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Abstract: Lightweight foamed concrete (LFC) made from cementitious materials with air pores en-
trapped in the matrix by mechanically entrained foam in the mortar slurry has several economic and
environmental benefits. Most recently, LFC has been heralded as the next generation of lightweight
construction industry concrete because of its versatility and technological advancements. Owing to
its many desirable qualities, including low density, low cost, low thermal conductivity, low dimen-
sional change, amazing load-bearing capacity, great workability, and low weight, it is considered
an adaptable and flexible construction material. Given that LFC is a brittle building material and
since fire is among the most frequent catastrophes to affect structures, it is crucial to consider the
structural performance of LFC subjected to high temperatures. Hence, this experiment attempts
to ascertain the effect of varying elevated temperatures on the LFC’s strength properties. Three
LFC densities of 500, 1000 and 1500 kg/m3 were prepared. The LFC specimens were exposed to
predetermined ambient and elevated temperatures of 20, 100, 200, 300, 400, 500, 600, 700 and 800 ◦C,
and the LFC samples were assessed for porosity, compressive and flexural strengths. The outcomes
of this investigation showed that, regardless of density, the loss of LFC stiffness exposed to elevated
temperatures happened primarily after 90 ◦C. This shows that the underlying process triggering
stiffness loss is internal cracking, that transpires when water grows and dissolves from a porous
medium. Lowering the LFC dry density diminishes its strength and rigidity. The LFC-normalized
strength and stiffness–temperature relationships of various dry densities, on the other hand, are very
comparable. From ambient temperature up until 400 ◦C, all densities exhibit a moderate and constant
loss in strength and stiffness. Nevertheless, the decline is faster up to 600 ◦C or 800 ◦C, at which point
it loses its ability to support any given weight. This study emphasized the necessity for more study
and codes’ provisions that take into consideration various LFC constituent types and cutting-edge
construction material technologies.

Keywords: foamed concrete; strength; compression; bending; fire; elevated temperatures; stiffness;
Young’s modulus

1. Introduction

The majority of physical infrastructure consists of buildings, which are crucial to a
nation’s socioeconomic development. Many structures are made to last for many years
and to offer residential and practical services to a large number of people throughout their
design lives. Structures are susceptible to several natural and man-made dangers during
this prolonged period, which may cause a complete or partial failure of the building and
the incapacity to carry out building operations [1]. Such destruction or inability can put
inhabitants’ lives and safety in peril during a hazard, as well as cause significant direct and
indirect financial losses. To ensure life and structural safety throughout their design life,
structures are built to withstand several projected dangers. Fire is one such serious risk
that can happen in buildings [2].

Concrete manufacturing needs a large number of natural resources [3]. A typical
batch of concrete uses about 15% cement and 75% coarse particles by mass, according to
sources [4]. Around 7% of the carbon dioxide (CO2) that is emitted globally each year
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is produced by the cement industry, which is harmful to the environment [5]. Natural
aggregates are continuously extracted and used, which has a negative impact on the
ecosystem and depletes the remaining resources. In addition, concrete mass production
necessitates a substantial quantity of potable water, which is another major concern in the
construction sector [6]. Therefore, it is essential to make concrete that has a minimal impact
on the environment and reduces the consumption of natural sources [7,8].

