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A B S T R A C T

Aiming to minimize cement usage and carbon emissions while reducing the weight of structural
elements, this work presents preliminary findings from ongoing experimental campaigns focused
on foamed concrete for structural applications. This study explores the influence of dry density,
superplasticizer dosage, maximum fine sand particle size, and metakaolin on the slump and
mechanical properties, including flexural strength, compressive strength, and elastic modulus of
foamed concrete. In detail, this experimental study involved the preparation of 90 prismatic
foamed concrete specimens with fixed target densities between 1350 and 1600 kg/m3. All
specimens were cured in water for 28 days and subsequently tested according to relevant UNI EN
standards. The results show that mixtures containing metakaolin and higher dosages of super-
plasticizer demonstrate excellent flowability, a crucial characteristic for this type of material in
structural applications, effectively eliminating the need for vibration. Additionally, the presence
of metakaolin, smaller maximum particle size of aggregate, and higher superplasticizer content
can enhance the mechanical properties of foamed concrete by promoting a denser and improved
microstructure characterized by smaller micro-air-pore sizes. These conclusions are consistent
with the finding related to elastic modulus. Specifically, the maximum compressive strength of
the foamed concrete containing metakaolin at a target dry density of 1600 kg/m3 is approxi-
mately 58 MPa, with flexural strength exceeding 8 MPa and an elastic modulus around 20 GPa.
The results are promising, in particular the compressive strength is found to be higher than that
typical of lightweight aggregate concretes of the same density and is comparable to that of a
conventional concrete with strength class C40/50. Additionally, these results underscore the
material’s strong potential for structural applications. The combination of favorable mechanical
properties and reduced density can significantly enhance sustainability in the construction sector
by lowering structural dead loads.

1. Introduction

In recent decades, pollution has become increasingly discussed among researchers, especially regarding the effects of greenhouse
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gas emissions [1,2]. The escalating environmental crisis, particularly the pollution caused by the construction industry, has propelled
urgent calls for sustainable and eco-friendly alternatives in construction materials [3,4]. The widespread use of cement, an integral
component for concrete production, is among the major contributors to air pollution and the most widely utilized construction ma-
terial globally [5]. Cement production is a major source of carbon dioxide emissions, energy consumption, and consumption of natural
resources [6]. Hence, it has become imperative to explore innovative strategies to reduce cement use while maintaining the structural
integrity of the construction materials. The U.S. Geological Survey (USGS) estimates that global cement production reached about 4.1
billion tons in 2020, and global clinker production capacity was around 3.7 billion tons. These figures represent increases of 23.87 %
and 19.35 %, respectively, over the previous ten years. The production of 1 kg of ordinary Portland cement (OPC) emits between 0.66
and 0.82 kg of CO2, accounting for roughly 5–7 % of all anthropogenic CO2 emissions worldwide [1].

Lately, research has focused on different methods to reduce cement use. One strategy is to employ sustainable materials in concrete
production as a replacement for cement. Supplementary cementitious materials, such as blast-furnace slag, fly ash, limestone powder,
or calcined clay, have a lower embodied carbon level than standard clinker [3,7]. Another possible strategy is to completely replace
Portland cement with aluminosilicate-based materials; in this case, CO2 emissions can be reduced by up to 80 % compared to OPC. This
is because the production of 1 kg of geopolymer emits only 0.18 kg of CO2, which is merely one-fifth of the emissions generated in OPC
production. Another notable strategy is to optimize the structural design in a more efficient manner. Consequently, less material would
be required to achieve the desired performance.

Additionally, another alternative to reduce cement use is the employment of foamed concrete. Foamed concrete is a lightweight
and low-density concrete variant that reduces the amount of required binder, and therefore, the environmental footprint of concrete
[8]. This type of concrete differentiates from regular concrete because it contains micro air-pores. The inclusion of air-pores, achieved
through the introduction of a foaming agent, significantly reduces the cement content required while maintaining adequate me-
chanical strength [9]. This technique offers a viable strategy for minimizing cement usage in construction projects.

Foamed concrete can be used for different applications that vary according to its density. Higher densities, typically ranging from
1200 to 1800 kg/m3 are aimed for structural applications; medium densities, just as 700–1100 kg/m3 for non-structural elements; and
lower densities between 100 and 600 kg/m3 for thermal and acoustic insulation [10,11]. In recent years, the use of foamed concrete for
structural applications has caught the interest of scientific research. Several studies have been conducted to investigate the perfor-
mance of foamed concrete in structural elements such as beams, columns, and slabs, demonstrating that foamed concrete can be used
to develop structural elements that have the required strength and durability [12].

There are several advantages of applying foamed concrete in structures. To begin with, it can reduce the dead loads due to its lighter
weight, which can lead to significant savings in foundation and load-bearing structure costs [13]. In addition, the thermal insulation
properties of foamed concrete can contribute to reducing energy costs [8]. Furthermore, this type of concrete requires less cement than
traditional concrete to be produced and therefore its application reduces the carbon footprint of the structure. For example, Falliano
et al. [14] explored the utilization of structural foamed concrete in seismic-prone regions. In this specific scenario, in a practical case
involving a preliminary analysis of a six-story reinforced concrete frame, employing a foamed concrete characterized by a density of
1550 kg/m3, a substantial enhancement of about 20 % in the principal vibration mode was observed compared to the same model with
regular concrete. Furthermore, a noteworthy reduction of approximately 38 % in the maximum shear at the base of the frame was
noted.

Despite the advantages of foamed concrete, there are still several challenges that need addressing before it can be widely utilized
for structural applications. For example, the microstructure of foamed concrete consists of numerous air pores, whose distribution and
size are influenced by various factors such as mixing methods, foaming agent properties, raw materials and mix proportions. Although
the topic is highly current, there is limited literature addressing high-performance foamed concrete specifically designed for structural
applications. Therefore, this study expands the understanding of foamed concrete for structural applications by examining the effects
of maximum fine sand size, metakaolin content, and mix design approach on achieving target density. It specifically analyzes impacts
on flexural and compressive strength as well as the elastic modulus at several dry densities, 1350, 1500, and 1600 kg/m3, and aims to
extend what was previously studied in the field of medium-low density foamed concrete [15]. More specifically, unlike the existing
literature that often focuses on the use of fly ash and silica fume, this study presents high strength foamed concrete utilizing meta-
kaolin. The results demonstrate that, using the strategies outlined in this study, it is possible to produce foamed concrete with not only

Abbreviations

VEA viscosity enhancing agent
RPM revolutions per minute
RH relative humidity
SP superplasticizer
w/c water-to-cement ratio
(w + f) /c (water + foam)-to-cement ratio
CH calcium hydroxide
CSH-I tobermorite
CoD coefficient of determination
Std standard deviation
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excellent flexural and, especially, compressive strength, but also with an elastic modulus comparable to that of lightweight aggregate
concrete, typically used in structural applications. This is an advancement not commonly found in existing literature. These results
demonstrate that, from a mechanical properties perspective, the material presented in this study is well-suited for structural appli-
cations. Under the optimized mix proportions, the use of metakaolin results in higher load-bearing capacity compared to previous
studies utilizing fly ash and silica fume. This study enhances the understanding and research of high-performance foamed concrete for
structural applications, providing a promising solution for subsequent uses in structural elements. An upcoming study will further
explore the material’s durability (e.g., resistance to water penetration, freeze-thaw resistance, resistance to carbonation, resistance to
chloride penetration, insulation, and soundproofing) and its bonding performance with reinforcement bars to address any limitations
in practical structural applications.

