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Three different densities (500 kg/m®, 1000 kg/m>, and 1500 kg/m>) of foamed concrete (FC) were tested
alongside mortar with a density of 1980 kg/m® to investigate how high temperatures affect the qualities of FC. A
flow table test was used to examine the fresh qualities of the mixtures. The modulus of elasticity, ultrasonic pulse
velocity (UPV), bending strength, split tensile strength, compressive strength, thermal conductivity, porosity, and
appearance and colour changes at ambient temperature and after exposure to various high temperatures (100 °C,
150 °C, 200 °C, 400 °C, 600 °C, and 800 °C) were evaluated. To study the effects of varying densities, micro-
structure analysis was performed utilizing scanning electron microscopy and mercury intrusion porosimetry.
According to the findings, the four varied densities appeared dissimilar. FC with lower densities (500 kg/m® and
1000 kg/m®) showed signs of cracking, while FC with a higher density (1500 kg/m®) enabled for precise
detection of the pore connectivity and surface spalling occurrences. High temperatures had less effect on the
mortar than FC mixtures. As the temperature increased, the modulus of elasticity, split tensile strength, bending
strength, compressive strength, thermal conductivity, and mass loss decreased for all the mortar and FC samples.
The UPV values increased marginally up to 100 °C before decreasing. This investigation highlighted the need for
additional research and code provisions that consider different innovative construction materials and FC con-
stituent classes.

heat resistance compared to other construction materials. When exposed
to high temperatures, concrete undergoes many irreversible chemical

1. Introduction

Recently, the use of concrete in high-temperature applications has
grown. High temperatures can severely damage concrete by causing
physical and chemical alterations that substantially diminish its dura-
bility and mechanical characteristics [1]. Because of the chemical and
physical changes caused by high temperatures, concrete deteriorates.
Fire and high temperatures severely damage concrete, despite its greater
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and natural changes that can lead to the deterioration of the structural
integrity of the concrete member, ultimately leading to the element’s
demise. The deterioration in physical form procedures accelerated by
high temperatures has a major effect on the endurance of the concrete
structure and can contribute to hazardous structural failures [2].
Elevated temperatures significantly influence the performance of
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cement-based materials due to their constituent material characteristics.
These characteristics include the void content and density of aggregates,
as well as the thermal compatibility and adhesion of aggregate and
cement paste [3-7].

Foamed concrete (FC) is classified as a type of lightweight concrete
that is adaptable and innovative. It is a flexible building material
because of its desirable properties, including low density, exceptional
load-bearing capacity, minimal dimensional variation, and exceptional
thermal insulation [8-11]. FC consists of at least 15% embedded foam
within cement mortar, as well as pores of air enclosed within the matrix
using a suitable surfactant [12]. The pores of air are created by mixing
the air with a foaming agent that has been dissolved in water. The FC
nature is obtained by gently combining the foam with the cement slurry
[13]. Incorporating stable foam into the FC base mix yields a material
with reduced self-weight. While stable foam improves insulating and
workability characteristics compared to standard-strength concrete, it
results in a reduction in the strength [14]. Therefore, FC can be pro-
duced in any region, despite its ultimate shape or dimension of the
structure that includes it [15].

Compared to conventional concrete, FC production is both water-
and energy-efficient [16,17]. By replacing part of concrete with bubbles
of air [18,19], this creative method reduces the use of fine filler, cement,
and water without causing damage to the environment. In recent years,
there has been an increase in the use of FC as a semi-structural
component in construction [20,21], taking advantage of its light-
weight and efficient insulating properties. It is critical to note that many
studies on FC have only examined its characteristics at ambient tem-
perature. Most researchers believed that FC’s mechanical properties
have little effect on its thermal characteristics. There is an extreme lack
of empirical evidence regarding the efficiency of fire barriers. However,
these research projects provide a solid foundation for future studies on
the mechanical properties of fire barriers at room temperature. Lin et al.
[22] used stereomicroscopy and scanning electron microscopy (SEM)
analysis to evaluate the microstructure of concrete that had undergone
high temperatures. They found that moisture absorption from the sur-
rounding environment can rehydrate dehydrated calcium oxide and
ordinary Portland cement (OPC) grains, subsequently filling the voids.
Schneider and Herbst [23] assessed non-evaporable water, C-H, CaCOs,
and C-S-H to investigate their behaviour and chemical reactions at
various temperatures. They found that the considerable increase in the
porosity, in addition to the permeability, observed within concrete at
high temperatures [24], led to the opening of cracks, alterations in the
material’s internal structure, and microcracks owing to large gas levels.
In addition to temperature, gas pressure, and moisture, the extent of
concrete’s cracking was also a factor in examining its permeability.