The usage of concrete in high-temperature applications has increased recently. Con-
crete may suffer severe damage from the chemical and physical changes that are brought on
by high temperatures, which can significantly reduce its mechanical properties and dura-
bility performance [9]. Concrete deteriorates due to severe physical and chemical changes
caused by extreme heat. Even though concrete is thermally resistant to other building
materials, it suffers catastrophic damage when exposed to fire and elevated temperatures.
Concrete has numerous irretrievable natural and chemical alterations when heated to
a high temperature. This may also cause the concrete member’s structural integrity to
deteriorate, resulting in spalling and ultimately the element’s demise. The endurance of
concrete structures is significantly impacted by the physical deterioration processes that
are accelerated by high temperatures, which can lead to dangerous structural failures [10].
When cement-based material is exposed to high temperatures, the properties of the con-
stituent materials used in its production have a significant impact on how well it performs.
These attributes include the aggregates’ density and void content as well as the cement
paste and aggregate’s thermal compatibility and adhesion [11]. Calcium silicate hydrate
experiences significant changes when the temperature rises over 110 ◦C, together with the
release of chemically bonded water and the dehydration process. The shrinkage of concrete
is also influenced by calcium hydroxide dissociation, which occurs at temperatures higher
than 530 ◦C. Microcracks in the concrete microstructure are a result of dehydration and the
thermal expansion of particles at 300 ◦C [12]. The temperatures at which calcium hydroxide
and calcium silicate hydrate disintegrate are 400 ◦C and 600 ◦C, respectively. Around
800 ◦C, the two hydration products begin to dissolve more quickly, significantly decreasing
the strength of the concrete. Additionally, quicklime is created when calcium hydroxide
breaks down [13]. Because calcium hydroxide can be reconstituted when calcium oxide
comes into touch with water during the cooling phase, the reaction is reversible. These
repeated reactions cause the concrete microstructure to expand and contract, which causes
cracking [14].

Lightweight foamed concrete (LFC) is regarded as an advanced and adaptable genera-
tion of lightweight construction industry concrete. It is a flexible construction material due
to its attractive characteristics, which include exceptional thermal-insulating capabilities,
minimal dimensional variations, outstanding load-bearing capacity, and low density [15].
LFC comprises a minimum of 15% entrained foam in the cement mortar and has air pores
trapped in the matrix using an appropriate surfactant [16]. By stirring the air with a foaming
ingredient that has been diluted in water, the air pores are initiated. The foam is then gently
combined with the cement slurry to create LFC [17]. When the stable foam is incorporated
into the base mix of LFC, the resulting material has a lower self-weight, greater workability,
and superior insulating qualities, but less strength than standard-strength concrete [18]. As
a result, LFC can be manufactured in any area, regardless of their final form or the size of
the construction in which it is housed [19].

Compared to conventional concrete, the manufacture of LFC is both energy- and water-
efficient [20,21]. It is an inventive method that lessens the use of water, cement, and fine filler
without creating environmental degradation by substituting a portion of the concrete with
air bubbles [22,23]. To take advantage of LFC’s lightweight and effective insulating qualities,
there has been an increasing utilization of LFC as a semi-structural component in buildings
in recent years [24,25]. It is important to note that many studies on LFC to date have only
looked at its properties at room temperature. Among them, the majority regarded LFC’s
mechanical qualities with only a small impact on its thermal properties. There is a severe
lack of hard data on the effectiveness of fire barriers. However, the information gained from
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these studies provides a solid foundation for future studies of the mechanical properties of
LFCs at room temperature. Using SEM analysis as well as stereomicroscopy, Lin et al. [26]
analyzed the concrete microstructure that had been exposed to elevated temperatures.
They determined that unhydrated OPC grains and calcium oxide may be rehydrated by
absorbing moisture from the ambient medium and subsequently refilling the voids. C-H,
CaCO3, C-S-H, and non-evaporable water were studied by Schneider and Herbst [27] to
determine their chemical reactions and behavior at different temperatures. They discovered
that microcracks, changes in the material’s internal structure, and crack openings owing to
high gas pressure values all contributed to the dramatic rise in permeability and porosity
observed in concrete at elevated temperatures. The degree to which cracks occur in concrete
is another factor in determining its permeability in addition to temperature, moisture, and
gas pressure.

Deprivation of the cementitious matrix is the primary cause of the degrading mech-
anisms of LFC. Although both mechanical and chemical degradation lead to a loss of
mechanical characteristics, these two pathways operate at quite different temperatures.
Above around 110 ◦C, dehydration in the cement paste becomes considerable, significantly
weakening the C-S-H linkages that are the major creation in hydrated cement paste [28].
Additionally, the limited cement paste permeability property allows inner water pressure to
accumulate throughout the dehydration of C-S-H. This raises inner stresses and results in
microcracks starting at about 300 ◦C, which lowers the material’s strength and stiffness. The
dissociation of calcium hydroxide causes LFC to shrink at temperatures above 450 ◦C [29].
Calcium oxide in LFC converts into calcium hydroxide when subjected to water at elevated
temperatures; this results in cracking and destruction of LFC if the chemical is used in
firefighting. It is still very challenging to make reliable predictions about these systems;
thus, continued experimentation is necessary [30].