2. Materials and methods

To characterize the foamed concrete presented in this study, prisms of size 4 × 4 × 16 cm3 were used for the flexural strength and
elastic modulus tests, while the compressive strength tests were performed on the two halves obtained as a result of the flexural test.
This choice was made in order to save economic costs and raw material usage, and is in accordance with UNI EN 196-1 standard [16].
The entire process of sample preparation and casting is shown in Fig. 1. Ghahremani et al. [17] reported that the compressive strength

Fig. 1. Photographs of foamed concrete preparation.
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of cubic foamed concrete samples varied depending on their density and shape. The findings indicated that the strength of the sample
with a 5 cm side was about 5 % smaller than that of a usual 15 cm sample, while the strength of the sample with a 10 cm side was about
15 % greater than that of the 15 cm sample.

2.1. Raw materials

The prismatic specimens were cast with Portland cement (PC/CEM I 52.5 R) conforming to UNI EN 197-1 standard [18]; this
cement is characterized by a compressive strength greater than 30 MPa after two days of curing, and by a normalized resistance, that is
after 28 days of curing, higher than 52.5 MPa. This type I Portland cement with a density of 3100 kg/m3 was purchased from Buzzi
Unicem S.p.A.-Robilante (CN). A natural siliceous sand, with a density of 2760 kg/m3, was used as fine aggregate. This sand was sieved
in order to obtain two different particle size distributions, characterized by two different maximum diameters, i.e. 0.25 mm and 0.5
mm, respectively. This choice was made exactly because one of the purposes of the present work is to highlight the effect of the
maximum diameter of the aggregate on the material properties. Moreover, high reactivity metakaolin (HRM) with an amorphous
alumino-silicate with a white hue, meeting EN 480–1:2015 [19], was added to the mixtures at a metakaolin-to-cement ratio equal to
43.3:100 to evaluate its possible effect of improving the microstructure of the material through its densifying action. A protein foaming
agent, namely Isocem S/B, was obtained from Isoltech s.r.l. Cellular Concrete Technology. It is a dark brown liquid with a specific
gravity of 1150 + 0.02 g/L and a pH value of approximately 6–7.5. Additionally, a polycarboxylate superplasticizer provided by
Master® Builders Solutions Italy S.p.A., complying with UNI EN 934–2:2012 [20], was used to improve the rheological properties of
the foamed concrete. It is a yellow liquid with a relative density 1030–1060 g/L at 20 ◦C. In addition, a viscosity enhancing agent (VEA)
[21] was used to improve the stability of foamed concrete. Mixed water was weighed from local tap water.

2.2. Specimens preparation

In this study, a total of 90 prismatic specimens were produced, 45 samples for flexural strength tests and 45 samples for elastic
modulus tests, respectively. A total of 90 samples for compression tests were carried out. Furthermore, the slump value of each sample
group was measured before casting. The allowable deviation in the fresh density was limited to ±50 kg/m3 for each test. Three
different target dry densities were prepared, 1350, 1500 and 1600 kg/m3, with a tolerance of ±50 kg/m3. Thus, the fresh densities are
controlled between 1400 and 1800 kg/m3. The foam concrete specimens were prepared with the pre-forming method. Specifically, the
foam, that was characterized by a density equal to 85 ± 5 g/l, was prepared through the use of the protein foaming agent with a
concentration equal to 5 %. Meanwhile, the dry materials were mixed through the use of the mixer shown in Fig. 1 at low speed, equal
to 140 rpm, in order to disperse them homogeneously. Subsequently, water and additives were added to the mixture, and it was mixed
at high speed, 295 rpm, for about 2 min until a homogeneous paste was achieved. Next, the appropriate amount of pre-formed foam
was added to the mixture to form the air voids within the cementitious matrix. At this stage, the mixture of foam and mortar was also
stirred for at least 1 min at a speed of 295 rpm, so that the foam was evenly distributed in the mortar. In addition, the fresh density of
the mixture was assessed using a pre-weighed measuring cup of known volume. The mix design of the different series presented in this
study is reported in Table 1. In particular, cement weight c, water content w, metakaolin dosage m, VEA content v, sand content s,
superplasticizer dosage sp, foam amount f , and the relevant proportion w/c, f/c sp/c, and (w+f)/c are indicated for each series.
Usually, the higher f/c and (w+f)/c ratios the lower the densities, regardless of wet and dry densities [22]. S1 and S2 in the series label
indicate the two different diameters used for fine sand, 0.25 mm and 0.5 mm, respectively; P0 to P3 represent the superplasticizer

Table 1
Mix proportion with respect to cement weight of the tested foamed concrete.

Code ID Series no. Sand particle size [mm] Mix proportion

Target density Metakaolin VEA Sand Water Foam Superplasticizer Ratio 1

​ ​ ​ γt
[
kg /m3] m/c v/c s/c w/c f/c sp/c (w + f)/c

S1P3 #1.1 0.25 1350 0 0.025 2.3 0.45 0.10 0.035 0.55
​ #1.2 ​ 1500 0 0.025 2.3 0.45 0.03 0.035 0.48
​ #1.3 ​ 1600 0 0.025 2.3 0.45 0.02 0.035 0.47
S1P3K #2.1 ​ 1350 0.43 0.025 1.8 0.54 0.22 0.035 0.76
​ #2.2 ​ 1500 0.43 0.025 1.8 0.54 0.14 0.035 0.68
​ #2.3 ​ 1600 0.43 0.025 1.8 0.54 0.08 0.035 0.61
S1P1K #3 ​ 1350 0.43 0.025 1.8 0.61 0.32 0.015 0.93
S2P0 #4 0.5 1600 0 0.025 2.3 0.45 0.05 0.0075 0.50
S2P1 #5 ​ 1600 0 0.025 2.3 0.45 0.01 0.015 0.46
S2P3 #6.1 ​ 1350 0 0.025 2.3 0.35 0.06 0.035 0.41
​ #6.2 ​ 1600 0 0.025 2.3 0.35 0.02 0.035 0.37
S2P2K #7.1 ​ 1500 0.43 0.025 1.8 0.54 0.19 0.02 0.73
​ #7.2 ​ 1600 0.43 0.025 1.8 0.54 0.17 0.02 0.71
S2P3K #8.1 ​ 1350 0.43 0.025 1.8 0.45 0.22 0.035 0.67
​ #8.2 ​ 1600 0.43 0.025 1.8 0.45 0.16 0.035 0.61

S1 and S2 denote fine aggregate sands with particle sizes of 0.25 mm and 0.5 mm, respectively; P0, P1, P2, and P3 indicate that the amount of
superplasticizer is 0.75 %, 1.5 %, 2.0 %, and 3.5 % of the cement content, respectively; K stands for the presence of metakaolin.
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dosages, namely 0.75%, 1.5 %, 2%, or 3.5 %, respectively; K refers to the presence of metakaolin the mixture; therefore, if there is no K
in the sample label, it means that the sample does not contain metakaolin.

After the preparation, all the specimens were left at a temperature equal to 20 ◦C, and relative humidity (RH) of 60± 10% for 24 h.
The samples were then placed in water and cured at 20 ± 2 ◦C, as illustrated in Fig. 2.

