The
primary parameters influencing foam quality include the type and concentration of the
foaming agent in the solution, air pressure, nozzle size, and ambient temperature. Detailed
investigations of these parameters are necessary to ensure the production of high-quality
foamed concrete with consistent and reliable properties.

| 2% foaming agent content |

after 15 minutes after 30 minutes after 60 minutes

5% foaming agent content

after 1 minute

after 1 minute after 15 minutes after 30 minutes after 60 minutes

Figure 2. Foam stability at various synthetic foaming agent concentrations.
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| 2% foaming agent content

after 1 minute after 15 minutes after 30 minutes after 60 minutes

5% foaming agent content

after 60 minutes

after 1 minute after 15 minutes after 30 minutes

Figure 3. Foam stability at various protein-based foaming agent concentrations.

The protein-based foaming agent initially produces a higher volume of foam compared
to foam generated with the synthetic agent. Moreover, it exhibits a faster rate of degradation.
However, an increased concentration of both synthetic (AS) and protein-based (PS) foaming
agents enhances foam stability over prolonged periods.

2.4. Process of Preparing the Mixture

The foamed concrete mixtures were formulated using cement, quartz sand, tap water,
foaming agents, and foam-stabilizing additives. Six distinct mixtures were prepared, each
differing in the combination of foaming agents and foam stabilizers. Reference mixtures
were produced without the inclusion of foam stabilizers, while the experimental mixtures
incorporated 1% by weight of RC 68 oil (UO), commonly utilized in industrial machinery,
or a commercially available stabilizer, EXOalc 1618 (CA). In all mixtures, the proportion
of foaming agents was maintained at 5% by weight relative to the total weight of the
concrete mix, which included ground waste brick as a recycled additive. A consistent
water-to-cement (w/c) ratio of 0.21 was applied across all formulations, accounting for the
water introduced via the foaming agents and stabilizer. Detailed proportions of the mixture
components are presented in Table 5.

Table 5. Compositions of foamed concrete mixtures with their designation.

No. Dx‘g":“;ﬁon wis 3(1;()7 GB (kg) Sﬂig;l UO(kg) CA(kg) PS(kg AS(kg)
1 M1 0.21 16 05 29 - - 0.25 -
2 M2 0.21 16 05 29 ; ; - 0.25
3 M3 0.21 16 0.5 2.9 0.05 - 0.25 ]
4 M4 0.21 16 0.5 2.9 0.05 - - 0.25
5 M5 021 16 05 29 ) 0.05 0.25 ]
6 M6 021 16 05 29 - 0.05 - 0.25
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2.5. Methods
2.5.1. Stability and Consistency of Foam and Foamed Concrete

The quality of the produced foam was evaluated as an initial step in the study. The
prefabricated foam was generated using a BP-4041 pneumatic foam gun (BASS POLSKA,
Mrokéw, Poland) with a capacity of 25 L. Adjustments to foam characteristics can be
achieved by modifying several parameters, including the air pressure (operating range:
4-5 bar), the size and type of the nozzle, and the pore size of the membrane integrated into
the lance of the device.

The preparation of test mixtures of foamed concrete was carried out using a Clatronic
KM 3765 slow-speed planetary mixer (CTC Clatronic Sp. z o0.0., Opole, Poland) equipped
with a 1500 W motor and a 10 L capacity bowl, ensuring both reliability and operational
efficiency. The mixing speed was maintained within the range of 58220 rpm, an optimal
setting to achieve a uniform mixture consistency without compromising the integrity of the
air bubbles formed within the mixture.

The consistency of the concrete mixtures was evaluated in accordance with the PN-EN
12350-5 standard [53], which specifies the flow spread measurement of the concrete on a
flat, vibrated surface.

2.5.2. Buildability

The idea for the design solution was developed as part of an “implementation doc-
torate”. The tests carried out allowed for the development of the solution used in the
research. The 3D printing device operating in gantry mode was used. The equipment
featured a printing volume of 1000 mm (X-axis), 500 mm (Y-axis), and 500 mm (Z-axis),
with a maximum head travel speed of 80 mm/s. The printing head was equipped with a
20 L material hopper, incorporating a constant-pitch screw feeder with a length-to-diameter
ratio of 3.5. Material extrusion was facilitated through a nozzle with a 20 mm diameter
round orifice. The layer height was set to 8 mm with a line width of 20 mm. During the
experiment, the foamed concrete mixture was simultaneously cast into rectangular cuboid
molds (40 x 40 x 160 mm) for comparative analysis. The printing speed for each layer
was maintained at 40 mm/s, resulting in an extrusion rate of approximately 6400 mm?/s.
For each material, two parallel lines were printed in a five-layer configuration, producing
samples measuring 40 x 40 x 480 mm. After curing, the printed samples were cut to
the required dimensions for strength testing. The results were then compared with those
obtained from samples of analogous compositions that had been cast into molds, allowing
for a direct assessment of the mechanical performance of the two production methods.