Researchers have been concerned with the fire resistance of LFC for a long time. Kears-
ley and Mostert [31] looked at how the type of cement affected the performance of LFC
at high temperatures. They found that LFC made with hydraulic cement that has an alu-
minum oxide and calcium oxide ratio can endure high temperatures up to 1500 ◦C without
breaking. A research effort by Sayadi et al. [32] together with Vilches et al. [33] looked at
how expanded polystyrene particles affect fire resistance performance. They found that as
the volume of expanded polystyrene particles increased, fire resistance reduced dramat-
ically. Jones and McCarthy [34] summed up that LFC of lower densities had better fire
resistance than vermiculite concrete. Othuman and Wang [35] proposed two ways to figure
out the LFC thermal diffusivity and conductivity values at elevated temperatures. They
also came to the conclusion that LFC could be used instead of gypsum to build partition
walls. LFC’s internal pore structure deteriorating due to elevated temperature exposure is
the fundamental internal reason for the depreciation of durability characteristics; hence,
studying the change law of these properties is vital to understanding how buildings react
in a fire [36]. As the temperature in LFC rises to between 100 ◦C and 400 ◦C, the micropore
structure cracks, and the porosity increases due to the water evaporation and decarboniza-
tion process [37]. Above 400 ◦C, the major reasons for the subsequent degradation of
concrete’s pore structure are the dehydration and decomposition of hydration products,
which causes a rise in the voids and an expansion in the diameter of voids [38]. Hence, the
aim of this investigation was, therefore, to evaluate the LFC mechanical properties through
experimental analysis at high temperatures. Varying temperatures, up to 800 ◦C, were used
in the tests. Extensive compressive, flexural, and splitting tensile tests were executed for
LFC with densities of 500, 1000, and 1500 kg/m3.

2. Materials and Mix Design

In this laboratory assessment, LFC was made of cement, sand, water, and surfactant.
A cement–sand proportion of 2:1 and a water–cement proportion of 0.5 were employed in
order to examine the mechanical properties of LFC exposed to elevated temperatures. The
mix proportion for the three densities prepared in this investigation is shown in Table 1. The
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mechanical characteristics of LFC cast samples with densities of 500, 1000, and 1500 kg/m3

were investigated.

Table 1. Mixture proportions of LFC.

Density (kg/m3)
Cement
(kg/m3)

Sand
(kg/m3)

Water
(kg/m3)

Foam
(kg/m3)

500 327.2 163.6 81.8 46.3

1000 631.6 315.8 157.9 30.7

1500 936.0 468.0 234.0 15.1

All LFC specimens used for testing mechanical properties were produced at the
concrete lab. The foam generator Portafoam TM2 System, which was supplied by DRN
Technologies, was used to create the stable foam (Figure 1a). This system has a main
generator, a foaming unit, and a lancing unit. It is powered by an air compressor. A protein-
based foaming agent suitable for LFC densities between 500 kg/m3 and 1500 kg/m3

was employed. The cement, fine filler, clean water, and surfactant were mixed until a
homogenous mixture was obtained (Figure 1b). For each density, three identical specimens
were created and tested 28 days after mixing for compression, flexural and porosity tests.

Figure 1. Preparation of LFC mixture. (a) stable foam; (b) uniform LFC mix.