It is worth noting from Table 1 that the water-to-cement ratio for Series #1 is 0.45, while that for Series #2 is 0.54. This can be
attributed to two things: 1) metakaolin is a hydrophilic mineral with high water absorption [23], and 2) metakaolin particles are small
and have greater specific surface area and chemical activity, and their introduction results in the formation of more flocculating
structures that encapsulate the free water within the slurry [24], leading to an increase in water demand. Comparison of Series #2 and
#3 as well as Series #4, #5, and #6 show that the addition of a high superplasticizer dosage is effective in reducing the amount of
mixing water. Indeed, in order to achieve good workability, it is necessary to increase the water content or the dosage of super-
plasticizer [25], despite the grain size of the sand. These additional series thus allow the effect of reducing the water-to-cement ratio
and, more in general the water + foam-to-cement ratio, with the concomitant increase in the superplasticizer-to-cement ratio to be
evaluated. Furthermore, from the ratios of Series #1 and #6 or Series #2 and #8, it can be found that the water-to-cement ratio of the
larger aggregate is lower. This is due to the fact that the maximum particle diameter of the latter (S2) is twice as large as that of the
former (S1). Therefore, S1 is characterized by a greater specific surface area and, consequently, a greater demand for water to wet its
surface [26]. In any case, comparison between series prepared with different maximum aggregate diameter but same water-to-cement
ratio can be made by considering series #2 and #7. Lastly, in order to achieve a certain target density, it can be seen that the water +
foam-to-cement and superplasticizer-to-cement ratios are strongly correlated with each other. In particular, a density obtained with a
certain water + foam-to-cement ratio and superplasticizer-to-cement ratio can also be achieved by reducing the water + foam--
to-cement ratio and, correspondingly, increasing the superplasticizer-to-cement ratio. This is since higher doses of superplasticizers
result in better mixture workability, less free water, and improved inter-material compatibility to help to stabilize air bubbles [27,28].
Insufficient water content leads to the matrix to harden causing bubble rupture; too much water content will make the paste too liquid
and cannot gather the bubble, resulting in the segregation phenomenon [9,29]. In this regard, the mix designs of S1P3K (#2.1), and
S1P1K (#3) at the target density of 1350 kg/m3, S2P0 (#4), S2P1 (#5), and S2P3 (#6.2) at the target density of 1600 kg/m3, and
S2P2K (#7.2), and S2P3K (#8.2) also at the target density of 1600 kg/m3, are compared. One of the objectives of this study is to
determine whether foamed concrete of the same density, produced through these two different approaches, exhibits distinct me-
chanical properties. Such differences could potentially favor one mix design approach over the other. Moreover, although a
comprehensive assessment of the actual impact of this material in terms of CO2 emissions requires further investigation, considering
various factors such as the potential reduction in structural element cross-sections due to the lower self-weight compared to con-
ventional concrete, the CO2 emissions associated with the different mix proportions presented in this study are reported here according
to a simplified approach. This approach accounts solely for the corresponding CO2-equivalent emissions per kilogram of each raw
material [30–33]. Based on this method, the average CO2 emissions per cubic meter for the mix designs without metakaolin were
approximately 397, 412, and 429 kg CO2e/m3 for densities of 1350, 1500, and 1600 kg/m3, respectively. In contrast, the mix designs
with metakaolin exhibited average CO2 emissions of approximately 458, 480, and 490 kg CO2e/m3 for the same respective densities. It
is worth noting that these values are generally comparable to, or lower than, those typically reported for conventional concrete with
compressive strengths in the range of 35–45 MPa, which often range between 350 and 600 kg CO2e/m3, depending on the specific mix
design and cement content.

Table 2 shows the fresh density, at themoment of casting, and the dry density, determined by drying the samples in an oven at 60 ◦C

Fig. 2. Water curing of part of the samples.
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for at least 48 h and, in any case, until a constant weight is reached, as shown in Fig. 3.

2.3. Testing methods

2.3.1. Slump test
Mini slump tests, by means of a mini slump cone characterized by dimensions of 50 mm (top diameter), 100 mm (bottom diameter),

and 150 mm (height), were carried out in order to assess the workability and visually evaluate the viscosity of the different series
presented in this study [34]. The slump and the horizontal spread in two perpendicular directions were evaluated.

2.3.2. Flexural strength
According to UNI EN 196-1 standard [16], prismatic specimens with size of 4 × 4 × 16 cm3 were prepared for flexural strength

evaluation. The specimens were cured in an appropriate curing water tank at a controlled temperature of 20 ◦C. After 28 days, flexural
tests were carried out using a Zwick/Roell Z050 electromechanical table-top testing machine with a load speed of 50 N/s, as shown in
Fig. 4. For each series, three samples were tested, and the mean value, Rf , of flexural strength was computed.

2.3.3. Compressive strength
Tests for the evaluation of compressive strength were performed on the halves obtained from the flexural strength tests. The

samples were placed in appropriate frames for the execution of compressive tests through a Zwick/Roell automatic test bench type
Zmart.Pro, with a load capacity of 250 kN, as illustrated in Fig. 5, with twin-column steel structure. The loading rate was 2400 N/s, in
accordance with the UNI EN 196-1 standard [16]. Six tests were performed for each series, in fact from one prismatic sample it is
possible to perform two compression tests, and the peak value of the force of each sample was recorded. The maximum compressive
strength, Rc, was then calculated and averaged.

2.3.4. Elastic modulus
The modulus of elasticity, E, is a property, characteristic of the material, which indicates the material’s ability to deform elastically.

Higher values indicate that the material is stiffer and subject to lower elastic deformation, or, equivalently, that it requires more stress
to achieve a certain deformation. The prismatic specimens of 40 mm × 40 mm x 160 mm dimensions were tested through a MTS
machine, with a 100 kN load cell, and equipped with a 24-bit acquisition unit. The strain-gauge-based DD1 displacement and strain
transducer provides accurate displacement measurements in the range of ±2.5 mm with an HBM accuracy class of 0.1, as shown in
Fig. 6. The transducer and amplifier types were SG full bridge direct current voltage, and MX840B, respectively. The excitation voltage
taken in the tests was 2.5V. The tests were conducted 28 days after samples preparation; as with the other tests, the samples were cured
in water. Three specimens were selected from each series for testing, and the average of their measured values was considered for
analysis. The resistive strain gauges were mounted, with a base length of 50 mm, symmetrically on the center lines of two sides of the
foamed concrete specimens. Samples were then subjected to three loading and unloading cycles according to the UNI EN 13412:2007
standard [35]. In particular, specimen was loaded, with a loading rate of 0.6 MPa/s, to an initial load value of F0, corresponding to a
stress of 0.5MPa. This load was kept constant for 60 s, and the corresponding deformation value was recorded, ε0. Then, an appropriate
load, Fa, was reached and applied to induce stress equal to one third of the axial compressive strength of the specimen, fcp, and kept
constant for 60 s. Finally the corresponding deformation, εa, was recorded. Subsequently, the specimen was unloaded, at the same
unloading rate, until the initial load of F0 was reached, and the previously defined loading cycle was again applied. The samples were
subjected to these loading and unloading cycles three times. At the end of the cycles, the samples were tested to obtain the ultimate
load, fck, at a speed of 0.05 mm/min. The modulus of elasticity of the foam concrete can be calculated by the following equations (1)
and (2):

Table 2
Density evaluation at different stages.

Code ID Series no. Particle size [mm] Target density γt
[
kg /m3] Fresh density γf

[
kg /m3] Dry density γd

[
kg /m3]

S1P3 #1.1 0.25 1350 1518 1378
#1.2 1500 1663 1531
#1.3 1600 1744 1630

S1P3K #2.1 1350 1492 1342
#2.2 1500 1643 1498
#2.3 1600 1743 1594

S1P1K #3 1350 1610 1352
S2P0 #4 0.5 1600 1720 1625
S2P1 #5 1600 1706 1631
S2P3 #6.1 1350 1422 1335

#6.2 1600 1700 1635
S2P2K #7.1 1500 1644 1508

#7.2 1600 1732 1579
S2P3K #8.1 1350 1502 1365

#8.2 1600 1719 1579

P. Shi et al.
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E=
Fa − F0

A
x
1

Δn
(1)

Fig. 3. Part of the samples employed in this study in the oven, placed in appropriate boxes, for the evaluation of dry density.