2.5.3. Apparent Density

The printed samples were cured in air at an ambient temperature of 22 + 2 °C and
a relative humidity (RH) of 55%, reflecting typical construction site conditions. After a
curing period of 14 days, the external dimensions (height and diameter) and the weight of
the samples were measured to determine their bulk density prior to compressive strength
testing. Bulk density, defined as the ratio of the material’s mass to its total volume (including
pores), was calculated using Formula (1):

Pp=y 1)

where m—mass of the sample; V—volume of the sample.
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2.5.4. Capillary Water Absorption

For testing the capillary water absorption of foamed concrete samples, specimens were
placed in containers filled with water, supported on plastic grids to ensure separation from
the bottom of the vessel. This setup allowed the water-absorbing surface to correspond to
the base area of the sample, calculated as 1600 mm?. The samples, fabricated using both 3D
printing and casting methods, were uniformly sized at 40 x 40 x 160 mm.

The absorption process was monitored by periodically weighing the samples using
a precision scale with an accuracy of 0.01 g, enabling detailed tracking of mass changes.
During the initial phase of rapid water uptake, measurements were performed at short
intervals—every 1, 2, or 4 h. As the rate of absorption decreased, the weighing intervals
were extended to every two days. Throughout the test, the water level was maintained at a
depth of 2-3 mm to ensure consistent conditions.

Figure 4 depicts the experimental setup for water absorption testing, performed in
both vertical and horizontal orientations. In the vertical orientation (1), the test followed
standard engineering principles to evaluate capillary water absorption through the height
of the sample. Conversely, in the horizontal orientation (2), the test aimed to assess
potential differences in water absorption across the layers of the 3D printed samples. This
distinction is particularly relevant, as the layer-by-layer deposition in 3D printing can result
in structural variations that may influence water absorption behavior.

160

(1]

Figure 4. Scheme of capillary water absorption test illustration. A—foam concrete tube; B—foamed
3D printed sample; C—capillary tray; 1—vertical orientation; 2—horizontal orientation.

The water absorption coefficient A was calculated according to Formula (2):

Amt

T IxAVE @

where

A—water sorption coefficient, (kg/(m?h!/2));
Am—sample mass increase, (kg);

F—suction surface, (mz) ;

A/t—time square root increase, (h!/2).

Moreover, the water sorption phenomenon was analyzed by using the FLIR E96
thermal imaging camera (Teledyne FLIR, Wilsonville, OR, USA), recording photos in 5 min
intervals for 120 min. This device is used for the non-contact measurement of infrared
radiation emitted by object surfaces.
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2.5.5. Microscopy Observation

A Techrebal Banito B2920 digital microscope (Techrebal, Wilczyce, Poland), equipped
with 100x magnification and a built-in 48MP camera, was used for microscopy analysis.
The pore structure of foamed composites was examined to evaluate the impact of the
foaming agent and the manufacturing method (3D printing vs. casting) on pore shape, size,
and packing density. The acquired images were analyzed using Fiji Image] IJ 1.46r.

2.5.6. Flexural Strength Tests and Compressive Strength Tests

Mechanical strength tests were performed using the MTS Criterion 43 testing machine
(MTS Systems, Eden Prairie, MN, USA) in conjunction with MTS TestSuites 1.0 software.
Test specimens measuring 40 x 40 x 160 mm were prepared for the analysis. Flexural
strength tests followed the PN-EN ISO 178 standard [54], with a testing speed of 5 mm/min,
where each specimen was supported at two points spaced 100 mm apart.

Compressive strength tests adhered to the EN 12390-3 standard [55], utilizing samples
with dimensions of 40 x 40 x 40 mm and tested at a speed of 1 mm/min. These standard-
ized methodologies ensured accurate and reliable results, providing a robust assessment of
the material’s mechanical performance for practical applications.