3. Test Procedure

The unstressed test method was applied in this investigation out of convenience. LFC
specimens were heated at a continuous pace without preloading to the predetermined
temperature. Up until sample failure, the load was applied at a predetermined pace while
keeping the desired temperature. Utilizing an electric furnace (Figure 2), the samples were
heated to a range of steady-state temperatures up to 800 ◦C. A type K thermocouple was
placed inside the heating chamber to measure the temperature. Pre-testing tests on the
furnaces’ power systems and controllers showed that they could maintain the furnaces’
operating temperatures within 0.5 ◦C.

Cylinders measuring 100 × 200 mm underwent compression strength tests. Two
strain gauges were attached to each sample to track the behavior of strain under loading
at ambient temperature. The strain measurements at normal temperature were employed
to verify that the strain computed based on the displacement of the loading plate was
precise enough as no strain measurements were made at elevated temperatures. Four Type



Fire 2023, 6, 53 5 of 17

K thermocouples were put in the center plane of each LFC sample to measure the LFC
cylinder sample temperature, as displayed in Figure 3.

Figure 2. Electric furnace.

Figure 3. Typical LFC cylinder sample with thermocouples arrangement.

After removing the LFC specimens from the furnace, loading was carried out using a
compression machine that operated at room temperature. Each specimen was removed
from the electric furnace and instantly covered in insulating sheets to prevent heat loss to
the atmosphere. To guarantee the consistency of results, three replicate tests were run for
each set of tests. Figure 4 shows the setup for the axial compression test.
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Figure 4. Setup for axial compression test to determine the compressive strength of LFC.

For ease of use, the bending test was applied in this study. The method for sample
preparation was the same as that used for the compression testing previously mentioned.
The samples were rectangular parallelepipeds of 125 mm in width, 350 mm in length, and
with a height of 25 mm. Simple support and point load at the central point were applied
to the LFC specimen. Ls = 200 mm, or the distance between the supports, produced an
aspect ratio of Ls/h of 8, which guaranteed that bending behavior would predominate.
To calculate the flexural tensile strength, the load–deflection was measured. Figure 5
demonstrates the setup for the three-point bending test.

Figure 5. Setup for three-point bending test to determine the flexural strength of LFC.

Next, the vacuum saturation apparatus was used to ascertain the porosity of LFC. The
following equation was used to calculate porosity:

ε =
(Wsat − Wdry)

(Wsat − Wwat)
× 100 (1)
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where ε is the LFC porosity (%), Wsat is the LFC specimen weight in the air of the saturated
sample, Wwat is the LFC sample weight in the water of the saturated specimen, and Wdry is
the oven-dried LFC specimen weight.

4. Results
4.1. Porosity

The LFC porosity increased as the temperature rose. These variations in porosity
values can be explained by examining the phase shifts of LFC at different temperatures.
Figure 6 displays the LFC porosity for each density at varying exposing temperatures.
The porosity of LFC grew evenly across all three densities. For densities of 500, 1000,
and 1500 kg/m3, the initial porosity was 80.1%, 46.5%, and 22.2%, respectively. Due to
the disintegration of C-S-H and sulfoaluminate at 200 ◦C and 300 ◦C, the porosity of the
higher-density LFC (1000 and 1500 kg/m3) increased significantly, whereas the increase for
the lower-density LFC (500 kg/m3) was more modest. At 300 ◦C, the observed porosity for
densities of 500, 1000, and 1500 kg/m3 was 82.2%, 49.8%, and 25.5%, respectively. Due to
the disintegration of calcium hydroxide into calcium oxide at temperatures over 400 ◦C,
the observed porosity rose somewhat. At 600 ◦C, the porosity of 500, 1000 and 1500 kg/m3

was 83.9%, 52.3%, and 28.5%, respectively. However, owing to its high porosity at room
temperature, LFC may be deemed to have a steady porosity across a range of temperatures.

Figure 6. Influence of LFC density on its porosity value at varying temperatures.