Fig. 4. Flexural strength testing frame.
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Where E denotes the modulus of elasticity of the foamed concrete; Fa, represents the load when the stress is one third of the axial
compressive strength; F0 refers to the initial load at a stress of 0.5 MPa; A represents the pressure-bearing area of the specimen; Δn
indicates the mean value of the difference in deformation between the two sides of the test specimen under the action of F0 and Fa at the
last load cycle.

Δn=
(
εLa + εRa

) /2 −
(
εL0 + εR0

) /2 (2)

Where εLa and εRa are the deformation values of the left and right sides of the specimen at Fa loading, respectively; εL0 and εR0 are the
deformation values of the left and right sides of the specimen at F0 loading, respectively.

Fig. 5. Compressive strength testing frame.

Fig. 6. Elastic modulus evaluation.
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2.3.5. Microstructural characterization
The microstructural characteristics of some of the presented foamed concretes, including pore size, and distribution, were eval-

uated through image analysis performed on slices taken from cubic samples after at least 28 days of air curing. The curing process was
conducted at an ambient temperature of 20 ± 3 ◦C and a relative humidity of 60 ± 5 %. For each series selected, the distribution of air
bubbles within the 1 cm × 1 cm cross-sectional area of the samples is evaluated, determining the size of the pores present. This
additional evaluation was conducted on selected series to provide further justification for the experimental findings related to me-
chanical properties.

3. Results and discussions

In this section, the results of slump, flexural strength, compressive strength, and modulus of elasticity measurements for the entire
set of foamed concrete specimens are reported. The flexural strength, compressive strength, and modulus of elasticity values for all the
different series presented in this study, after 28 days of water curing, are listed in Table 3. In addition to the various observed results,
the table also includes statistical data for dry density and mechanical properties, such as standard deviation (Std.). The influences of
various dry densities, fine sand grain sizes, presence of metakaolin, superplasticizer dosages, and water dosage on the mechanical
behavior was investigated and presented in graphical form. The following subsections provide plots of flexural strength, compressive
strength, and modulus of elasticity versus dry density of the specimen for various parameters. The data points marked with markers
show the mean values of the corresponding series. The experimental results’ dispersion was also quantified and listed using error bars.
The corresponding linear regression curves, derived using the least squares minimization method and discussed in detail in the
following section, are provided alongside the experimental results for each mechanical property at varying dry densities.

3.1. Slump test

The workability of fresh paste is a critical factor that influences the durability and overall performance of hardened foamed
concrete. Table 4 shows the slump values of the foamed concrete series investigated. It is important to emphasize that these tests were
conducted on sample series designed to highlight the effects of the presence of metakaolin and the maximum diameter of the fine sand,
all while maintaining the same dosage of superplasticizer. Variations in slump values suggest that the consistency of fresh foamed
concrete is primarily influenced by the mix design, and differences in its components, such as maximum diameter of the fine sand and
foam content [36]. This effect is particularly notable in samples containing metakaolin. The slump of foamed concrete decreases
significantly with increasing dry density. Moreover, the increase in fine sand particle size enhances the overall slump by enhancing the
inter-aggregate mobility, as shown in Table 4. On the other hand, compared to 0.5 mm fine sand, 0.25 mm fine sand has a greater total
surface area, meaning that more water is needed to wet the surface area and maintain the consistency of the fresh mix [36], thereby
dropping their slump values. Furthermore, the presence of SPs gives cement particles the same type of charge and forces them to
disperse due to electrostatic repulsion [37]. As a result, the free water wrapped in the flocculating structure is released and the
flowability of the cement pastes is improved. It’s interesting to observe that the compatibility of the foam concrete is greatly improved
when metakaolin is used to replace part of the fine sand (see Fig. 7). Specifically, the fluidity of the metakaolin-containing foamed
concrete samples quickly spreads along the platform after the device is pulled out, especially for lower densities, indicating that it
possesses exceptional workability. This experimental evidence is very important because it highlights how such a material can be

Table 3
Experimental results on the flexural strength, compressive strength, and elastic modulus for each series of foamed concrete.

Code
ID

Series
no.

Sand
particle
size
[mm]

Mean dry
density
γd

[
kg /m3]

Std. dry
density
σγd

[
kg /m3]

Mean
flexural
strength
Rf [MPa]

Std.
flexural
strength
σRf [MPa]

Mean
compressive
strength
Rc [MPa]

Std.
compressive
strength
σRc [MPa]

Mean
elastic
modulus
E [GPa]

Std. elastic
modulus
E [GPa]

S1P3 #1.1 0.25 1378 21 5.13 0.15 27.55 1.38 12.54 1.09
#1.2 1531 19 6.7 0.09 37.88 1.52 16.76 0.88
#1.3 1630 18 7.72 0.11 45.16 2.15 18.40 1.03

S1P3K #2.1 1342 8 6.64 0.34 28.51 2.06 13.88 0.45
#2.2 1498 3 7.35 0.33 44.38 1.55 16.81 0.78
#2.3 1594 13 8.19 0.42 57.21 1.77 19.65 0.23

S1P1K #3 1352 16 4.75 0.33 28.07 1.49 11.17 0.16
S2P0 #4 0.5 1625 22 5.74 0.05 34.49 1.56 18.10 0.28
S2P1 #5 1631 6 6.18 0.23 37.39 1.58 18.76 0.43
S2P3 #6.1 1335 10 5.00 0.53 22.59 1.33 12.17 0.26

#6.2 1635 5 7.28 0.23 38.34 2.40 18.06 0.91
S2P2K #7.1 1508 22 5.74 0.51 44.86 1.30 17.11 1.27

#7.2 1579 12 6.15 0.12 48.49 1.59 18.57 0.56
S2P3K #8.1 1365 1 5.21 0.47 27.48 2.07 12.70 0.24

#8.2 1579 2 6.76 0.32 48.75 1.56 18.95 0.54

Note: P0, P1, P2 and P3 denote mixes with superplasticiser additive doses of 0.75 %, 1.5 %, 2.0 % and 3.5 % by weight of cement, respectively, while
S1P3 and S1P3K denote whether the composition of the mix contains metakaolin replacing some of the fine sand content. S1 and S2 represent sand
sizes of 0.25 and 0.5 mm, respectively.
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referred to as self-compacting foamed concrete. This property is particularly crucial for structural applications, as it enhances adhesion
with reinforcement bars, even when a high density of bars is present. Importantly for this type of material, it also eliminates the need
for vibration. Metakaolin’s particles are usually finer and more regular in shape than fine sand or even cement [38], and these help to
improve flowability by reducing internal friction. Additionally, the replacement of fine sand with metakaolin results in an increase in
its fineness modulus, providing more lubrication per unit of specific surface area of the aggregate [39].

Some active sites on the surface of the metakaolin form a stable dispersion system by reacting with the cement slurry, enhancing the
stability of the foam and making the structure work better. The introduction of metakaolin in favor of improving the workability of
foam concrete is also in agreement with the findings of Dinakar and Manu [40].

3.2. Flexural strength

The effects of metakaolin inclusion, sand particle size, superplasticizer and water content on the flexural strength of foamed
concrete are discussed in this section.