FC’s degrading mechanisms are primarily responsible for the
cementitious matrix’s absence. Though deterioration of both chemical
and mechanical properties results in a loss of mechanical properties, the
temperatures at which these two processes function are quite distinct.
The dehydration within cement paste gets substantial at temperatures
above approximately 110 °C, thereby dramatically weakening the C-S-H
bonds, which are characterised by the predominant formation within
the cement paste’s hydration [25]. Furthermore, the limited perme-
ability of cement paste allows internal water pressure to accumulate
during the C-S-H dehydration. At approximately 300 °C, this increases
internal stresses and initiates microcracks, thereby reducing the stiffness
and strength of the material. Above 450 °C, the calcium hydroxide
dissociation leads FC to diminish [26]. Calcium oxide within FC trans-
forms into calcium hydroxide while exposed to water at high tempera-
tures, resulting in the chemical’s destruction and cracking when
employed in firefighting. Due to the challenge of accurately estimating
these mechanisms, further research is necessary [27].

For a very long time, scientists have been interested in the FC’s fire
resistance. Kearsley and Mostert [28] investigated the way the type of
cement influenced the high-temperature performance of FC. They
discovered that FC produced with hydraulic cement containing calcium
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oxide and aluminium oxide endured temperatures as high as 1,500 °C
with no cracking. Othuman and Wang [29] suggested two methods for
determining the FC’s conductivity and thermal diffusivity at high tem-
peratures. They also found that FC could serve as a substitute for gypsum
in the construction of partition walls. High temperatures cause the in-
ternal pore structure of FC to deteriorate, leading to the degradation of
durability properties. Therefore, it is crucial to study the changes in
these characteristics to understand the buildings’ response to fire [30].
Owing to the rise in the FC temperature, which ranges from 100 °C to
400 °C, the porosity and cracks in the micropore structure grow as a
result of decarbonisation and water evaporation [31]. Beyond 400 °C,
the decomposition and dehydration of hydration products are the pri-
mary causes of the resulting deterioration of the pore structure of con-
crete [32]. This leads to an increase in the void and a rise in the void
diameter. Moreover, Tan et al. [33] evaluated residual characteristics of
FC exposed to temperatures of 200 °C, 400 °C, and 600 °C with unit
weights of 300 kg/m?, 450 kg/m5, 600 kg/m>, and 800 kg/m>. They
noticed a downward trend in the mechanical and physical characteris-
tics of FCs. However, the impact of temperatures up to 400 °C on FCs was
not negligible. However, Bayraktar et al. [34] found that FC specimens
with a 100 kg/m® foaming agent content outperformed specimens with a
50 kg/m> foaming agent content due to their higher void’s ratio and
solid content. Mydin and Wang [35] assessed the FC’s physical char-
acteristics subjected to temperatures as high as 600 °C. When exposed to
temperatures as high as 600 °C, the FC maintained approximately 40%
of its initial strength. The lightweight FC’s high air content makes it
suitable for use as a firewall.

The current study sought to gain new insights into the changes in
ultrasonic pulse velocity (UPV), splitting tensile strength, modulus of
elasticity, bending strength, compressive strength, thermal conductiv-
ity, porosity, and mass of FC when exposed to elevated temperatures
(20°C, 100 °C, 150 °C, 200 °C, 400 °C, 600 °C, and 800 °C). In addition,
a slump test was used to determine the fresh properties of the mixtures.
The morphology of pore size distribution, porosity hydration, and FC
products were determined employing mercury intrusion porosimetry
(MIP) and SEM techniques. FC with densities of 500 kg/m3, 1000 kg/ m°,
and 1500 kg/m> and mortar specimens with a density of 1980 kg/m>
were produced to meet the goals of this investigation.

2. Novelty and significance of study

The mechanical durability, thermal characteristics, and microstruc-
ture of FC are influenced by factors that also affect its residual attributes
at high temperatures, albeit showing different behaviours at ambient
temperature. Variations in different high temperature levels, heating
ratings, and times of exposure to fires have a major effect on the residual
properties of FC. Evaluating the fire resistance of FC structures depends
greatly on their ability to retain their properties during exposure to high
temperatures.

After exposure to fire, the fire curve significantly contributes to the
degradation of the mechanical, thermal, durability, and microstructural
properties of FC. Various national standards, including ASTM E119, the
hydrocarbon fire curve, DIN 4102, and ISO 834, are utilized to perform
fire testing. The fire curves illustrate extreme unintended fire scenarios,
especially in the underground and oil and gas sectors, while the ISO 834
fire curve replicates a typical commercial and residential fire. FC has
become a popular choice for various applications in residential and
commercial constructions, such as partitions, blocks, load-bearing
panels, semi-load-bearing walls, and fire insulation materials. High
temperatures will inevitably impact the use of FC in large-scale con-
struction and infrastructure projects. Hence, it is essential to examine
the functionality of FC according to ISO 834.

The mechanical, thermal, and durability properties of FC that were
studied at elevated temperatures were found not to be according to the
ISO 834 fire rating curve based on the literature. Additionally, the
impact of temperature exposures and heating rates is subjective,
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Table 1
Chemical compositions of OPC.