Figure 7 displays SEM micrographs of the inner structure of 1500, 1000 and 500 kg/m3

density LFC at room temperature and at 600 ◦C, as well as the pore distributions of LFC.
Figure 7a–c indicate that void sizes were not consistent and that the typical void size was
largely influenced by the LFC density. After exposure to high temperatures, the same SEM
analysis was repeated on all three densities, and the SEM findings suggest that the LFC
void distribution and size did not change significantly when exposed to 600 ◦C compared
to the specimen at ambient temperature.
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Figure 7. Comparison of SEM micrographs of varying densities at ambient temperature and after
exposure to 600 ◦C. (a) 500 kg/m3 density at 20 ◦C (left) and at 600 ◦C (right); (b) 1000 kg/m3 density
at 20 ◦C (left) and at 600 ◦C (right); (c) 1500 kg/m3 density at 20 ◦C (left) and at 600 ◦C (right).

4.2. Compressive Strength

The effect of high temperatures on the LFC compressive strength and normalized
strength ratio is depicted in Figures 8 and 9. The normalized compressive strength ra-
tio was calculated by dividing by their respective compressive strength at specific high
temperatures from the ambient temperature compressive strength (at 20 ◦C). These nor-
malized values (%) can be used to compare the rate of decrease in compressive strength at
specific high temperatures. According to Figures 8 and 9, the LFC compressive strength
decreased with temperature for entire densities considered in this investigation. Upon
primary heating, the LFC specimen which was fabricated with OPC got away from the
absorbed, evaporable water, followed by the water that was chemically bonded. The loss
of water would result in microcracking and a decline in compressive strength. Between
90 ◦C and 180 ◦C, the strength under compression dropped gradually due to the discharge
of free water and chemically bound water. The drop in compressive strength between
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25 ◦C and 160 ◦C resembles a decrease in the cohesiveness of Van der Waals forces (a
distance-dependent interatomic or molecular interaction) between the layers of C-S-H.
This reduces the C-S-H surface energy and results in the production of silanol bands with
decreased overall bonding strength.

Figure 8. Influence of varying temperatures on the LFC compressive strength.

Nevertheless, because this alteration primarily influenced the LFC surface, the drop in
LFC strength was negligible, and the compressive strength specimens at 200 ◦C remained at
approximately 89% of the unheated value. Chang et al. [39] validated this performance by
studying concrete compressive strength following high-temperature exposure. According
to a comparison of the literature and the current investigation, the decrease in compressive
strength under increased temperature (200 ◦C) was 17%. In this investigation, the com-
pressive strength of all densities of LFC decreased between 5% to 7%. Between 200 ◦C and
400 ◦C, the specimens fractured due to the dissolution of sulfoaluminate forms and C-S-H.
Significant implications of these cracks on the compressive strength of LFC.

The LFC strength at 400 ◦C was approximately between 72% and 76% of its starting
value for all three densities considered in this study. At high temperatures, deterioration
and loss of strength continued to occur. LFC preserved just around 39% to 44% of their
initial strength at a temperature of 600 ◦C. As the proportions of both densities of LFC are
comparable, with the exception of more voids in the lower-density LFC, it is not startling
that their normalized strength–temperature relations were nearly identical for 500, 1000
and 1500 kg/m3 densities.
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Figure 9. Influence of varying temperatures on the normalized LFC compressive strength.

4.3. Compressive Stress–Strain Correlation

The experiments were regulated for displacement so that the crack persisted to de-
velop and grow after the maximum load was achieved. Due to the brittle breakdown of the
test specimens after reaching the highest stress, the downward section of the stress–strain
relationship could not be determined. The average stress–strain curves for the three densi-
ties at all testing temperatures up to 800 ◦C are depicted in Figures 10–12. Figures 10–12
demonstrate that for all three densities and temperature ranges, the rising branch was
linear for stresses up to 70% of the material’s maximum strength for all three densities.
At higher temperatures, the strain associated with the maximum strength rose. For LFC
with a density of 500 kg/m3, the highest strains were 0.0035, 0.0040, 0.0050, 0.0057 and
0.0065 at ambient temperature, 200, 400, 600 and 800 ◦C, whereas for LFC with a density
of 1500 kg/m3, the highest strains were 0.0020, 0.0024, 0.0029, 0.0034 and 0.0039 at room
temperature, 200, 400, 600 and 800 ◦C. The increase in strain was the result of temperatures
and heating causing the opening of cracks.