As expected, see Fig. 8, regardless of other parameters, an increase in the dry density of foamed concrete inevitably leads to an
increase in flexural strength. The flexural strength of S1P3K and S1P3 at a dry density of about 1600 kg/m3 was improved by 23.2 and
50.5 %, respectively, compared to that at around 1350 kg/m3. For S2P3K and S2P3 specimens, the flexural strength at 1600 ± 50 kg/
m3 was also enhanced by 29.7 % and 45.6 % compared with the dry density of 1350± 50 kg/m3. This is due to the fact that a decrease
in the density is linked to an increase in the foam content, resulting in the structure being filled with an increased volume of micro air
pores and, consequently, in a reduction per unit volume of the cementitious matrix, which reduces the overall compactness and affects
the overall strength development. Among the various mix design strategies aimed at achieving a specific target density, it emerges that
the most effective approach for enhancing the flexural strength of foamed concrete involves increasing the superplasticizer-to-cement
ratio. This approach is accompanied by a simultaneous reduction in the water + foam to cement ratio, which contributes to improved
mechanical performance. This contrasts with the findings of other authors, who suggest that using relatively high dosages of super-
plasticizer can result in greater instability, leading to poorer microstructure and reduced performance in foamed concrete [29,41]. To
further support this claim, it is important to emphasize that this experimental finding was consistently observed across all conditions
under which this alternative approach was examined: i) with metakaolin at a target density of 1350 kg/m3 and a maximum aggregate
diameter of 0.25 mm (comparison between S1P3K #2.1 and S1P1K #3); ii) without metakaolin at a target density of 1600 kg/m3 and a
maximum aggregate diameter of 0.5 mm (comparison among S2P0 #4, S2P1 #5, and S2P3 #6.2); and iii) with metakaolin at a target
density of 1600 kg/m3 and a maximum aggregate diameter of 0.5 mm (comparison between S2P2K #7.2 and S2P3K #8.2).
Furthermore, the beneficial influence of the superplasticizer is further confirmed by the results obtained for specimens incorporating
metakaolin. As shown in Fig. 8, these specimens, indicated by data points ranging in color from light to deep red, exhibit a consistent
increase in flexural strength as the superplasticizer content rises from 1.5 % to 3.5 %. This trend is observed regardless of variations in
sand particle diameter, underscoring the dominant role of the superplasticizer in enhancing mechanical performance. This result
suggests that, in terms of flexural strength, it is more effective to achieve a target dry density by increasing the
superplasticizer-to-cement ratio while simultaneously reducing the water-to-cement ratio. This is confirmed, as highlighted before,
also in the absence of metakaolin. This happens because, the superplasticizers improves the overall fluidity of the matrix enabling a
reduction in the required mixing water, thereby lowering the effective water-to-cement ratio [20,42]. Nevertheless, dry hard concrete
mixtures with low water-to-cement ratios have less free water, which results in fewer pores remaining in the cementitious matrix after
it has hardened, making it denser and stronger.

Additionally, it is observed that the overall flexural performance of the foamed concrete improves when a portion of the fine
aggregates is replaced with metakaolin. For instance, the specimen identified as S1P3K exhibits higher flexural strength compared to
the specimen S1P3, as illustrated in Fig. 9. This is because adding metakaolin particles increases the internal connectivity of the foam
concrete, making it more difficult for the concrete to fracture under stress and thus improving flexural properties. Another plausible
explanation lies in the filler effect of the metakaolin: the fine particles partially occupy voids within the cementitious matrix, pro-
moting internal densification and reducing the presence of microstructural defects [29].

Table 4
Slump values of foamed concrete at various fresh densities.

Code ID Fresh density γf
[
kg /m3] Dry density γd

[
kg /m3] Slump [mm] Std. slump [mm] Flow [mm]

Top Std. Bottom Std.

S1P3 1518 1378 102.0 1.0 105.5 1.5 150.0 2.0
1663 1531 41.5 0.5 48.5 1.5 109.0 1.0
1744 1630 31.3 0.8 44.5 0.5 105.5 1.5

S1P3K 1492 1342 144.0 1.0 291.5 1.5 305.3 1.3
1643 1498 139.5 0.5 232.5 2.5 266.8 1.8
1743 1594 121.5 1.0 172.0 4.0 208.5 2.5

S2P3 1422 1335 119.5 1.5 107.5 1.5 196.0 1.5
1700 1635 106.5 0.5 68.3 4.3 154.5 0.5

S2P3K 1502 1365 147.3 0.8 303.5 1.5 318.3 2.8
1719 1579 140.0 2.0 251.0 3.0 276.5 2.5

Annotate: The slump and flow values of the foam samples at each fresh density were read in at least two different directions and then averaged.
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With regard to the effect of maximum particle size, increasing the fine sand grading from 0.25mm to 0.5 mm resulted in a reduction
in the flexural strength of the foamed concrete (e.g., S2P3K). This weakening can be attributed to the reduced internal support offered
by the coarser particles compared to finer grains, which compromises the integrity of the matrix and facilitates the propagation of
cracks [43]. As evidenced by the data, the increased total surface area associated with finer sand particles enhances the bonding
between the hydrated cement paste and the fillers. This improved interaction strengthens the connection between the fine sand and the
cementitious matrix, thereby contributing to greater shear resistance and enhanced flexural performance of the prism specimens.
Ultimately, this leads to an overall increase in flexural strength [44]. Similar to compressive strength, smaller micropores contribute to
higher flexural strength in foamed concrete. When a specimen is subjected to bending, the outer layers experience tensile and
compressive stresses. Smaller pores in the material create a more homogeneous microstructure, which is better able to resist these

Fig. 7. Slump values of foamed concrete for different maximum fine sand particle size and with or without metakaolin. (ãc) S1P3; (d ~ f) S1P3K; (h
~ j) S2P3; (k) S2P3K.
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stresses. The smaller pore size increases the material’s internal cohesion, making it more difficult for cracks to initiate and grow. In
samples with larger pores, the stress concentration at the pore boundaries is more significant. This can lead to the formation of cracks at
lower bending loads, reducing the overall flexural strength. For example, when comparing samples with different aggregate sizes, the
ones with finer aggregates (e.g., 0.25 mm) generally have smaller pores and higher flexural strength. The finer aggregates provide a
larger surface area for the cement paste to bond with, resulting in a more compact structure with smaller pores. As shown in the study,
for S2P3K specimens, when the fine sand grading is 0.25 mm, the flexural strength is higher compared to when the grading is 0.5 mm.
Furthermore, in a bending scenario, an uneven pore distribution and connecting holes can cause the material to deform non-uniformly
(e.g., low density or without metakaolin). This non-uniform deformation leads to stress concentrations at the interfaces between re-
gions with different pore densities and creates some microcracks, which then propagate under further loading, reducing the flexural
strength. Moreover, another possible cause may be that the presence of aggregates characterized by a larger maximum diameter result
in the formation of micropores of a larger size, as will be further illustrated later in this study. The presence of larger pores is in fact
generally associated with worse mechanical performance, as the pores can be thought of as defect inclusions within the cementitious
matrix. In section 3.3, reliability can be verified also by the specific outcomes of compressive strength.

3.3. Compressive strength

Fig. 10 shows the compressive strength of foamed concrete against the various dry densities, and the relationship between flexural
and compressive strengths. This study highlights, across the different densities examined, the effects on compressive strength of: i)
replacing fine sand with metakaolin; ii) different mix design approach for achieving a specific target density (in terms of water+ foam-

Fig. 8. Effect of dry density on flexural strength for the different foamed concrete investigated.