Oxide components Percentage (%)

Calcium oxide (CaO) 66.94

Silicon dioxide (SiO5) 14.02

Aluminium oxide (Al,03) 3.97

Iron oxide (Fe;03) 7.61

Magnesium oxide (MgO) 1.32

Sodium oxide (Nay0) 0.29

Potassium oxide (K30) 0.89

Sulfur trioxide (SO3) 4.96
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Fig. 1. Sieve analysis of aggregate following guidelines in ASTM C33-03 [37].

Table 2
Physical properties of OPC.

Components OPC Fine aggregate
Specific gravity 3.15 2.55

Apparent density (g/cm®) 1440 1790
Moisture absorption (%) 3.19 2.25

Fineness modulus - 2.35

Bulk porosity (%) - 29

Table 3

Properties of foaming agent.

Properties Description or Value
Appearance Brown

Foam density (kg/mS) 70 £ 5

Acidity (pH) 6.45

Specific gravity 1.10

Expansion ratio 15x

Suitable FC density (kg/m®) > 500

departing from previous studies’ conventional fire cure ISO 834 rec-
ommendations. Research on the differences in the residual characteris-
tics of FC with different densities after exposure to various high
temperatures is lacking.

A detailed examination of the microstructural, mechanical, dura-
bility, and thermal properties of FC after exposure to various elevated
temperatures is necessary to investigate its implications on its behaviour
because there is an inadequate amount of data in the literature. Without
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Table 4
Mix proportions of FC.

Mix Target Wet Foam Water Aggregate OPC
reference density density (kg/ (kg/ (kg/m®) (kg/
(kg/m*  (kg/m®  m? m®) m%)
500-FC 500 619 46.29 95.4 286.3 190.9
1000-FC 1000 1136 30.66 184.2 552.7 368.4
1500-FC 1500 1653 15.03 273.0 819.0 546.0
1980-M 1980 2035 - 329.0 1073.0 715.3

pORTAFOAM
PM-2

Fig. 2. Portafoam PM-2 foam generator.

undertaking a thorough comparison, most earlier studies concentrated
on the specific density of FC. In this study, mortar (without foam)
weighing 1980 kg/m® was compared to FC with low, medium, and high
densities (500 kg/m>, 1000 kg/m3 and 1500 kg/m>). This study’s
originality lies in its ability to provide material scientists and product
developers with a better grasp of the various densities of FC that respond
to different elevated temperatures. Hence, they could develop an
excellent FC-based product to be used for fire-resistant purposes.

3. Experimental program
3.1. Materials

The main components of FC are foaming agent, water, fine aggre-
gate, and OPC. The OPC grade was CEM I 52.5 N, which met BS EN
197-1 [36] specifications. Table 1 outlines the chemical compositions of
OPC. Natural sand was utilized as fine aggregate from a local supplier.
According to ASTM C 33-03 [37], the findings of the sieve analysis are
presented in Fig. 1. Table 2 lists the physical characteristics of OPC and
fine aggregate. In accordance with BS-3148 [38], water used in the
investigation had an average temperature of 20 + 2 °C.

Foam solutions were made by diluting a protein-based foaming agent
(Noraite PA-1) with a 1:30 ratio of water to achieve a 70 kg/m3 density.
The characteristics of the protein-based foaming agent used in this study
are shown in Table 3.
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Fig. 5. Heat treatment for elevated temperature testing: (a) electric furnace; (b) gas furnace.

3.2. Mix proportions

A comprehensive set of four mixtures was formulated, comprising
three compositions of FC and one composition of mortar. The target
densities of FC were 500 kg/m>, 1000 kg/m?, and 1500 kg/m>. The
density of mortar was measured to be 1980 kg/m?>. The three densities of
FC were chosen because of the use of low-density FC (500 kg/m3) as
non-load bearing elements, infill materials, and partition blocks. A

medium density of 1000 kg/m? is used for semi-load-bearing elements in
building construction as well as for low-rise buildings. While high
density (1500 kg/m®) is utilized for load-bearing elements in building
construction. As a result, it is critical to understand exactly how high,
medium, and low densities of FC react to high temperatures. The
mixture was prepared with a ratio of 1:1.5:0.45 (cement, aggregate, and
water). In this study, low, medium, and high densities of FC were
considered to compare the proportion of deterioration upon exposure to
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Fig. 6. Standard fire curve in accordance with ISO 834 and BS 476.

elevated temperatures. The quantity of water directly influences the
consistency and stability of FC. As a result, it was critical to adjust the
amount of water in the mix to maintain its spreadability within the 250
+ 15 mm range. Table 4 presents the FC’s mix proportions utilized in the
various mixtures considered within the scope of this study.