3. Results and Discussion
3.1. Consistency and Density Characteristics of Foamed Concrete

The evaluation and understanding of the consistency of a foamed mixture prior to
initiating 3D printing are critical, as the consistency directly influences the precision and
quality of the printed structure. An optimal consistency ensures that the material retains
its properties and stability during the layer-by-layer application process. A mixture with
excessive fluidity can lead to spillage and loss of print shape, whereas an overly viscous
one may result in flow challenges and application difficulties. Moreover, consistency also
plays a crucial role in the adhesion and bonding of the mixture, which are fundamental
for the structural integrity of the final object. Proper consistency ensures effective bonding
between individual layers, thereby contributing to the durability and stability of the printed
structure. Furthermore, understanding the consistency of the mixture facilitates adjust-
ments to printing parameters, such as extrusion speed and temperature, which optimize
the process and reduce the risk of defects. The bubble quantity and structure within the
foam significantly impact the stability of the lower layers during printing. Over time, foam
instability may arise due to bubble coalescence driven by pressure differences [56]. To
investigate these phenomena, the stability of the fresh composite foam was analyzed both
before and after extrusion, as well as over time. Wet density measurements were used to
assess the stability of the mixtures. These measurements provide direct insights into foam
stability in aerated concrete; an increase in density indicates foam collapse within the com-
posite material [57]. This evaluation highlights the dependence between consistency, foam
stability, and printing parameters, which collectively determine the success and quality of
3D printed foam-based materials. Figure 5 presents the temporal changes in the density of
the studied mixtures, providing insights into the stability of foamed concrete. For samples
incorporating synthetic foaming agents, M1 exhibited a relatively stable increase in density,
from 3.3% after 30 min to 4.1% after 180 min. This indicates moderate foam stability, with
more pronounced changes occurring after the initial 30 min attributed to foam degradation
processes such as liquid expulsion, gas diffusion, and liquid film rupture, as described in the
literature [58]. Phenomena such as liquid expulsion from the foam, gas diffusion, and liquid
film rupture significantly impact the stability of foamed concrete. Liquid expulsion due to
gravity and surface tension reduces the film thickness, leading to rupture [59]. Moreover,
gas diffusion contributes to bubble coalescence, further destabilizing the foam structure.
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The behavior of M3 revealed exceptional foam stability, as evidenced by a negligible density
decrease of 0.1% after 180 min. Similarly, M5 demonstrated good foam durability, with
a minimal density increase of 0.7% over the same period, indicating minimal structural
changes over time. For mixtures with protein-based foaming agents, M2 shows a stable yet
modest density increase, ranging from 0.6% after 30 min to 1.6% after 180 min, reflecting
relatively stable foam properties. In contrast, M4 displayed the most significant density
increase, rising from 4.1% after 30 min to 5.6% after 180 min, indicative of considerable
foam degradation and instability over time. M6 showed a moderate density increase,
from 1.3% after 30 min to 2.44% after 180 min, suggesting moderate foam stability with a
tendency for gradual deterioration. The results indicate that most samples, except for M4
and M6, experienced a slight decrease in density within the initial 15 min, which stabilized
thereafter. The initial decrease in density observed in foamed mixtures can be attributed to
foam settling and the rearrangement of air bubbles within the matrix. During this phase,
air redistributes within the foam structure, resulting in a more uniform configuration and a
temporary reduction in density. Furthermore, the burst of larger air bubbles contributes to
a decrease in air content, which leads to increases in the density of the mixture. Following
this preliminary stage, as the foam structure stabilizes, density begins to rise again. This
increase may be linked to the progressive binding of the material and tightening of the
foam matrix during which the air content becomes fixed and stable. The consistency of the
mixture significantly affects not only the mechanical properties of the final product, such
as strength and durability, but also its esthetic attributes by mitigating issues like surface
unevenness or cracking. Another critical parameter is the open time of the foamed mixture,
defined as the duration during which the material remains workable before curing initiates.
Knowledge of the open time enables effective planning of the printing process, ensuring the
material is applied during its optimal workability period. An inadequately short open time
may cause application challenges, such as clogging of the material in the nozzle and failure
to achieve the desired properties in the printed structure. To evaluate the time at which the
mixture achieves a consistency suitable for 3D printing, a slump test was performed using
the slump table method [58-60]. The obtained results are presented in Table 6.
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Figure 5. Percentage increase in density of the tested mixtures as a function of time.

The results of the consistency study indicate that the time required to initiate the
printing process varies depending on the type of foaming agent used. Figure 6 presents the
optimal parameters for each mixture, determined based on the consistency of the foamed
concrete before and after performing the slump test. The slump test results reflect both the
mixture’s buildability and its ability to retain shape, which are critical factors for successful
3D printing applications.
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Table 6. Flow characteristics of mixtures as a function of time from preparation, according to PN-EN 1015-3.

Mixture Flow Diameter (mm)

Designation 1 15 30
8 Time from Preparation (min)
M1 180 160 150
M2 170 140 120
M3 160 140 120
M4 145 130 115
M5 145 125 110
Mé 140 120 110
before drop after drop
160
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Figure 6. Flow diameters of fresh foamed concrete.

Additional studies were conducted, incorporating both microscopic and macroscopic
analyses of the foam to evaluate its degradation time in relation to the type of stabilizer
utilized. The microscopic analysis offered a detailed perspective on structural changes at
the cellular level, enabling the observation of air bubble size and morphology over time.
Concurrently, the macroscopic analysis facilitated the evaluation of overall foam stability
and volumetric loss under controlled conditions. By integrating these methodologies, the
research sought to elucidate the influence of different stabilizers on the durability and struc-
tural integrity of the foam, providing a comprehensive understanding of their effectiveness
in enhancing foam stability. The presented images illustrate the foam degradation process
under different conditions and with the application of various stabilizers over time (1 min,
15 min, and 30 min after preparation).

For AS foam (Figure 7), in the absence of a stabilizer (a), rapid degradation is observed.
After 15 min, a significant reduction in both bubble size and number is evident, and after
30 min, the foam is almost completely degraded. The introduction of the UO stabilizer (b)
substantially improves foam stability—bubbles persist in greater numbers and for a longer
duration. However, an increase in bubble size over time is observed, which may indicate
coalescence. The application of the CA stabilizer (c) also enhances foam stability compared
to the sample without a stabilizer, although its effectiveness is lower than that of UO.
Smaller bubbles and moderate degradation over time are evident. For PS foam (Figure 8),
the sample without a stabilizer (a) demonstrates rapid structural collapse of the foam. The
UO stabilizer (b) significantly increases foam durability, maintaining the bubble structure
to a much greater extent, with degradation occurring at a much slower rate compared to
the unstabilized sample. Similarly, the CA stabilizer (c) improves foam stability during the
observation period (30 min), with air particles showing minimal degradation.
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Figure 7. Foam degradation from (left) 1 min after preparation, after 15 min, and after 30 min on the
right; (a) AS without stabilizer, (b) AS with UO, (c) AS with CA.