Fig. 9. Effect of the maximum fine sand particle size and of the presence of metakaolin on the flexural strength of foamed concrete at a target
density of 1350 ± 50 kg/m3 and 1600 ± 50 kg/m3.
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to-cement and superplasticizer-to-cement ratios); and iii) influence of maximum fine sand particle size. In addition to the obvious
observation that compressive strength increases as density increases [29], it is very evident that the compressive strength of the
samples containing metakaolin (i.e., red round points) is higher than that of the unsubstituted samples (i.e., grey square points).
Therefore, in terms of the effect of partially replacing fine sand with metakaolin, significant increases in compressive strength were
recorded in all cases analyzed. In particular, in presence of metakaolin, increases of 3.5 %, of 17% and of 27%were recorded for target
densities of 1350 kg/m3 (see S1P3 #1.1, S1P3K #2.1), 1500 kg/m3 (see S1P3 #1.2, S1P3K #2.2) and 1600 kg/m3 (see S1P3 #1.3,
S1P3K #2.3) respectively. According to view of Nambiar and Ramamurthy [44], finer filler materials aid to create a more homoge-
neous and narrower distribution of artificial bubbles, resulting in improved compressive strength. Moreover, it is well established that
metakaolin, a widely available clay mineral, has broad and significant applications in cementitious materials. This is primarily due to
its effective filler properties and high pozzolanic reactivity, which enable it to participate in cement hydration reactions. As a result,
metakaolin contributes to the formation of additional hydration products analogous to those generated by cement itself, thereby
enhancing the strength development of foamed concrete [45,46]. In detail, the amorphous aluminosilicate (Al2O3 ⋅ 2SiO2) component
of the metakaolin with gelling-active and low-crystallinity combines with calcium hydroxide (CH) created via cement hydration to
form additional phases such as tobermorite (CSH-I) and hydrated calcium aluminum melilite (Ca2Al2SiO2(OH)10 ⋅ 2.25H2O). There-
fore, the replacement of fine sand by metakaolin enhances the strength of concrete. Furthermore, these findings align with those
reported in Ref. [45], where the use of mineral additions – in that case, fly ash – led to significant increases in the compressive strength
of foamed concrete for structural applications. However, at the same density, the compressive strength observed in that study was still
notably lower than the values achieved in the present work.

Fig. 10. Effect of dry density on compressive strength for the different foamed concrete investigated (a); flexural strength versus compressive
strength (b).

Fig. 11. Effect of the maximum fine sand particle size and of the presence of metakaolin on the compressive strength of foamed concrete at a target
density of 1350 ± 50 kg/m3 and 1600 ± 50 kg/m3.
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Concerning the effect of the mix design approach, slight improvements were again observed when the superplasticizer-to-cement
ratio was increased alongside a corresponding decrease in the water + foam-to-cement ratio. However, unlike the findings for flexural
strength, where the improvements were significant from an engineering perspective, the gains in compressive strength here are
minimal, ranging from only 1 % – 3 %. Notable increases in compressive strength – between 8 % and 11 % – are observed only in cases
without metakaolin, attributed to this approach (see S2P0 #4, S2P1 #5, and S2P3 #6.2). It is therefore believed that, when the
microstructure is already optimized by the presence of metakaolin, this design strategy offers minimal benefits. In contrast, the ad-
vantages become more substantial when the microstructure has greater potential for improvement.

The increase of superplasticizer content in low-size fine sand promotes the compressive strength by improving the fluidity of the
paste and the compatibility of the foam concrete while maintaining the same dry density [26,27]. As previously mentioned, the
introduction of superplasticizers may lead to issues with bubble stability [38]; therefore, using an appropriate foaming agent or adding
a fluorinated surfactant may further improve the stability of the foam [47] as demonstrated also by the present study.

As shown in Fig. 11, the effect of maximum aggregate diameter is most pronounced at the highest density examined, 1600 kg/m3.
This effect is confirmed in both samples with and without metakaolin. In samples with metakaolin, reducing the maximum aggregate
diameter from 0.5 mm to 0.25 mm results in an increase in compressive strength of approximately 17 %, while in those without
metakaolin, the increase is about 18 %. Similar trends are observed at the lowest density tested, 1350 kg/m3, where reductions in
maximum aggregate diameter led to compressive strength gains of 4 % with metakaolin and 22 % without. Overall, using a smaller
maximum aggregate diameter positively impacts the compressive strength of foamed concrete intended for structural applications.

This effect can be attributed to the finer aggregate gradation, which promotes a more optimized and uniform pore structure within
the cementitious matrix. Additionally, the increased specific surface area of the finer sand enhances particle-paste interaction,
resulting in improved cohesion and reduced susceptibility to segregation. A porous medium’s density is typically determined by the
quantity and distribution of its pores. Narayanan et al. [48] and Kearsley et al. [49] have concluded that smaller pore volume as well as
lesser number of pores results in higher compressive strength. On the other hand, while larger particles can offer improved internal
support, their overall impact on the mechanical properties of the concrete is not entirely beneficial. Variations in particle size dis-
tribution and morphology may introduce heterogeneity within the internal structure of the material, leading to a less uniform pore
network characterized by larger pore diameters. This, in turn, can compromise the overall mechanical performance of the foamed
concrete.

In this context, it is noteworthy that a strong correlation exists between compressive strength values and the average diameter of
micro air-pore distribution within the cementitious matrix. The values of average diameters were obtained through observations made
with the Hyrox RTX-100 optical microscope, see Fig. 12, on sections cut from the different series analyzed, Fig. 13. The image analysis
was conducted using Hyrox software. This analysis demonstrates that enhanced compressive strength is linked to the presence of
smaller air micropores, Fig. 14, which contribute to an improved microstructure of the material. As shown in this study, these im-
provements can be achieved by incorporating metakaolin and reducing the maximum aggregate diameter.

In fact, it is widely known that smaller micropores are strongly associated with higher compressive strength in foamed concrete.
When the pore size is reduced, the solid matrix between the pores becomes more continuous and structurally robust. This means that
when a compressive load is applied, the material can distribute stress more effectively. Larger pores act as stress concentrators and
under compression, the stress is concentrated around these large voids, making it easier for cracks to initiate and propagate. For
example, in the samples studied (see Fig. 13), those with metakaolin addition often had smaller micropores. Metakaolin reacts with the
cement hydration products, forming additional phases like CSH-I and hydrated calcium aluminum melilite. These new phases fill the
voids, reducing the pore size. As a result, the compressive strength of samples containing metakaolin, such as S1P3K series, is
significantly higher compared to samples without it at the same dry density. The data shows that at a target dry density of 1600 kg/m3,
the compressive strength of S1P3K #2.3 is 57.21 MPa, while that of S1P3 #1.3 is 45.16 MPa. This difference can be attributed, at least
in part, to the smaller pore size in the S1P3K sample. Besides, in a material with uniformly distributed pores, the stress is evenly spread

Fig. 12. Pore microstructure analysis by Hyrox RX-100 microscope.
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across the structure when a compressive load is applied. This prevents the formation of weak spots that could lead to premature failure,
as reported on Fig. 14. When pores are unevenly distributed, areas with larger or more concentrated pores will experience higher stress
levels. These areas are more likely to undergo plastic deformation or cracking under load. For instance, if large pores are clustered in
one region of the foamed concrete, the material in that region will be less able to support the load, causing the overall compressive
strength of the material to decrease. The incorporation of metakaolin enhances both the hydration reactions and the filler effect within
the cementitious matrix. This dual contribution leads to a more uniform distribution of micro pores and a significant reduction in pore
connectivity. Lower pore connectivity is advantageous, as it not only improves compressive strength but also increases the material’s
resistance to crack propagation. Also, an appropriate amount of superplasticizer and finer aggregate particle size tends to refine the
pores. This is because the superplasticizer improves the compatibility of the mixture, leading to better dispersion of the foam and the
formation of more uniform pores.