3.3. Production of FC

The main components necessary to produce FC include OPC, fine
aggregate, clean water, and a stable foam. Initially, a drum mixer was
employed to incorporate fine aggregate, which was subsequently
blended with 20% of the predetermined water quantity. Subsequently,
OPC was added to the mixture. To achieve uniformity, the constituents
were allowed to remain in the mixer for approximately three minutes.
Then, the remaining water was incrementally incorporated until the
desired consistency of mortar was achieved. Next, a predetermined
quantity of foam generated by the Portafoam TM-2 system, as demon-
strated in Fig. 2, was incorporated into the base mixture to attain the
desired density, as illustrated in Fig. 3. The density of FC was measured
promptly following the complete blending of the foam. The consistency
of freshly mixed FC was found to be homogeneous, with no signs of
segregation or bleeding, as indicated by the ratio of the fresh density to
the designated density. Next, the FC mixture was placed into steel
moulds, as shown in Fig. 4. A plastic sheet was positioned on top of the
moulds for a duration of 24 h. Subsequently, the FC specimens were
extracted from their moulds and securely enclosed for a duration of 28
days to undergo the curing process. In this study, a moisture curing
regime was used. Following this, the specimens were subjected to oven-
drying at 105 °C to ensure that all moisture was eliminated, and the
specimens achieved a constant weight prior to testing. This was carried
out to make sure that all pores connecting to the surface of the FC
specimens were empty and entirely absorbent.

3.4. Heating of samples at elevated temperatures

To facilitate the evaluation of the mechanical properties in the cur-
rent study, an unstressed test method was implemented. In the un-
stressed test, the samples were heated at a constant rate to the
predetermined temperature without the application of any burden
throughout the heating procedure. Four distinct subgroups of the spec-
imens were subjected to temperatures that were predetermined to be
200 °C, 400 °C, 600 °C, and 800 °C. The electrical furnace, depicted in
Fig. 5(a) and with the dimensions 750 x 750 x 750 mm, was utilized to
attain pre-determined temperatures reaching 400 °C. A gas furnace with
a built-up area of 800 x 2000 x 1500 mm was used. Thermal exposure
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profiles are produced by programmable microprocessor temperature
controllers that are connected to the power supply of both gas and
electric furnaces. The temperature within the furnace chamber was
monitored by a Type K thermocouple. Temperatures in both furnaces
were regulated in accordance with ISO 834 [39] so that their relation-
ship with time resembled that of a standard fire curve. The standard fire
curve of ISO 834 is compared to that of BS 476 in Fig. 6. After subjecting
all the FC specimens to the predetermined target temperature during the
heating procedure, they were maintained at that temperature for one
hour, as suggested by Kodur et al. [40]. Following that, the specimens
were placed in the furnace to undergo a cooling process for a period of
24 h before the intended evaluations were carried out.

3.5. Testing methods

To examine the workability of the FC samples with varying densities,
a flow table test was conducted, as displayed in Fig. 7(a). The freshly
generated FC mixtures were placed in an open-ended cylindrical
container with dimensions of 76.2 mm in diameter and 152.4 mm in
height. The cylinder was then raised to allow the FC mixtures to flow
freely. Measurements were conducted to determine the spread widths in
both directions, and subsequently, an average value was determined. To
ascertain the mass reduction of FC at various predetermined tempera-
tures, measurements were done to establish the dry density of FC both
prior and after subjecting it to specific elevated temperatures.

The permeable porosity of FC was determined using a vacuum
saturation apparatus, as demonstrated in Fig. 7(b). The test employed
cylindrical specimens with a diameter of 45 mm and a height of 50 mm.
To remove moisture from the specimens, they were placed in an oven for
72 h or until no weight changes were recorded. Afterwards, each spec-
imen was cooled, and its weight was recorded as Wyy. In a vacuum
desiccator, the specimens were immersed for 72 h or until bubbles could
not be seen. The specimens’ weights were recorded in water, W,,,;, and
in air, Wgpy. To calculate the FC’s permeable porosity, equation (1) was
utilized.

Wsar - Wdry

sat wet

Permeable porosity (%) = x 100% 1)

where;

W;qe = saturated surface dry weight of FC specimen (kg).

Wary = oven dried weight of FC specimen (kg).

Wy = weight of FC specimen in water (kg).

Next, the pore size distributions of the FC mixtures were determined
using MIP. This method provides quick information about the pores’
structures. The pore diameter can be measured by MIP, which varies
from 0.001 pm to 1000 pm based on the injection pressure.

A compression test was performed on the cube specimens with di-
mensions of 100 mm, and their compressive strength was assessed at 28
days. The cube specimens were subjected to a 0.5 MPa/sec loading rate,
following the guidelines outlined in BS-EN-12390-3 [41]. Fig. 7(c) il-
lustrates the configuration employed for conducting the compression
tests. The bending strength of the prisms measuring 100 x 100 x 500
mm was evaluated at the 28-day curing age, in accordance with the
specifications outlined in BS-EN-12390-5 [42]. The specimens of the
prism were subjected to loading at a rate of 0.3 MPa per second using a
three-point bending test setup, as indicated in Fig. 7(d). The split tensile
strength test was done in accordance with the specifications mentioned
in BS12390-6 [43]. The experiment was carried out at the curing age of
28 days. Cylindrical specimens with a diameter of 100 mm and a height
of 200 mm, as depicted in Fig. 7(e), were utilized for the test. Next, the
modulus of elasticity of FC was determined by adhering to ASTM C469
[44], employing 100 x 200 mm cylinders and conducting the test at the
28-day curing age. The thermal conductivity test was executed using the
hot guarded plate (HGP) method, following the guidelines in ASTM
C177 [45]. The experimental configuration is shown in Fig. 7(f). The
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(a) flow table test; (i) open ended cylinder container, (ii) fresh mix was poured to fill
container, (iii) mould was removed and spread diameter was measured using a ruler

e
(e) split tensile strength test

-V 4

(g) UPV test

Fig. 7. Testing organisations and setups.