Figure 8. Foam degradation from (left) 1 min after preparation, after 15 min, and after 30 min on the
right; (a) PS without stabilizer, (b) PS with UO, (c) PS with CA.
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3.2. Buildability

To evaluate the extrudability of cellular concrete mixture, five individual layers, each
490 mm in length, were printed for each composition under consistent feed rates and
printing speeds. Extrudability was considered satisfactory if the layers were printed suc-
cessfully without variations in thickness, cracks, delamination, or blockages. Buildability
was assessed by examining the deformation of the lower layers under the weight of subse-
quent layers. Uniformity in layer thickness along the layers’ length was deemed essential.
Additionally, the mixture was required to demonstrate sufficient flexibility and stability to
prevent cracking during extrusion while minimizing the risk of delamination, which could
compromise the structural integrity of the printed element [61-64]. To ensure efficient
and smooth printing operations, the material must exhibit unobstructed flow through the
nozzle, facilitating continuous extrusion [65]. During the deposition of successive layers,
the mixture should retain its shape after printing, while the underlying layers must resist
excessive deformation under the weight of additional layers [66]. Structural stability is vital
to enable subsequent layers to support the imposed loads and maintain their geometry
throughout the construction process. Moreover, achieving uniform bonding between layers
is essential to ensuring the overall structural integrity and mechanical strength of the final
product. Adherence to these criteria is critical for fabricating a durable, well-constructed
structure with satisfactory mechanical performance. The printing process for the evaluated
mixtures is illustrated in Figure 9.
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Figure 9. Printing process using mixtures of varying compositions and consistencies at different time
intervals after preparation.

Based on the observations presented in Figure 9, several conclusions can be drawn
regarding the consistency and temporal stability of foamed concrete mixtures. The mixture
incorporating PS demonstrated superior shape retention and structural stability over time
compared to those containing AS. This indicates that PS agents enhance the resistance
of the mixtures to deformation under sustained conditions. Furthermore, the inclusion
of stabilizing agents also had a significant impact on the structural integrity and shape
retention of the printed layers. The mixture without stabilizers (M1) exhibited pronounced
deformation and sagging over time, even after just 30 min, highlighting insufficient foam
stability. In contrast, the mixture incorporating UO as a stabilizer (M4) showed improved
shape retention after 15 min, outperforming mixtures without stabilizers. However, the
addition of CA as a stabilizer (M5) rendered the mixture unsuitable for printing after 30 min.
For this additive, the open time for printing should not exceed 20 min after preparation,
which poses challenges for on-site applications and large-scale printing processes. Samples
incorporating synthetic foaming agents (M1, M3, M5) exhibited notable challenges in terms
of extrusion quality and buildability. The sample without a stabilizer (M1) displayed an
irregular structure with prominent cracks and gaps between layers, indicating instability
of the material during extrusion. The layers failed to maintain a uniform shape, resulting
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in significant deformations, particularly in the lower sections. The sample containing
UO (M3) demonstrated improved control over layer thickness compared to M1; however,
imperfections persisted at the layer junctions (Z-seams), and minor unevenness was ob-
served. Despite these issues, delamination was not evident, and the sample retained its
shape with reduced deformations relative to M1. The sample with used oil and CA (M5)
exhibited a denser consistency and a rough surface finish. The addition of stabilizers in
this mixture significantly reduced the open time, rendering the material unprintable after
30 min post-preparation (Figure 10, M5). In contrast, samples with protein-based foaming
agents (M2, M4, M6) demonstrated markedly superior extrusion and build quality, align-
ing with findings reported in the literature [67,68]. The sample without a stabilizer (M2)
demonstrated good extrusion quality, although minor defects were observed at the layer in-
terfaces. Despite these imperfections, the construction retained its shape without significant
deformations, indicating satisfactory buildability. In the mixture containing UO (M4), the
layers exhibited uniformity and strong bonding, with no visible interruptions, highlighting
the material’s stability during printing. Sample M6, however, faced some challenges in
extrudability, including unevenness and interruptions in the printed layers. Despite these
issues, the structure maintained overall stability, though with slightly greater deformations
compared to M2. Figure 10 illustrates the stacked layers of the printed foamed mixtures,
providing a visual evaluation of buildability by comparing the deformation of the lower
layer. The images reveal areas of minor deformation, with arrows marking locations where
the lower layer was damaged during the removal of the print from the printer bed. This
damage was attributed to the application of pressure on the brittle and delicate material.
It is important to note that assessing buildability using five stacked layers may not fully
capture the failure criteria relevant to precast construction elements, where larger-scale and
more complex geometries could influence structural performance.

Figure 10. Buildability of printed foam concrete using mixtures of varying compositions and consistencies.
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Figure 11 presents a comparative analysis of the extrudability and buildability of
foamed concrete samples produced with synthetic (M1, M3, M5) and protein-based (M4,
M2, M6) foaming agents, alongside the effects of foam stabilizers. The images highlight
differences in layer deposition quality (Z-seam), structural stability, and surface smoothness
between the two types of foaming agents. Arrows indicate regions where a noticeable
sagging of layers occurred due to the weight of the overlying material. The sample M1,
printed 30 min after mixture preparation, exhibited significant flow and deformation in the
lower layers, compromising structural stability. In contrast, the freshly prepared sample M3
demonstrated an uneven surface at the Z-seam; however, the front view revealed uniformly
deposited and stable layers. For sample M6, it was observed that the three lower layers are
visibly wider than the upper layers. This effect is likely attributed to the rapid action of
the stabilizer, which affected the consistency of the mixture during extrusion, leading to
changes in layer geometry over the printing process.