A linear relationship was found by comparing flexural and compressive data fits, indicating the consistency of the effect of the

Fig. 13. Microscopic morphological structure of foamed concrete. (a) S1P3_1350; (b) S1P3K_1350; (c) S2P3_1350; (d) S2P3K_1350; (e) S1P3_1500;
(f) S1P3K_1500; (g) S1P3_1600; (h) S1P3K_1600; (i) S2P3_1600; (j) S2P3K_1600.
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variation of the extrinsic covariates on the mechanical behavior of the foam concrete for each series, as illustrated in Fig. 10(b).
It is noteworthy that the results presented in this study for compressive strength are higher than those reported in the relevant

literature. For instance, the best results cited in Ref. [46] indicate compressive strengths of less than 30MPa at a density of 1600 kg/m3

and slightly over 20 MPa at a density of 1400 kg/m3 at 28 days. In contrast [13], reports compressive strengths of approximately 45
MPa at a density just above 1500 kg/m3 when mineral additives (specifically silica fume) are included, and just over 35 MPa at the
same density without mineral additions. In Ref. [50], the compressive strengths of foamed concrete presented for structural use do not
exceed 35 MPa at 90 days.

Fig. 13. (continued).

Fig. 14. Compressive strength and medium diameter of air-pores of foamed concrete.
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3.4. Elastic modulus

Fig. 15 shows the variation in elastic modulus as a function of density for the different foamed concretes investigated in this study. It
may be inferred that an inverse relationship exists between the foam dosage and the modulus of elasticity. Specifically, higher dry
density corresponds to a lower foam content, which in turn is associated with an increased modulus of elasticity. Overall, the foamed
concrete specimens containing metakaolin (represented by circular markers) exhibited a higher modulus of elasticity compared to the
group without metakaolin replacement (represented by rectangular markers), when the dry density was maintained at a constant
value. The results of the elastic modulus of foamed concrete align with the trend observed in compressive strength. As previously
mentioned, the inclusion of metakaolin consistently enhances the elastic modulus across all cases investigated. Specifically, this
improvement corresponds to an average increase of approximately 6 % across the various evaluations conducted. The observations
concerning the effect of maximum aggregate diameter similarly extend to the elastic modulus. Although the use of smaller maximum
particle sizes yields slight improvements, these increases remain marginal. As illustrated in Fig. 16, when the target dry density of the
foamed concrete is maintained at 1600 ± 50 kg/m3, the enhancement in the modulus of elasticity resulting from the incorporation of
metakaolin is clearly evident. Notably, the specimen S1P3K exhibited the highest modulus of elasticity, irrespective of the sand grain
size. This is because tiny particles can grow the stiffness of the material by filling holes and reducing defects [51–53]. Besides, three
factors can be used to characterize metakaolin’s beneficial impacts on foam concrete: the filling effect, the chemical reaction, and the
aggregate reinforcement. The filling effect of metakaolin effectively compensates for internal imperfections within the matrix, while its
high specific surface area facilitates the formation of strong compounds through chemical reactions. These mechanisms collectively
enhance the stiffness and stability of the foamed concrete structure [54,55]. Therefore, metakaolin contributes to increased con-
nectivity and compactness within the composite material, thereby improving the internal microstructure and enhancing the modulus
of elasticity. Compared to variations in sand particle size, the incorporation of metakaolin proves to be more effective in augmenting
both the elastic modulus and compressive strength [56].

The elastic modulus of foamed concrete is highly dependent on pore size (see Figs. 14 and 16). A material with smaller micropores
has a higher elastic modulus. Smaller pores result in a more compact and stiffer structure. When stress is applied, the material with
smaller pores exhibits a higher resistance to elastic deformation. For example, in samples where metakaolin is added, the formation of
additional hydration products fills the micropores, reducing their size. This leads to an increase in the elastic modulus. As seen in the
experimental results, the elastic modulus of S1P3K series samples, which have smaller pores due to metakaolin addition, is higher
compared to samples without metakaolin at the same dry density. This is consistent with the general principle that a more refined
microstructure with smaller pores leads to a higher elastic modulus. Therefore, a uniform pore distribution results in a more consistent
stress response throughout the structure, meaning the material behaves more uniformly under loading. Conversely, non-uniform pore
distribution causes variations in material stiffness and leads to heterogeneous stress-strain behavior. Another reason for the high
modulus of elasticity for foamed concrete samples containing metakaolin is because its hydration and filling effects reduce pore
connectivity, providing a more stable and rigid structure that can better resist deformation.

Furthermore, with respect to the effect of different mix design approaches, no significant changes in elastic modulus were observed
across the investigated densities. Therefore, results in terms of elastic modulus are consistent with the outcomes for compressive
strength in Section 3.3. Additionally, the linear relationship observed between compressive strength and modulus of elasticity across
the series of foamed concrete specimens with varying densities indicates a consistent mechanical response of the material, as plotted in
Fig. 15(b). The graph also illustrates that higher elastic modulus values can be achieved for the same compressive strength, suggesting

Fig. 15. Effect of dry density on modulus of elasticity for the different foamed concrete investigated (a); compressive strength versus elastic
modulus (b).
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that certain mix designs may effectively enhance elastic modulus. However, it is important to note that these higher elastic moduli
were obtained at increased densities, which diminishes a key advantage of using this material: its lightweight nature. Consequently,
while the elastic modulus versus compressive strength graph is valuable for understanding the relationship between these twomaterial
properties, it is essential to also consider density in the design process, as it plays a critical role in material performance. Lastly, it is
important to emphasize the experimental finding that the presence of metakaolin does not result in a reduction of the elastic modulus.
This outcome contrasts with the findings in Ref. [46], where the addition of mineral components, specifically fly ash, led to a decrease
in the elastic modulus of foamed concrete. This finding in Ref. [46] contrasted with the improvement in compressive strength, resulting
in a foamed concrete that, while demonstrating enhanced compressive strength, also exhibited a reduction in elastic modulus, which,
at a density of approximately 1600 kg/m3, was around 10 MPa. Consequently, this led to increased deformability of the structural
elements made from that material. In the present study, the inclusion of metakaolin consistently enhances the mechanical properties of
the material, ensuring not only improved mechanical performance in terms of compressive and flexural strength but also reduced
deformability. Additionally, the foamed concrete presented in this work exhibits superior compressive strength and comparable elastic
modulus at the same density, i.e. about 20 GPa at 1600 kg/m3, when compared to lightweight aggregate concrete, such as the ones
with expanded clay. The latter is a material commonly used in practice for the construction of lighter structural elements. Therefore,
the material described in this study possesses all the necessary mechanical properties to be effectively utilized in the production of
structural components. Ongoing experiments are assessing the material’s properties at various densities, focusing on durability and
interaction with reinforcement bars. These findings, which will be published in a forthcoming study, will further validate the mate-
rial’s suitability for structural applications.

4. Analytical regression curves

The regression curves are developed for forecasting purposes by analyzing the experimental data presented in the previous sections.
It is important to keep in mind that the prediction curves are limited to the range of dry densities examined in this experimental
investigation and are only applicable to foamed concrete samples with features comparable to those shown here. From individual
measurements, a linear regression curve can roughly describe the observed trend in the dry density of the specimens. As a result, a very
classical linear regression equation y = α + βx was used for all samples.

The coefficient factors of α and β for the variation of flexural strength Rf , compressive strength Rc, and elastic modulus E with
density are given in Table 5, Tables 6, and Table 8, accompanying by the coefficient of determination (CoD) R2. Tables 7 and 9
represent the flexural-compressive relationship and the compressive-modulus of elasticity relationships. The value of R2 ranges from
0 to 1. The closer its value is to 1 the better the linear regression matches the observations and vice versa. In the context of this

Fig. 16. Effect of the maximum fine sand particle size and of the presence of metakaolin on the elastic modulus of foamed concrete at a target
density of 1350 ± 50 kg/m3 and 1600 ± 50 kg/m3.