measurement of UPV was done in accordance with the specifications in
BS12504-4 [46]. The experimental procedure involved utilizing the
direct transmission technique to determine the velocity of ultrasonic
waves in a prism measuring 100 x 100 x 500 mm, as displayed in Fig. 7

(8.
4. Results and discussion
4.1. Slump flow
Fig. 8 indicates the slump flow results for the fresh FC mixtures with
densities of 500 kg/m®, 1000 kg/m®, and 1500 kg/m® and mortar with

density of 1980 kg/m°. Based on Fig. 8, the slump flow value of the
examined FC samples diminished progressively as the density rose, with

the maximum slump flow value occurring at 500 kg/m>. The finding can
be explained by two factors: (1) the larger quantity of water generated
by foam led to fewer solid constituents per unit volume of FC and (2) the
round-shaped foam within the binding matrix was able to decrease
frictions between various constituents of the binder, thereby enhancing
the overall fluidity of the fluid phase. Employing FC with densities of
1000 kg/m® and 1500 kg/m® reduced the slump flow value by 3.14%
and 5.09%, respectively, in comparison to FC with a density of 500 kg/
m°. Nevertheless, the greatest reduction in the slump flow value was
7.45% for mortar with a density of 1980 kg/m®. This can be owing to the
increase in demand for water due to the mortar’s increased solid content
[47].
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Fig. 8. Influence of varying densities on slump flow diameter of FC.

4.2. Appearance and colour changes

At elevated temperatures, spalling and cracks are considered reliable
indicators for the degree of the concrete damage. In general, the
degradation in the appearance of concrete is triggered by internal

(a) ambient (b) 200°C

(c) 400°C

Engineering Science and Technology, an International Journal 55 (2024) 101725

stresses that form at elevated temperatures because of the chemical
transition, drying shrinkage, thermal expansion, and water evaporation
[48-50]. The FC’s appearance with densities of 500 kg/m>, 1000 kg/m?,
and 1500 kg/m® and mortar samples with a density of 1980 kg/m° at
ambient temperature (20 °C) as well as at elevated temperatures
(200 °C, 400 °C, 600 °C, and 800 °C) are illustrated in Figs. 9-12. At
room temperature, raising the density to 1500 kg/m® formed a little
darker surface due to the high absorption and the dark colour of cement
with rising quantities of aggregate and reducing quantities of foam
agent. Since the samples with a 1980 kg/m® density contained a greater
quantity of cement, there was no alteration in colour owing to their
dense microstructure, which prevented the internal water pressure from
being easily released. When the samples were subjected to heating at
200 °C, the appearance of all the mixtures up to 1500 kg/m® did not alter
significantly. As a consequence of the chemical transformations, a
lighter colour and pore connectivity can be detected at elevated tem-
peratures [51]. With the exception of mortar with a density of 1980 kg/
m®, all the mixtures at 400 °C exhibited merged pores that became
greater with the density contents. At 600 °C, obvious cracks appeared in
all the mixtures, and spalling occurred in the samples with densities of
500 kg/m°, 1000 kg/m>, and 1500 kg/m>. After being exposed to
800 °C, the cracks grew longer and wider, and the severity of the pore
connectivity and spalling increased considerably. Generally, a rise in the
density enhances the FC’s appearance by reducing merged pores, spal-
ling, and cracks. Furthermore, the development of cracks at 600 °C and
800 °C indicated that the compressive strength and material’s density
would be substantially diminished. As low-density mixtures (500 kg/m?®
and 1000 kg/m®) showed the greatest spalling, rough edges were

(d) 600°C () 800°C

Fig. 9. Appearance and colour changes of FC specimens with a density of 500 kg/m? at specific predetermined temperatures.

(a) ambient  (b) 200°C

(c) 400°C

(d) 600°C (e) 800°C

Fig. 10. Appearance and colour changes of FC specimens with a density of 1000 kg/m?® at specific predetermined temperatures.