‘ SYNTHETIC FOAM AGENT ‘ ‘ PROTEIN-BASED FOAM AGENT ‘
‘ Z-SEAM ] ‘ PRINT FRONT ‘ ‘ Z-SEAM | ‘ PRINT FRONT ‘
M1
M3
M5

Figure 11. Comparison of the extrudability and buildability of foamed concrete samples produced
with synthetic foaming agents (M1, M3, M5) and protein-based foaming agents (M4, M2, M6).

3.3. Apparent Density

The analysis of the production method’s impact on apparent density, as presented in
Figure 12A, reveals that cast samples exhibit lower density compared to those produced
via 3D printing. The density differences range from 0.2 to 0.5 g/cm?, indicating that
3D printed samples are denser and more stable. This observation is consistent with the
inherent characteristics of the 3D printing process, which involves layer-by-layer extrusion,
leading to the natural densification of the material [69]. This method ensures effective space
filling while reducing the number of pores, thereby contributing to increased density. The
smallest percentage differences in density between printed and cast samples were observed
in mixtures M5 and M6 containing the CA stabilizer, with difference values of 6% and
11%, respectively. This phenomenon can be attributed to the rapid initiation of binding
and emulsification processes in these mixtures, enabling them to retain their foaming
parameters across both casting and printing techniques. This outcome is particularly
advantageous in 3D printing, as successive layering does not significantly compromise
the pore structure, thereby preserving the material’s insulating properties. Stabilization,
in terms of maintaining the density of foamed materials, enhances the control over the
3D printing process and contributes to material efficiency. Furthermore, the apparent
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density results were classified to examine the influence of stabilizers on material properties
for different production methods. Figure 10 illustrates that the application of stabilizers
significantly improves material stability. Samples without stabilizers exhibited the lowest
density and were less stable, as shown in Figures 10 and 11, making them unsuitable
for applications requiring long-term durability [70-72]. The incorporation of the used
oil stabilizer (UO) results in a slight increase in density, enhancing stability. However,
the most significant improvement in sample density was observed with the addition of
the CA stabilizer (EXOalc 1618), which led to a substantial increase in material density,
indicating an enhancement in material structure. This, however, also results in a higher
mass of samples. A potential compromise could involve the use of a moderate amount of
CA stabilizer, maintaining adequate stability while achieving an acceptably low density.
This presents an excellent opportunity for further research to optimize the proportion of
ingredients, thereby improving the material’s properties. Future studies could also focus
on understanding the mechanisms influencing the binding and stability of foamed concrete
under various technological conditions, particularly at larger scales. Figure 12C highlights
the influence of foaming agent type on concrete density. Samples produced with synthetic
foaming agents (AS) exhibit lower apparent density, ranging from 1.46 to 1.90 g/cm?3, which
is advantageous in terms of material weight reduction. In contrast, concrete produced with
protein-based foaming agents (PS) shows a broader density range, from 1.06 to 2.05 g/cm?.
While the increased density of PS samples may contribute positively to structural stability,
the synthetic agent (AS) appears more suitable for optimizing lightweight foamed concrete.
The addition of the CA stabilizer further contributed to reducing the density in both cast
and 3D printed samples.
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Figure 12. Variation in foamed concrete apparent density based on (A) production method, (B) stabi-
lizer type, and (C) foaming agent.
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3.4. Water Absorption

Figure 13 presents a view of the samples during the water absorption tests, concerning
the influence of sample orientation and the type of mixture used. In contrast, Figure 14
depicts the relationship between water absorption and time for sample M1. The water
absorption coefficient A was calculated for each sample.

Figure 13. View of the samples during water absorption concerning the influence of sample orienta-
tion and the type of mixture used.

Figure 14. Water absorption of sample M1 over time.

The results presented in Figures 15 and 16 demonstrate differences in water absorption
depending on sample orientation, mixture type used, and production method. Figure 15
shows the mass gain of the samples per unit area over time, while Figure 16 displays the
calculated water sorption coefficients. For samples positioned vertically, corresponding
to the standard method for assessing capillary absorption, mixture M1 (foamed with a
synthetic agent without a stabilizer) exhibited the highest water absorption. This was char-
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acterized by a rapid mass increase during the initial hours of the experiment, likely due to
the high porosity and open structure of the sample, which facilitates intense water uptake.
In contrast, mixtures M2 (foamed with a protein-based agent without a stabilizer), M3,
M4, M5, and M6 demonstrated lower water absorption levels. Among these, samples M5
and M6, containing the CA stabilizer, exhibited the lowest water absorption, likely due to
their denser concrete structure, which restricts water penetration. When the samples were
oriented horizontally, a general trend of slightly reduced water absorption was observed
compared to the vertically oriented samples, indicating the influence of orientation on
water uptake behavior. These differences are particularly evident in mixture M1, where
horizontal absorption reaches lower maximum values compared to the vertical orientation.
This discrepancy is likely attributable to variations in the layered structure of the material
produced via 3D printing, with layers potentially exhibiting differing absorption properties.
This observation aligns with findings from other studies, which indicate that in samples
oriented directed parallel to the horizontal axis in a coordinate system (X-axis), water
rapidly infiltrates vertical interlayer spaces at the onset of the absorption process [73].
The graph of water sorption coefficients (Figure 16) indicates that mixture M1 achieves
the highest coefficient value among the printed samples, measuring 1.9 kg/(m?-h!/2),
indicating very intense water absorption. In contrast, the coefficients for the remaining
samples are significantly lower. Mixtures M5 and M6, both stabilized with CA, exhibit the
smallest sorption coefficients, confirming that stabilizers effectively reduce water perme-
ability and flow through the material. Analyzing the results in conjunction with Figure 15,
it is evident that samples with lower apparent density exhibit higher water absorption.
For instance, sample M1, which has one of the lowest apparent densities (1.52 g/cm? for
cast samples), demonstrates the highest water absorption in the graphs depicting capillary
water uptake. Conversely, samples M5 and M6, containing the CA stabilizer, show higher
apparent densities (up to 2.05 g/cm? for printed samples), correlating with lower water
absorption. This indicates that lower apparent density is associated with increased material
porosity, facilitating capillary water uptake, while higher apparent density reflects a denser
concrete structure that restricts water penetration [74,75]. Furthermore, the consistency of
the foamed concrete, defined by its ability to retain shape after extrusion through the 3D
printer nozzle, influences its capillary properties. As shown in Figure 12, samples foamed
with synthetic agents (M1, M3, M5) and exhibiting lower consistency tend to have a more
uneven surface and pronounced Z-seam joints. These irregularities provide additional path-
ways for water infiltration, resulting in higher water absorption. In contrast, samples with
a denser structure and improved extrudability, such as those foamed with protein-based
agents (M2, M4, M6), exhibit a more uniform surface. This minimizes water penetration, as
reflected by their lower water absorption values and higher apparent densities.

