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Abstract: Recently, there has been an increase in interest in lightweight cement composite, which is
foamed concrete. Research on most foamed concretes focuses on determining the properties of
foamed concrete of a given composition. While the properties of foamed concrete are closely related
to its composition. Therefore, the aim of this article was to compare two types of foamed concrete
with the same densities produced from different compositions, including a foaming agent of different
origins. Foamed concrete mixes with the assumed density of hardened foamed concrete of 600, 800
and 1000 kg/m? were designed. The comparison was made in terms of porosity, microstructure and
compressive strength. Foamed concretes with a density tolerance of +50 kg/m? and 5% compared to
the target density were obtained. The porosity of both foamed concretes for all densities was
comparable, and the relationship between density and porosity was linear. For foamed concrete
based on a protein foaming agent, lower compressive strength was obtained, which was related to
the lower class of cement used.

Keywords: foamed concrete; lightweight cellular concrete; pore material; foaming agent; pre-pared
foam; air-void structure; microstructure; SEM

1. Introduction

Due to the observed climate changes, it is necessary to take care of the environment [1,2]. There
is a need to adapt the construction industry to changing standards in the field of sustainable
development related to the circular economy (CE) [3,4], reducing energy consumption [5-8] and
reducing the carbon footprint [9]. It is estimated that the construction sector is currently responsible
for about 35% of global energy consumption and about 38% of global carbon dioxide (CO2) emissions
[10]. The production of building materials accounts for about 10% of the above [11]. Therefore, it is
necessary to search for new technological, material and construction solutions [12-14]. This can be
considered in two aspects: production (carbon footprint, energy consumption, recycling and waste
management, etc.) and use (energy consumption when using these products, e.g. building material
[15,16]). The material that combines both of the above aspects seems to be foamed concrete. It should
be noted here that foamed concrete has been known for over 100 years [17]. However, only recently
has foamed concrete developed due to the development of foaming agents and the development of
machines for the production of foamed concrete. It is associated with the development in the field of
chemistry and technology of machines for the production of building materials, respectively.

Foamed concrete is defined as lightweight concrete, in which the volume content of air voids is
at least 20% [18-20], produced by the pre-foaming method or in the mixing process [21-23]. Foamed
concrete (FC) is classified as lightweight concrete with density ranging from 280 to 1800 kg/m? [24-
28]. The thermal conductivity coefficient ranges from about 0.1 to 0.7 W/(m-K) for foamed concrete
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with density ranging from 600 to 1600 kg/m? [29-34]. The main advantages of foamed concrete are
low weight, good insulating properties and relatively good compressive strength [35-40].

The decisive factor for foamed concrete, as well as other cement composites, is cement. The
distinguishing factor for foamed concrete is the foaming agent from which the foam is produced. The
selection of foaming agents plays a key role in the production of stable foam with good properties
[41-44], which is the basis for the production of foamed concrete with good properties [45-47].
Foaming agents can be divided into: natural agents based on protein, animal or plant origin [48-50]
and synthetic agents [51-55].

Foamed concrete produced on the basis of synthetic foaming agents is less frequently presented
in the literature [56-58]. This may be related to the problem of their compatibility with other
admixtures in the alkaline environment of the cementitious mix, as well as compatibility with the
cementitious mix itself [59,60]. For this reason, a foaming agent based on natural protein is much
more often used to produce foamed concrete [38,61,62]. It is assumed that foam based on natural
foaming agents is characterized by greater stability [59,63,64]. This ensures the stability of the porous
structure at the hardening stage [65]. As a result, foamed concrete produced from foaming agents
based on natural proteins is characterized by a higher air content, i.e. lower density [66,67]. In the
literature, it can be found that foamed concrete produced from a natural foaming agent is
characterized by higher compressive strength [59,68] even by over 60-80% [19,63,69]. However, Sun
et al. [42] obtained about 43% and 11% higher compressive strength for foamed concrete on a
synthetic basis compared to foamed concrete on a natural basis, made from plant and animal protein
(animal blood), respectively. Falliano et al. [63] obtained significantly higher compressive strength
for foamed concrete with a density of about 400 to 850 kg/m?, produced on the basis of a protein
foaming agent than on the basis of a synthetic foaming agent. This is consistent with the results of the
research by Golaszewski et al. [70] conducted for foamed concrete with a density lower than 400
kg/m3. This effect was much more pronounced than that observed by Panesar [59] for foamed
concrete with medium and high density.