(b) 200°C

(a) ambient

(c) 400°C

(d) 600°C (e) 800°C

Fig. 11. Appearance and colour changes of FC specimens with a density of 1500 kg/m® at specific predetermined temperatures.
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(a) ambient (b) 200°C (c) 400°C (d) 600 °C
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A

(e) 800°C

Fig. 12. Appearance and colour changes of mortar specimens with a density of 1980 kg/m?> at specific predetermined temperatures.
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Fig. 13. Mass loss for FC samples with three densities and mortar samples with
one density exposed to high temperatures.
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Fig. 14. Porosity for FC samples with three densities and mortar samples with
one density exposed to high temperatures.
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Fig. 15. Thermal conductivity for FC samples with three densities and mortar
samples with one density exposed to high temperatures.
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Fig. 16. Compressive strength for FC samples with three densities and mortar
samples with one density exposed to high temperatures.

noticed at 600 °C and 800 °C.
4.3. Mass loss

At elevated temperatures, the mass loss is a crucial factor because it
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Fig. 18. Bending strength for FC samples with three densities and mortar
samples with one density exposed to high temperatures.

eliminates various forms of moisture within the matrix, including
capillary water, interlayer water, absorbed, adsorbed, and free. To
determine the mass loss of all the specimens, the mass ratio at the target
temperature to the mass ratio at ambient conditions was calculated.
Fig. 13 depicts the percentages of the mass loss for the mortar specimens
and FC, when subjected to higher temperatures. The FC’s mass loss
reduced progressively when the temperature rose, whereas the previous
pattern was nearly the same across all the mixtures.

The reduction was caused by physically absorbed water and capillary
water loss at temperatures as high as 400 °C [48]. The Ca(OH), dehy-
dration induced the mass loss at greater temperatures because of the loss
of the chemically bound water [52]. In addition, the difference in the
mass loss between 400 °C and 200 °C was comparatively low since the
free water entirely evaporated between 100 °C and 200 °C [53]. As

Split tensile strength (MPa)
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200 400
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Fig. 20. Split tensile strength for FC samples with three densities and mortar
samples with one density exposed to high temperatures.

demonstrated in Fig. 12, the samples with a density of 1980 kg/m®
experienced greater mass loss, as increasing the concrete density leads to
greater mass loss, with the increase in the mass loss becoming more
obvious at 800 °C and 600 °C. The rise in the mass loss could be
explained by the rise in the solid content subjected to high temperatures
when the density increased. Similar findings were recorded as the FC’s
density increased for the rise within the solid matrix [25,54,55].
Obviously, different ratios were witnessed for the temperature and
density. The results illustrated values of 0.93%, 1.47%, 6.87%, 8.52%,
and 8.7% at 150 °C, 200 °C, 400 °C, 600 °C, and 800 °C, respectively,
compared to the control (at 20 °C) for FC with a density of 500 kg/m®.
While the results indicated values of 2.08%, 2.88%, 9.73%, 11.6%, and
11.69%, respectively, for FC with a density of 1000 kg/m®. For FC with a
density of 1500 kg/m3, the values were 3.21%, 4.01%, 11.79%, 13.69%,
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Fig. 22. Modulus of elasticity for FC samples with three densities and mortar
samples with one density exposed to high temperatures.

and 13.8%, respectively. The results exhibited values of 5.27%, 6.35%,
14.29%, 16.75%, and 16.98%, respectively, for mortar with a density of
1980 kg/m°>. Similarly, Sayadi [56] reported that FC with lower den-
sities showed worse fire resistance in comparison to FC with higher
densities after comparing 450 kg/m®, 250 kg/m®, and 150 kg/m°.

4.4. Porosity

The porosity tests’ results for the FC samples with densities of 500
kg/m?®, 1000 kg/m>, and 1500 kg/m®> and mortar samples with a density
of 1980 kg/m? are illustrated in Fig. 14. The samples were heated to
20°C,100°C, 150 °C, 200 °C, 400 °C, 600 °C, and 800 °C. As depicted in
Fig. 14, the porosity of FC increased with increasing the temperature,
and the mixtures with a density of 500 kg/m® had the maximum values

10
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Fig. 23. Residual modulus of elasticity for FC samples with three densities and
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Fig. 24. UPV values for FC samples with three densities and mortar samples
with one density exposed to high temperatures.

of the porosity. The FC’s porosity increased uniformly throughout all
three densities, but at a slower rate with a density of 1980 kg/m®>. The
initial porosity values for densities of 500 kg/m?, 1000 kg/m?, 1500 kg/
m3, and 1980 kg/m3 were 72.844%, 45%, 26.72%, and 12.88%,
respectively. Ranging from 200 °C to 400 °C, the porosity of FC for
higher densities rose noticeably.

As different amounts of sulfoaluminate and calcium silicate hydrate
gel broke down, the rise was less considerable for the lower-density FC.
However, the porosity of the lower-density FC (500 kg/m®) increased
significantly. On the other hand, the rise was less noticeable for the
higher-density FC samples (1500 kg/m® and 1000 kg/m®) and mortar
samples (1980 kg/m?>). For 400 °C, the measured porosity values of the
samples with densities of 500 kg/m®, 1000 kg/m°, 1500 kg/m®, and
1980 kg/m3 were 74.97%, 46.82%, 28.25%, and 13.6%, respectively. At
temperature of 400 °C, the measured porosity increased because of the
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(a) 20°C T (b) 400°C (c) 800°C

Fig. 26. SEM images of FC with a density of 1000 kg/m® exposed to various temperatures.