4.4. Young’s Modulus in Compression

Figures 13 and 14 depict the temperature-dependent variations in Young’s modulus
of LFC under compressive load. From the stress–strain curve, Young’s modulus was
determined as the secant modulus at the spot the LFC material shifted from elastic to
plastic form. Greater than the decrease in LFC strength was the decrease in Young’s
modulus. Both figures demonstrate that the decrease in Young’s modulus began as soon
as the samples began to dry upon heating. This resulted from the incompatibility of the
thermal expansions of LFC cement paste and fine filler at high temperatures [40–42]. Fine
sand expands as the temperature rises; however, the C-S-H gel removes both chemically
and physically bonded water, resulting in shrinkage and fracture formation. Another
effect could be the weakening of cohesive forces brought on by this temperature’s water
expansion [43,44]. Some silicate aggregates begin to disintegrate as the temperature exceeds
about 400 ◦C, which lowers the strength. At 200, 400, 600 and 800 ◦C, the modulus of
elasticity was approximately 94%, 73%, 40%, and 20% of the original value for all three



Fire 2023, 6, 53 11 of 17

densities considered in this study. As with differences in LFC normalized strengths at high
temperatures, the normalized Young’s modulus of LFC at the same temperature was nearly
the same. The Young’s modulus in compression went down when the temperature was
raised and the LFC specimens lost water and voids.

Figure 10. Stress–strain relationship for 500 kg/m3 density at varying temperatures.

Figure 11. Stress–strain relationship for 1000 kg/m3 density at varying temperatures.
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Figure 12. Stress–strain relationship for 1500 kg/m3 density at varying temperatures.

Figure 13. Influence of varying temperatures on the LFC compressive modulus.
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Figure 14. Influence of varying temperatures on the normalized LFC compressive modulus.

4.5. Flexural Strength

The flexural test on the LFC specimen was designed to gauge the bending strength
of LFC. Figures 15 and 16 show the temperature-dependent change in the flexural tensile
strength of LFC. Above 100 ◦C, LFC’s flexural tensile strength started to drop markedly
regardless of density. Microcracking, which appears as free and chemically bonded water
vaporizes, is the primary process driving the degradation of LFC, and this is in line
with variations in the other mechanical properties. Cracks appeared and tensile strength
drastically dropped when the chemical structure of LFC began to degrade between 200 ◦C
and 300 ◦C as a result of the dissolution of the sulfoaluminate phases. All densities saw a
reduction in tensile strength to roughly 58% to 63% at 400 ◦C. Flexural tensile strength was
only 20% at 800 ◦C for densities of 500, 1000 and 1500 kg/m3. The production of spreading
fractures accounted for the rapid fall in flexural strength from 400 ◦C to 800 ◦C. The binding
between LFC fine filler and the cementitious matrix was reduced by internal shrinkage due
to the evaporation of free water as well as the chemically bound water. When subjected to
the same thermal treatment, flexural strength suffered more than compressive strength.
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Figure 15. Influence of varying temperatures on the LFC flexural strength.

Figure 16. Influence of varying temperatures on the normalized LFC flexural strength.
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5. Conclusions

This study presents the results of a series of experiments designed to measure the
compressive and tensile mechanical properties of LFC at elevated temperatures. Differ-
ent densities of LFC were tested in compression cylinders and in three-point bending at
temperatures ranging from room temperature to 800 ◦C. Mechanical properties such as
compressive strength, compressive Young’s modulus, compressive stress–strain relation-
ship, porosity, and flexural strength were evaluated. Regardless of density, the testing
results showed that at high temperatures, LFC lost most of its stiffness after about 100 ◦C.
This hints at the fact that microcracking is the primary process causing stiffness loss, as
it develops as the water grows and dissolves. It stands to reason that LFC’s strength and
stiffness would change when its density was increased. LFC of varying densities poses
interestingly similar normalized strength and stiffness–temperature relations.
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