Hou et al. [71] conducted comparative studies for different types of foaming agents. They tested
foamed concrete based on cationic surfactant (cetyltrimethylammonium bromide CTAB), anionic
surfactant (SDS), hydrolysed animal protein (HP) and non-ionic surfactant (OP-10 emulsifier).
However, these studies concern only properties of foamed concrete mix and microstructures of
hardened foamed concrete.

Therefore, the aim of this article is to compare the properties of foamed concretes of the same
density but produced from different recipes, where the basic difference is the use of foaming agents
of different origin (synthetic and organic). The tests were carried out for three target densities of
hardened foamed concrete (600, 800 and 1000 kg/m?). The tests were carried out for samples of the
same densities, but the samples differ in: 1) components, including synthetic (I) and protein foaming
agent (II), 2) method of production: foam generator (I), foamed concrete production machine (II).
Density, porosity, and mechanical properties were tested. Moreover, the microstructure of hardened
foamed concrete was determined.

2. Materials and Methods

2.1. Specimen Preparation and Mix Composition and Production of Foamed Concrete Based on Synthetic
Foaming Agent

The following ingredients were used to conduct the study: Portland cement; tap water and
synthetic foaming agent. Class of Portland cement according to EN 197-1:2011 [72] was CEM I 42.5R.

Specimens of foamed concrete with three different densities were produced (see Table 1). The
densities of hardened foamed concrete were about 600, 800 and 1000 kg/m? with a tolerance of +50
kg/m? marked as FC600-S, FC800-S and FC1000-S respectively. A commercial liquid polymer
admixture with specific gravity of 1.02 g/cm? was used as synthetic foaming agent (MEEX, Chrzanéw,
Poland). The synthetic foaming agent contents were 8.0, 5.0 and 4.0% of cement mass. Based on


https://doi.org/10.20944/preprints202503.0280.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2025 d0i:10.20944/preprints202503.0280.v1

3 of 16

previous research work by the authors [53-55], a constant weg/c ratio was set at 0.44 for all specimens,
where wef is the water content, including tap water and liquid foaming agent; c is the cement content
(Table 3).

Table 1. Mix proportions (1m?3).

) Target Cement Water Foaming Agent Foaming Agent
Mix Symbol Dengity kel “" kgl D%of Comont Mass] ni] i
FC600-S 600 430 155 8.0 34.4
FC800-S 800 610 0.44 238 5.0 30.5
FC1000-S 1000 700 280 4.0 28.0

The foamed concrete specimens were prepared according to the pre-foaming method. At first,
water and cement were mixed. Next, the foam was added and all components were mixed. In order
to make a stable foam with density of 60+3 kg/m?, the correct amount of liquid polymer agent was
pressurized with air at approximately 5 bars using a foam generator (Fig. 1). The foam content was
established on the basis of the target dry density of foamed concrete (considering earlier experiments,
see Table 1).

Figure 1. Equipment for making foamed concrete.

2.2. Specimen Preparation and Mix Composition and Production of Foamed Concrete Based on Protein
Foaming Agent

The components of foamed concrete are cement, foaming agent, mixing water, aggregate,
mineral additives and admixtures.

The materials used in this study were Portland cement, tap water, sand and protein foaming
agent and admixture (superplasticizer recommended by the manufacturer — iwtech Ltd. Slovakia).
The industrial Portland cement was CEM I 32.5R, according to EN 197-1:2011 [72]. It was used
commercial foaming agent on the basis of hydrolyzed proteins (iwtech Ltd., Slovakia).

Analogously as before, samples of foamed concrete with three different densities (600, 800 and
1000 kg/m? with a tolerance of +50 kg/m3, marked as FC600-P, FC800-P and FC1000-P respectively)
were produced, see Table 2.
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Table 2. Mix proportions (1m?3).
Target Sand Concentrate of
. . . Cement Water 0/2-  Superplasticizer Foaming

Designation ?lfg’;f;g kg 7 kgl o [dm?] Agent
kgl [kgl

FC600-P 600 300 052 157 220 1.2 1.60
FC800-P 800 310 050 154 410 1.6 1.42
FC1000-P 1000 345 048 164 627 1.8 1.17

The foamed concrete mixes were produced by using special mixing machines (Figure 2). Foamed
concrete was produced in two separate processes. At first, fresh mortar was prepared. In this purpose,
components of mortar were mixed. The foam with density of 45-85 kg/m? was produced in a separate
process. The foam is made from a concentrate of a protein foaming agent diluted in clean water in
the amount of 2.0 - 4.5%. Next, the foam was added to fresh mortar and all ingredients were mixed
at a constant rotational speed. In order to ensure the appropriate quality of foamed concrete, the
machine was equipped with systems for automatic dosing of the foamed concrete mix components.
The components were dozed by weight (Figure 2).

built-in weight _

i)
1

Figure 2. Special mixing machines to produce foamed concrete [73].