In the context of moisture studies, temperature differences between wet and dry
areas allow for the visualization of regions with elevated water content. The moisture
accumulating in the material typically has a lower temperature, which in our case appears
as blue areas on the thermographic image compared to the dry sections, (Figure 17). The
study confirms that sample M1 exhibits the highest water absorption with the largest, often
interconnected, and irregular pores, as shown in Figure 18. Protein-based foaming agents
show lower water absorption in samples without stabilizers (M2) and in samples stabilized
with UO (M4) compared to those with synthetic foaming agents (M1 and M3). However,
the samples stabilized with CA (M5 and M6) do not show significant differences after
120 min of immersion, which is consistent with the data presented in Figure 15. According
to the section discussing optical microscopy, foamed samples using a protein-based agent
feature smaller, more evenly distributed pores. This microstructure promotes a more
uniform and compact pore network, which reduces the overall porosity of the material. In
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concrete with large, irregularly distributed pores, these spaces easily connect to form larger
capillary channels, facilitating rapid and extensive water absorption. Such a structure
allows water to move more freely within the material, as the irregular pores create multiple
pathways for flow. In contrast, in samples with small, regularly shaped pores and a uniform
distribution, water encounters more resistance because the smaller and evenly distributed
pores limit the formation of capillary pathways. As a result, concrete with a homogeneous
microstructure exhibits significantly lower water absorption compared to concrete with
large, irregular pores. Consequently, the reduced pore size and more uniform distribution
limit the material’s ability to absorb water, as fewer and smaller spaces are available for
water penetration. This explains the lower water absorption observed in protein-based
foamed concrete compared to samples with synthetic agents, where the pore structure may
be less uniform and more prone to water uptake.
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Figure 15. Variations in Am/F as a function of time, depending on sample orientation, mixture type,
and production method.
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Figure 16. Water sorption coefficient values based on sample orientation, mixture type, and produc-
tion method.



Processes 2025, 13, 403

23 of 31

MI M2 M3 M4 M5 M6

M2 M3 M4 M5 M6

(b) ()

Figure 17. Thermal images of samples depending on their composition after water absorption times
of: (a) 1 min, (b) 60 min, and (c) 120 min.

Figure 18. Pores inside 3D printed samples based on mixture type used.

3.5. Microscopy Observation

Microscopic analysis reveals significant differences in the size, shape, and distribution
of pores within the material’s structure, influenced by the used production methods. As
shown in Figure 18, 3D printed samples exhibit greater irregularity in pore shapes. The
pores tend to be more oval and flattened, consistent with the theory that the layer-by-layer
deposition in printed concrete deforms pores under mechanical pressure and forces during
extrusion. As a result, these pores deviate from the ideally spherical shape observed in cast
samples. Additionally, the pore sizes in printed samples are more heterogeneous, likely
due to variations in printing speeds and the pressure exerted by the nozzle. In contrast,
Figure 19 illustrates cast samples with more spherical and uniform pores. This uniformity
can be attributed to the natural dispersion of air or foam in the liquid phase during the
casting process. The formation of pores in this context is influenced by the minimization
of surface energy, leading to shapes closer to a sphere. While minor deformations may
occur due to settling and gravity, the overall symmetry of the pores in cast samples remains
superior to that observed in printed samples [76-78].