Table 5
Evaluation of coefficients of the regression curves for flexural strength.

Code ID Grain size/mm Metakaolin SPs dose/% α coefficient β coefficient R2 value

S1P3K 0.25 1 3.5 − 1.223 0.006 0.92
S1P1K 0.25 1 1.5 – – –
S1P3 0.25 0 3.5 − 9.035 0.010 0.99
S2P3K 0.5 1 3.5 − 4.677 0.007 1.00
S2P2K 0.5 1 2 − 2.968 0.006 1.00
S2P3 0.5 0 3.5 − 5.146 0.008 1.00
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investigation, linear interpolation is a fair hypothesis to reflect the fluctuation of values including Rf , Rc, and Ewith density because all
samples have extremely strong fitting capacity, and more precisely, because their R2 values are above 0.95, except for the dry density
and flexural strength fitting results for S1P3K (i.e., 0.92). Thanks to the negative value of the coefficient of α, it is evident that the
limiting anticipated strength at zero density is negative; nonetheless, this is merely a modeling result with little physical importance
[15]. It is emphasized that the suggested linear regression equation can only be used if they cover the range of densities that have been
examined in this work. The cases of S2P3K, S2P2K and S2P3 are represented by only two values of densities, therefore a linear curve
results in a coefficient of determination R2 equal to 1. Moreover, for the series S1P1K only one density has been investigated, therefore
no regression curve is suggested.

5. Concluding remarks

This study presented an experimental campaign that includes eight series of three different target densities, resulting in a total of 90
foamed concrete samples. The investigation focuses on howmetakaolin addition, superplasticizer content, fine aggregate particle size,
and dry density influence the flowability of fresh pastes, as well as the development of flexural and compressive strengths and the
modulus of elasticity at 28 days. Specifically, the study considered three dry densities (1350, 1500, and 1600 kg/m3), four super-
plasticizer dosages (0.75 %, 1.5 %, 2 %, and 3.5 % of cement weight), two different maximum particle size of fine sand (0.25 mm and
0.5 mm), and the incorporation of metakaolin as a partial replacement of sand. The study showed that the slump values of the different
series of foamed concrete decrease as the target density of the samples increases. Moreover, for a given density, increasing the fine

Table 6
Evaluation of coefficients of the regression curves for compressive strength.

Code ID Grain size/mm Metakaolin SPs dose/% α coefficient β coefficient R2 value

S1P3K 0.25 1 3.5 − 124.283 0.113 0.98
S1P1K 0.25 1 1.5 – – –
S1P3 0.25 0 3.5 − 67.864 0.069 0.99
S2P3K 0.5 1 3.5 − 88.418 0.086 1.00
S2P2K 0.5 1 2 − 32.239 0.051 1.00
S2P3 0.5 0 3.5 − 58.848 0.063 1.00

Table 7
Evaluation of coefficients of the regression curves for flexural-compressive strength.

Code ID Grain size/mm Metakaolin SPs dose/% α coefficient β coefficient R2 value

S1P3K 0.25 1 3.5 − 90.640 18.163 0.97
S1P1K 0.25 1 1.5 – – –
S1P3 0.25 0 3.5 − 7.065 6.736 0.99
S2P3K 0.5 1 3.5 − 44.015 13.723 1.00
S2P2K 0.5 1 2 5.960 8.854 1.00
S2P3 0.5 0 3.5 − 11.949 6.908 1.00

Table 8
Evaluation of coefficients of the regression curves for elastic modulus.

Code ID Grain size/mm Metakaolin SPs dose/% α coefficient β coefficient R2 value

S1P3K 0.25 1 3.5 − 17.154 0.023 0.99
S1P1K 0.25 1 1.5 – – –
S1P3 0.25 0 3.5 − 19.751 0.024 0.96
S2P3K 0.5 1 3.5 − 27.166 0.029 1.00
S2P2K 0.5 1 2 − 13.900 0.021 1.00
S2P3 0.5 0 3.5 − 14.041 0.020 1.00

Table 9
Evaluation of coefficients of the regression curves for compressive strength-elastic modulus.

Code ID Grain size/mm Metakaolin SPs dose/% α coefficient β coefficient R2 value

S1P3K 0.25 1 3.5 8.089 0.202 0.99
S1P1K 0.25 1 1.5 – – –
S1P3 0.25 0 3.5 3.539 0.337 0.94
S2P3K 0.5 1 3.5 4.625 0.294 1.00
S2P2K 0.5 1 2 − 0.933 0.402 1.00
S2P3 0.5 0 3.5 3.722 0.374 1.00
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aggregate particle size to 0.5 mm can significantly enhance the slump of the foamed concrete. Notably, the study highlights that
employing a high superplasticizer dosage (3.5 % of cement weight), combined with a partial replacement of fine sand with metakaolin
and a reduced maximum sand particle size (0.25 mm), not only results in self-compacting foamed concrete, but also improves the
mechanical performance for all analyzed densities. These strategies enhance the microstructure of the material by reducing pore size.
In fact, increasing the superplasticizer-to-cement ratio while reducing the water + foam-to-cement ratio results in an average increase
of over 18 % in flexural strength, while reducing the maximum aggregate diameter from 0.5 mm to 0.25 mm results in an average
increase in compressive strength of approximately 18 % across all evaluations. However, the primary effect is attributed to the
presence of metakaolin, resulting in a contextual average increase of 15 %, 16 %, and 6 % for flexural strength, compressive strength,
and elastic modulus, respectively. This is a crucial result because it highlights how contextual improvement of the different quantities
investigated can be achieved, enabling the production of foamed concrete with not only improved mechanical properties but also
reduced deformability. Achieving flexural strength above 8 MPa, compressive strength exceeding 57 MPa, and an elastic modulus
nearing 20 GPa at a density of approximately 1600 kg/m3 suggests that, with the strategies outlined in this study, this material holds
strong potential for structural applications. In conclusion, to fully consider this material suitable for producing structural elements on
par with lightweight aggregate concretes, further evaluations are required beyond the scope of this study. In particular, additional
research is underway on the durability properties of this material and its interaction with reinforcing bars, which will be published in a
forthcoming study.

CRediT authorship contribution statement

Peng Shi:Writing – review & editing, Writing – original draft, Methodology, Investigation, Formal analysis, Data curation. Devid
Falliano:Writing – review& editing, Writing – original draft, Methodology, Formal analysis, Data curation, Conceptualization.Qiyun
Zhang: Writing – review & editing, Writing – original draft, Investigation. Giuseppe Carlo Marano: Writing – review & editing,
Validation, Supervision. Giuseppe Andrea Ferro:Writing – review & editing, Validation, Supervision. Luciana Restuccia:Writing –
review & editing, Validation, Supervision.

Funding sources

Peng Shi gratefully acknowledges the support from the China Scholarship Council (No. 202106650016). The work of Devid Fal-
liano was carried out within the Ministerial Decree no. 1062/2021 and received funding from the FSE REACT-EU – PON Ricerca e
Innovazione 2014–2020.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The authors would like to express their gratitude to Isoltech Srl for supplying the foaming agent and the metakaolin, with special
thanks to Dr. Andrea Bellotti, the company’s president, for his valuable recommendations. The authors would like to extend their
gratitude to Master Builders Solutions for supplying the superplasticizer, especially to Dr. Sandro Moro for his invaluable advice.
Additionally, the authors wish to thank Mr. Ernesto Gugliandolo for his support and valuable suggestions during the research activities
and Mrs. Adriana Carolina Bravo Celi for her assistance during the initial experimental investigations.

Data availability

Data will be made available on request.

References
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