2.3. Specimen Preparation

Samples were prepared in steel moulds (Figures 1b, c) and then covered with foil to protect
against water evaporation and to ensure the best bonding conditions. After period of 24 hours in
curing room at the temperature of 20 + 1° C for subsequently, all of the specimens were removed
from the moulds and stored for a further 14 days at 20£1°C and 95% humidity. After this time, the
foamed concrete samples were stored under ambient conditions (at 20 + 1° C and 60 * 10% humidity).

2.4. Methodology

2.4.1. General Information

Laboratory tests on samples were carried out after 28 days of curing. The density, porosity,
microstructure and compressive strength of the foamed concrete were tested. Due to the relatively
short period since the dissemination of foamed concrete, there are no test standards in place in Poland
or Slovakia [74, 75]. Therefore, the test methods for concrete were adopted.
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2.4.2. Density

According to the standard EN 12390-7:2019 [76] the density of foamed concrete samples were
measured on 150 mm standard cubes. The samples were examined in their natural state of humidity.
Three measured samples for each mix were tested.

2.4.3. Porosity

The porosity of hardened samples of foamed concrete was measured as per PN-EN 1936:2010
[77]. The three specimens for each mix were measured.

2.4.6. Microstructure

For the purpose of carrying out microstructural tests, smaller samples measuring approximately
20 mm x 20 mm x 10 mm were cut from the centre of the casted elements. These samples were
subjected to a procedure of further preparation including drying and immersing in resin under
vacuum. The entire grinding and polishing process was then carried out. A detailed description of
the sample preparation method is described in an earlier publication [78]. Microscopic examinations
were carried out using a scanning microscope model Sigma 500 VP from ZEISS (Zeiss Microscopy,
Jena, Germany). BSD (backscattered electron detector) detector images were collected. Elemental
composition analysis and elemental distribution maps were performed using an EDS detector model
UltimMax 40 from Oxford Instruments (Oxford Instruments NanoAnalysis, High Wycombe, UK).
Samples of the polished sections were sputtered with gold before SEM examinations.

2.4.4. Compressive Strength

Similar to density measurements, compressive strength was tested on 150x150x150 mm
specimens according to EN 12390-3:2019 [79] using a MEGA 6-3000-100 compression machine (FORM
+ TEST, Riedlingen, Germany) with a maximum load capacity of 3000 kN. The loading rate (0.10+0.05
MPa/s) was assumed according to PN-EN 679:2008 [80]. Three samples for each mix were tested.

3. Results and Discussion

3.1. Density

Figure 3 presents the results of average densities of the hardened foamed concrete produced
from different components. Samples produced from a foaming agent of synthetic origin are
designated as Series S, and from a protein one - Series P. The difference between the assumed and
obtained density is less than 50 kg/m?® and less than 5%. This proves that the samples were
manufactured correctly [37].

It is interesting that for foamed concrete produced on the basis of a synthetic foaming agent, this
difference increases with increasing density, while for a protein foaming agent it decreases (Table 3).
Observations in this direction should be conducted on a larger sample and are not the subject of this
research.
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Figure 3. Comparison between the assumed and obtained density of foamed concrete.

Table 3. Difference between assumed and obtained density for foamed concrete produced using different types
of foaming agents.

N Target Density Obtained Density Difference Difference
0.
[kg/m?] [kg/m?] [kg/m?] [%]
FC600-S 600 615 15 2.50
FC800-S 800 830 30 3.75
FC1000-S 1000 1040 40 4.00
FC600-P 600 574 26 4.33
FC800-P 800 764 36 4.50
FC1000-P 1000 997 3 0.30
3.2. Porosity

According to the definition, foamed concrete contains more than 20% of the volume of air voids
[81]. For the analyzed samples, 80, 70 and 60% were obtained for foamed concrete with a density of
600, 800 and 1000 kg/m?, regardless of the composition used, including the origin of the foaming
agent. The porosity of foamed concrete decreased with increasing density. However, the obtained
porosity values for foamed concrete produced with synthetic and protein foaming agent were very
similar, see Figure 4.
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Figure 4. Correlation porosity and density of foamed concrete.