(a) 20°C (c) 800°C

Fig. 27. SEM images of FC with a density of 1500 kg/m?> exposed to various temperatures.
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Fig. 28. SEM images of mortar with a density of 1980 kg/m® exposed to various temperatures.

calcium hydroxide decomposition into calcium oxide. For 600 °C, the various temperatures.
porosity values of the samples with densities of 500 kg/m?, 1000 kg/m>,
1500 kg/m®, and 1980 kg/m® were 76.41%, 47.82%, 30.31%, and
15.09%, respectively. Because of the large porosity at room tempera-
ture, mortar and FC might be recognised as possessing a fixed porosity at

4.5. Thermal conductivity
Fig. 15 demonstrates the thermal conductivity of the FC samples with

11
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Fig. 29. Pore size distribution of FC specimens with a density of 500 kg/m® exposed to various temperatures.

densities of 500 kg/m>, 1000 kg/m®, and 1500 kg/m> and mortar
samples with a density of 1980 kg/m? after being exposed to high
temperatures (20 °C, 100 °C, 150 °C, 200 °C, 400 °C, 600 °C, and
800 °C). The thermal conductivity of the mortar and FC samples
decreased with temperature for all the densities considered in this study,
as displayed in Fig. 15. The samples with a high content of cement
exhibited a high thermal conductivity coefficient at room temperature.
As the volume of foam in the mix increased, the value declined. As a
result of its closed cellular structure, FC that had limited thermal con-
ductivity indicated a favourable thermal performance. As the thermal
conductivity is associated with density, which is heavily reliant on the
pore structure and porosity [57], the thermal conductivity declining
pattern with rising temperatures can be ascribed to a rise in the volume
of the permeable voids. Previous investigations [58-60] have also
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documented this behaviour. After exposure to high temperatures, the
values of the thermal conductivity for the FC samples were lower in
comparison to the values at ambient temperature.

As soon as the dry unit weight and porosity are considered together,
the decrease in the thermal conductivity after elevated temperatures
confirms this point. At 250 °C, Othuman and Wang [29] found that the
thermal conductivity of FC with a density of 650 kg/m® decreased from
0.226 W/mK at room temperature to 0.144 W/mK. At 250 °C, the
thermal conductivity of FC with a density of 1000 kg/m? reduced from
0.309 W/mK at room temperature to 0.245 W/mK. The thermal con-
ductivity of FC with a density of 1850 kg/m> decreased from 0.484 W/
mK at room temperature to 0.434 W/mK after 250 °C. It appears that
such results match the findings of this investigation.
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Fig. 29. (continued).

4.6. Compressive strength

At elevated temperatures, the compressive strength degrades due to
the chemical composition and structural changes. The concrete hydra-
tion products, including C-S-H, ettringite, and portlandite, undergo the
phase transformation, resulting in the formation of active materials such
as calcium silicate and lime [61,62]. Figs. 16 and 17 show the FC sam-
ples’ compressive strength and residual compressive strength with
different densities (500 kg/m®, 1000 kg/m>, and 1500 kg/m?>), as well as
those of the mortar samples (1980 kg/m?), respectively, after being
exposed to high temperatures. The FC’s compressive strength increased
progressively employing higher densities after exposure to high tem-
peratures, as illustrated in Fig. 16. In comparison to the sample with a
density of 500 kg/m°, the compressive strength of the samples with
densities of 1000 kg/m®, 1500 kg/m>, and 1980 kg/m? increased by
123.42%, 548%, and 1,097.14%, respectively, at 20 °C. The rise was a
result of the continuous development of the microstructure of concrete,
which increased the solid matrix as it grew in the density.

However, the results demonstrated that the compressive strength of
all the mixtures decreased after being exposed to temperatures ranging
from 20 °C to 800 °C. Because the temperature range of 100 °C to 200 °C
had a minor impact on the strength of mortar and FC, all the samples
retained at least 95% of their capacity. Similar findings were found in
previous research works at the same temperatures [33,48,62]. During
this phase, FC lost the strength due to the moisture loss, which caused
the paste to shrink and generate microcracks. As the temperature rose
from 90 °C to 180 °C, the strength subjected to compression progres-
sively decreased because of the release of the chemically bound water
and free water.

The decrease in the compressive strength at temperatures ranging
from 25 °C to 160 °C was similar to a reduction in Van der Waals forces
cohesiveness (molecular interactions or distance-dependent inter-
atomic) between the C-S-H layers. This decreased the surface energy of
C-S-H, leading to the formation of silanol bands, accompanied by a
decrease in the overall bonding strength.