The microscopic images present the porosity of the samples (Figures 18 and 19),
revealing large areas that appear completely black, indicating the absence of pores in these
regions. These pore-free surfaces are more prominent in the 3D printed samples than in the
cast samples. This suggests that the 3D printed specimens have a higher material density,
resulting in a less porous structure compared to the cast samples. The layer deposition
process in 3D printing, influenced by nozzle pressure, leads to a more compact structure,
which causes localized reductions in porosity and an increased number of pore-free areas.
In contrast, cast samples exhibit a more homogeneous concrete structure with pores more
uniformly distributed, resulting in fewer pore-free areas. Figures 20 and 21 further illustrate
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that samples foamed with synthetic agents display larger pores, particularly in the range of
400 to 800 pm. This tendency to form larger pores is likely due to the physical properties
of the synthetic agents, which generate larger air bubbles, thereby creating larger pores
during the concrete hardening process [79,80]. Figure 20 shows that samples foamed
with synthetic agents (AS) exhibit a more varied pore size distribution, with a significant
proportion of pores exceeding 400 um in diameter. In contrast, samples foamed with
protein-based agents (PS) display smaller and more uniformly distributed pores. The
graphs in Figure 21 reveal that in most cases, pores in the 100-400 um range dominate,
which aligns with findings from previous studies [78]. This distribution indicates that
the protein-based foaming agent generates smaller and more homogeneous air bubbles,
leading to the formation of smaller, more regular pores throughout the sample. In both AS-
and PS-foamed samples, the highest concentration of large pores (400-800 um) is observed
in samples without stabilizers. In contrast, the lowest occurrence of large pores is found
in samples stabilized with the commercial stabilizing agent EXOalc 1618, highlighting its
effectiveness in reducing the formation of larger voids.

Figure 19. Pores inside molded samples based on mixture type used.
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Figure 20. Pore size distribution graph in foamed concrete with synthetic agents based on mixture
type used and production method.

Moreover, the stabilizing agents used in samples M3-M6 significantly influence the
porosity characteristics of the materials. For samples M3 and M4, which utilized used
industrial oil (UO) as a stabilizing agent, greater irregularity in pore shapes and a less
uniform distribution of pore sizes were observed. The data indicate that these samples
exhibit a higher proportion of pores with varying sizes, suggesting that UO may be less
effective in stabilizing the pores, leading to the formation of larger, irregular voids. In
contrast, samples M5 and M6, which incorporated the commercial stabilizing agent EXOalc
1618 (CA), demonstrate more uniform and smaller pores, particularly in the 100-400 pm
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range. This suggests that the commercial stabilizing agent is more effective in controlling
pore formation, resulting in a more stable and predictable concrete structure. The enhanced
uniformity in pore size not only contributes to the mechanical properties of the material
but also improves its overall performance in various applications.

Percentage (%)

Percentage (%u)
5 & H

printed samples PS molded samples PS
——M2 -#8-M& —aM6 30 ——M2 ‘M4 —M6 |

N

N e, 5

Ny

——

100

200

300

400

500 >1000 o

Pore size (um)

600 700 800 900 1000
100 200 300 400 500 60O 700 §00 900 1000 >1000

Pore size (um)

Figure 21. Pore size distribution graph in foamed concrete with protein-based agents based on
mixture type used and production method.

Future research will focus on the potential for producing foamed concrete using
recycled materials. The priority in these studies will be to develop a stable material
with appropriate viscosity and a long open time suitable for 3D printing. An important
objective will also be to achieve a material with uniformly distributed pores within the
printed sample, which will facilitate the attainment of the desired technological properties
required for additive manufacturing processes. Moreover, the use of recycled materials
will contribute positively to the sustainable development of the construction industry.

3.6. Flexural Strength Tests and Compressive Strength Tests

A three-point bending test was performed to evaluate the material’s behavior under
load and its flexural strength. Additionally, two compression tests were conducted, exam-
ining the samples in directions parallel and perpendicular to the Z-axis, which corresponds
to the layer deposition direction in 3D printing. These tests aimed to investigate the in-
fluence of load direction on the material’s compressive strength and to identify potential
anisotropic behavior resulting from the layer-by-layer manufacturing process. The parallel
and perpendicular compression tests provided valuable insights into how the printing
orientation affects the mechanical performance of the samples.

Figures 22-24 present the results of three-point bending and compression tests con-
ducted as part of this study. The findings indicate that sample M1 exhibits the highest
porosity, which correlates with the lowest mechanical strength across all tests. Specifically,
the bending strength is limited to 0.2 MPa, and the compressive strength in parallel and
perpendicular directions is 0.2 MPa and 0.1 MPa, respectively. The elevated porosity signif-
icantly compromises the material’s structural integrity, hindering effective load transfer. In
contrast, samples foamed with synthetic agents with stabilizer additions M3 and M5 display
reduced and more uniform porosity compared to M1. For sample M3, the bending strength
is 1 MPa, while the compressive strengths in the parallel and perpendicular directions
are 8.1 MPa and 4.2 MPa, respectively. The favorable compression results suggest a more
optimal pore distribution within this sample. Sample M5, meanwhile, achieves a bending
strength of 1.7 MPa, a parallel compressive strength of approximately 4.3 MPa, and an
impressive strength of 11.5 MPa in the perpendicular direction. These results suggest that
the presence of fewer pores with more regular shapes and smaller surface areas contributes
to the enhancement of the mechanical properties.
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Figure 22. Flexural test depending on the sample composition.
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Figure 23. Compressive strength of samples in the direction parallel to the Z-axis (layer deposition
direction) depending on the sample composition.
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Figure 24. Compressive strength of samples in the direction perpendicular to the Z-axis (layer
deposition direction) depending on the sample composition.