It can be seen that porosity results of foamed concrete were arranged along one line regardless
of the type of foaming agent. The dashed line indicated the correlation between the density and
porosity of foamed concrete for all results. This was a linear relationship, and Poisson's ratio was
close to 1, which indicated a high consistency of the results.

There are few results of foamed concrete porosity in the literature, and they are determined by
different methods. Therefore, it is difficult to compare the obtained results with those of other
scientists.

3.3. Microstructure

Figure 5 presents an example of microstructure of FC600-S, FC800-S and FC1000-S samples.

Analysis of microstructure of S-series foamed concrete have shown large amount of air voids,
mainly macropores with diameter up to single millimetres. Most from the observed air voids were
spherical with well-shaped edges. Some of observed cracks in microstructure were probably related
with the sample preparation. With increasing density of foamed concrete number of air voids
decreased. In cement grout several grains of clinker relicts were observed. Number of those grains
seems to increase with the density of foamed concrete. C-S-H phase in most observed regions was
seal and well developed without excessive porosity. Some grains of siliceous fly ash were observed
but the quantity of fly ash seems to fulfil the requirements for the composition of CEM I cement (less
than 5%).

To compare the microstructure of foamed concretes produced with different types of foaming
agents, the samples of P-series were also examined. Figure 6 presents examples of microstructure of
foamed concretes from P-series.
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Figure 5. Microstructure of S-series of foamed concrete; arrows marks clinker relicts.

Microstructural analysis of the foamed concrete samples from P-series showed the presence of
numerous air voids in all samples, mostly spherical with diameters ranging from tens of micrometres
to a few millimetres. Number of air voids decreased during the increase of concretes density. The C-
S-H phase was porous in most areas, only the areas surrounding the clinker relics were more compact
and tight. Foamed concretes from P-series with higher density had their microstructure more seal
and enriched with calcium, however it was still more porous than those observed in S-series.
Diameters of cement clinker relicts were mostly larger than those observed in S-series. In concretes
with higher density increase of content of fine, siliceous aggregates with diameter less than 0.5 mm
were observed. Grains of fine aggregates were mostly well bounded to the cement matrix. Few grains
of blast furnace slag with varying degrees of hydration were observed in the cement grout, but their
number seems to fulfil the requirements for CEM I cement (less than 5%).

Comparison between microstructure of foamed concretes produced with different types of
foaming agents relating to the similar densities have not shown significant differences with the
number of air voids, their shape and distribution. C-S-H phase in P-series foamed concrete relating
to the S-series was more porous and contained larger grains of clinker relict grains. Differences in
grouts microstructure might be related with the higher water-cement ratio and lower content of
cement in P-series. Larger grains of clinker are a consequence of lower specific surface area of cement
32.5 class relating to the 42.5 in S-series. Spotted differences in microstructure between both series of
foamed concrete might be the cause of lower mechanical properties of P-series relating to the S-series.
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Figure 6. Microstructure of P-series of foamed concrete; arrows marks clinker relicts.

3.4. Compressive Strength

The results of compressive strength of foamed concrete for three assumed density was presented
in Figure 7a. It was observed that with increase in density, compressive strength also increased
regardless of the origin of the foaming agent [24,56]. However, the compressive strength values are
different. Therefore, compressive strength is directly related with density, what was found in
previous studies [53-55,82] and by other scientists [56], but this correlation is different for different
compositions, including different types of foaming agent (Figure 7b). The dashed line indicates the
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correlation made when all compressive strength results are relative regardless of the composition of
the foamed concrete mix. The Poisson's ratio is 0.91, which indicates a high degree of agreement
between the fit.
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Figure 7. Relationship between density and compressive strength in hardened foamed concrete for a) target
density, b) obtained density.

The obtained results of compressive strength were consistent with the results of other scientists,
e.g. Castillo-Lara et al. [83] for foamed concrete with density of 706+8 kg/m3 obtained 1.42+0.05 MPa.
Conversely, She et al. [52] for foamed concrete with 800 kg/m3 obtained 3.61 MPa. From the
referenced research results it can be observed that the obtained compressive strength values were
higher for foamed concrete produced using synthetic foaming agent than protein foaming agent. For
foamed concrete with a density of 600, 800 and 1000 kg/m3, the compressive strength was lower by
about 10, 40 and 50%, respectively, for foamed concrete produced using an organic foaming agent.
Similar results were obtained by Sun et al. [42]. They demonstrated that approximately 43% and 11%
higher compressive strength was obtained for foamed concrete based on a synthetic foaming agent
compared to foamed concrete based on a natural foaming agent made from plant and animal protein
(animal blood), respectively. This is due to the good structure of the foam (homogeneity of the
bubbles) and its properties [74]. Furthermore the synthetic foaming agent contains a stabiliser, such
as nanoparticles, which may accumulate at the interface of the air bubbles [52] to prevent collapsing.
High stability and strength of the foam will be beneficial to maintaining the foam structure in the
cement paste [84], thus, resulting in higher compressive strength [52].

It is important, however, that the higher the density, the greater the difference between
compressive strengths. Therefore, in the next step, the subject of analysis was the relationship
between compressive strength and porosity. The results were shown in Figure 8.
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Figure 8. Relationship between density and compressive strength in hardened foamed concrete.

It can be observed that for the same porosity, the difference between the compressive strengths
of foamed concrete made of different foaming agents is significant at lower porosity. At higher
porosity (about 80%), the compressive strengths are comparable. Relating this to density, we have for
higher density foamed concrete (800 and 1000 kg/m?) with the same pore content (Figure 8), higher
compressive strengths were obtained for foamed concrete based on a synthetic foaming agent
compared to foamed concrete based on a protein foaming agent. On the other hand, for lower density
foamed concrete (600 kg/m?) with the same pore content (Figure 8), the compressive strengths are
comparable (they do not depend on the composition and type of foaming agent). Thus, at higher
densities of foamed concrete, its compressive strength is determined by the cement matrix, and at
lower densities by the air void content. It should be noted here that these samples differed in the type
of foaming agent but also in composition, particularly the cement used. In the first case, cement class
CEM I 42.5R (FC-S samples) was used, in the second case cement class CEM I 32.5 (FC-P samples),
which explains the significantly lower compressive strength obtained. To the best of the authors’
knowledge, this is the first study that directly illustrates the cause of the brittle behaviour of foamed
concrete specimens with higher density, which has been described earlier and by other scientists, e.g.
Castillo-Lara et al. [53,83].

5. Conclusions

The aim of the study was to assess the properties of foamed concrete made of a synthetic and
protein foaming agent. Foamed concrete with a target density of 600, 800 and 1000 kg/m? was
analyzed. Based on the results of this experimental investigation, the following key conclusions can
be drawn:

e The density of hardened foamed concrete was obtained with a tolerance of +50 kg/m? and 5%.

e The porosity was comparable for both foamed concretes, regardless of the type of foaming agent
used. This indicates the possibility of obtaining the same microstructure and micro porosity
regardless of the composition and origin of the foaming agent used.

e The lower the density of foamed concrete, the higher the porosity. This relationship is linear.

e Microstructure investigations of both series of foamed concretes have shown their similarity in air
voids size, shape and distribution comparing the same density class. However the porosity of
cement grout and C-S-H phase were different. In P-series the C-S-H phase was more porous, and
cement paste contained larger grains of clinker relicts. Observed differences were caused mainly
due to the lower content of cement, higher water-cement ratio and lower class of cement in P-
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series. Those differences might explain observed differences in mechanical properties between
both series.

o The differences between the compressive strengths of foamed concrete made of different foaming
agents were significant at lower porosity. At higher porosity (about 80%), the compressive
strengths were comparable.

e For foamed concrete with higher density and with the same pore content, higher compressive
strengths were obtained for foamed concrete based on a cement CEM I 42.5R and synthetic
foaming agent compared to foamed concrete based on a cement CEM I 32.5 and protein foaming
agent. For foamed concrete with lower density and with the same pore content, the compressive
strengths are comparable (they do not depend on the composition and type of foaming agent).

e For foamed concrete with higher densities, the compressive strength is determined by the cement
matrix, and for foamed concrete with lower densities by the air void content. To the best of the
authors' knowledge, this is the first study that directly illustrates such a statement.

¢ In the analyzed case, the lower strength resulted from the lower strength of the cement matrix,
because CEM I 32.5 cement was used to produce the FC-P samples, and CEM I 42.5R Portland
cement was used to produce the FC-S samples. Also, FC-P samples had lower cement content and
higher water-cement ratio what might be a cause of observed lower mechanical properties.

As part of future research, it is planned to develop a quantitative correlation between the class
of cement used and the strength of foamed concrete with different air void contents. This will be
particularly important when using low-emission cements.
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