The PS-foamed samples, namely M2, M4, and M6, are characterized by significantly
more regular porosity. These samples exhibit the highest strength values. M4 and M6
demonstrate bending strengths of 1.4 MPa and 3.8 MPa, respectively, along with the highest
compressive strengths in the perpendicular direction (7.8 MPa and 10.3 MPa) and parallel
direction (10 MPa and 4.3 MPa). These findings suggest that the uniform distribution
of pores, despite their high quantity, enables effective load transfer and minimizes stress
concentration. Sample M2, however, yields more moderate results, with 1.6 MPa in bending,
6.2 MPa in parallel compression, and 3.5 MPa in perpendicular compression. These values
suggest a relatively limited influence of pores on the material’s strength compared to the
other samples. The results clearly differentiate between CA-stabilized samples regardless
of the foaming agent used. Samples subjected to compression perpendicular to the layer
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deposition direction exhibit the highest strength values (M5: 11.5 MPa and Mé6: 10.3 MPa),
while those tested parallel to the deposition direction display strength values nearly three
times lower. This discrepancy may be attributed to the 3D printing process, in which the
layers of rapidly emulsified material may not bond sufficiently, leading to a reduction
in mechanical strength along the direction parallel to the print. The weaker connections
between individual layers likely result in diminished load transfer in this direction, as
evidenced by Figure 11, where the upper layers of the prints appear narrower due to the
denser material flow from the extruder.

4. Conclusions

Research on foam concrete, considering the influence of foaming agents and stabiliz-
ers on porosity and structural stability, mechanical properties, and thermal insulation, is
essential for the development of 3D concrete printing technology, as well as sustainable
construction practices. A strong dependence was identified between apparent density and
water absorption properties. A synthetic foaming agent (AS) allows for a lower material
density than a protein-based foaming agent, which is advantageous for lightweight con-
struction materials. On the other hand, the stabilizer CA significantly enhances concrete
foam stability, albeit at the cost of increased density. Without a stabilizer, AS foam exhibited
significant degradation within 30 min, with noticeable bubble reduction by 15 min. The UO
stabilizer improved stability markedly, with bubbles persisting longer despite coalescence.
The CA stabilizer also enhanced stability, but the difference was not significant compare
to UO, showing moderate degradation within the 30 min observation period. PS foam
without a stabilizer degraded during the experiment. The UQO stabilizer significantly in-
creased foam durability, with minimal degradation during the observation period. The CA
stabilizer provided stabilization, maintaining an almost unchanged bubble structure during
30 min. Mixtures prepared with the synthetic foaming agent in the absence of stabilizers
(M1) exhibited the highest water absorption rates. In contrast, the addition of stabilizers,
particularly formulations incorporating cetearyl and stearyl alcohol (M5 and M6), markedly
reduced water absorption. Samples with the addition of the synthetic foaming agent (M1,
M3, M5) generally showed higher water sorption coefficients compared to those with the
protein-based foaming agent (M2, M4, M6). The highest sorption values were observed in
samples M1 (1.7 kg/ m?h! /%) and M3 (1.6 kg/ m?h!/2) in the vertical orientation, with the
horizontal orientation of sample M3 achieving a peak value of 2.0 kg/m?h! /2. Moreover,
stabilization using UO (M3, M4) resulted in higher sorption coefficients than stabilization
with CA (M5, M6). A microscopic analysis of porosity revealed notable differences between
3D printed and cast samples. The 3D printed specimens exhibited higher material density
and a more compact structure, characterized by reduced porosity and increased pore-free
regions. This densification is attributed to the layer-by-layer deposition process and nozzle
pressure, which contribute to a tighter packing of the material. Furthermore, the choice
of foaming agent significantly influenced pore morphology: synthetic foaming agents
produced larger, irregularly shaped pores, while protein-based agents caused smaller, more
uniform pores. The stabilizing agents also determined porosity characteristics. Stabilization
with UO resulted in greater irregularity in pore distribution, whereas commercial stabilizers
like CA generated smaller, more uniformly distributed pores. Sample M1, with the highest
porosity, exhibited the weakest mechanical properties, including a bending strength of
0.2 MPa, parallel compressive strength of 0.2 MPa, and perpendicular compressive strength
of 0.1 MPa. In contrast, samples with reduced and more uniform porosity, such as M5 and
M6, achieved higher strength values, with M5 displaying a perpendicular compressive
strength of 11.5 MPa and bending strength of 1.7 MPa. Synthetic foaming agents with
stabilizers (e.g., M3, M5) and PS-foamed samples (M4, M6) exhibited enhanced mechani-
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cal performance. M6 achieved the highest bending strength (3.8 MPa) and compressive
strengths of 4.3 MPa (parallel) and 10.3 MPa (perpendicular), attributed to uniform pore
distribution minimizing stress concentration. Compression strength perpendicular to the
layer deposition direction (M5: 11.5 MPa; M6: 10.3 MPa) was significantly higher than in
the parallel direction, where strength values were up to three times lower. This disparity
is linked to weaker interlayer bonding in the 3D printing process, highlighting a need
to optimize layer adhesion to improve load transfer. The improved pore uniformity in
CA-stabilized samples corresponded to enhanced mechanical properties and overall perfor-
mance, emphasizing the critical role of both foaming and stabilizing agents in optimizing
the porosity and structural integrity of foam concrete. The utilization of finely ground brick
particles as a foam stabilizer in concrete presents a promising alternative for improving
material performance. Future research should focus on investigating the effects of varying
GB proportions on foam stability and overall concrete properties. Similarly to fine particles
like nano-silica, nano-calcium carbonate, or nano-alumina, GB has the potential to enhance
foam stability, improve the mechanical properties of foam concrete, and contribute to
sustainable construction by addressing waste management challenges.
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