In addition, the residual compressive strength of each mix decreased
significantly as the temperature exceeded 200 °C. At 400 °C, the residual
compressive strengths of the mixtures with densities of 500 kg/m®,
1000 kg/m3, 1500 kg/m3, and 1980 kg/m> were 66.85%, 71.1%,
75.66%, and 75.27%, respectively, of those in ambient temperature. At
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these temperatures, the cementitious materials’ decomposition resulted
in the formation of microcracks, which remarkably affected the FC’s
compressive strength [33]. At 600 °C, the FC’s residual compressive
strengths with densities of 500 kg/m>, 1000 kg/m®, 1500 kg/m°, and
1980 kg/m3 were reduced to 36%, 41.68%, 50.17%, and 47.3%,
respectively, compared to those in ambient temperature. Moreover,
raising the density improved the residual compressive strength values at
400 °C and 600 °C by a small amount. In addition, the different den-
sities” impact was more pronounced at 800 °C, in which reductions of
6.85%, 15.85%, 25.48%, and 18.75% were recorded for densities of 500
kg/m®, 1000 kg/m® 1500 kg/m® and 1980 kg/m° respectively,
compared to those in ambient temperature. Therefore, the minor
decrease in the compressive strength with rising density is primarily
attributable to the improvement of the microstructure by the gradual
increase of the solid matrix (Figs. 16 and 17). The mortar mix with a
density of 1980 kg/m® exhibited a slight decrease in the residual
compressive strength compared to the samples with a density of 1500
kg/m® when exposed to temperatures exceeding 400 °C. The marginal
reduction in the residual compressive strength was due to the expansion
of the solid volume subjected to heat as the cement content rose in the
mortar specimens. As the amount of Ca(OH); in the mortar specimens
increased, it began to breakdown beyond 400 °C, leading to a drop in the
strength.

4.7. Bending strength

The bending test was designed to determine the strength during
bending of mortar and FC, as brittle materials. The differences in the
bending strengths and residual bending strengths of the mortar and FC
samples as a function of temperatures are depicted in Figs. 18 and 19,
respectively. The FC samples’ bending strengths decreased significantly
after 90 °C, disregarding the FC’s density. Compatible with alterations to
the other previously mentioned FC’s mechanical characteristics, this
illustrates that microcracking, which appears as free water and chemi-
cally bound water released from the porous body, is the main mecha-
nism producing degradation.

The FC’s chemical composition began to deteriorate between 200 °C
and 300 °C due to the decomposition of the sulfoaluminate process
(3Ca0-Al;03-CaS04-12H50 and 3Ca0-Al;03-3CaS04-31H50) and C-S-
H, resulting in the development of cracks and a considerable drop in the
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Fig. 30. Pore size distribution of FC specimens with a density of 1000 kg/m® exposed to various temperatures.

strength. At 400 °C, the bending strengths in all densities decreased to
around 64% to 72% compared to those in ambient temperature. At
800 °C, the bending strength values were as follows: 18.62% for a
density of 500 kg/m?, 14.92% for a density of 1000 kg/m?, 13.28% for a
density of 1500 kg/m>, and 16.48% for a density of 1980 kg/m®. The
noticeable decrease in the bending strength between 400 °C and 800 °C
can be attributed to the development of extensive cracks. The evapo-
ration of both chemically bound and free water caused internal
shrinkage, which decreased the binding between the cementitious ma-
trix and FC fine filler. After undergoing the same heat treatment, the
mix’s compressive strength is significantly higher than its bending
strength.
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4.8. Split tensile strength

The results of the split tensile strength experiments at different
temperatures are depicted in Fig. 20. Fig. 21 shows a comparison of the
residual split tensile strengths of different mixtures. The split tensile
strength followed a similar general pattern as the bending and
compressive strengths at 20 °C. All the FC’s densities experienced a
significant decrease in the split tensile strength after being subjected to
100 °C. The reduction ranged between 96% and 99%. Nevertheless, at
400 °C, the split tensile strength of all the densities decreased to between
66% and 72%. Furthermore, after being subjected to 800 °C, the FC’s
split tensile strength reduced considerably. The average residual split
tensile strength decreased from 47% at 600 °C to 20% after exposure to
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Fig. 30. (continued).

800 °C. This decrease was due to the decomposition of the hydration
products. The same thermal treatment had a greater impact on the split
tensile strength compared to the compressive strength. Since the impact
of cracking coalescence on the split tensile strength was greater
compared to the compressive strength, this was a primary reason for
elevated temperatures, resulting in a greater reduction in the split tensile
strength relative to the compressive strength. The growth, besides the
initiation of each new crack, decreases the available load-carrying re-
gion, resulting in a rise in stresses at crack tips [63]. In addition, cracks
start to seal up under compressive loads but open under tensile loads.
The thermal incompatibility, hydration product decomposition, and
high-water vapour pressure between aggregates and cement paste have
a big effect on where cracks appear and how they grow from microcracks
to macrocracks as the temperature rises.

4.9. Modulus of elasticity

Fig. 22 indicates the modulus of elasticity for various FC mixtures
before and after exposure to elevated temperatures. The figure demon-
strates that an increase in the density from 500 kg/m? to 1980 kg/m® led
to a progressive decrease in the modulus of elasticity as temperature
rose. As temperature increased, the influence of the density diminished
gradually. At 100 °C-200 °C, the loss of the modulus of elasticity started
owing to the deterioration of the microstructure and shrinkage of the
paste caused by the evaporation of water. In addition, Fig. 23 displays
the residual modulus of elasticity as a function of temperature. The re-
sidual modulus of elasticity rose as the density increased; thus, the effect
became more pronounced as temperature rose. This behaviour was
caused by a rise in the solid content as the density increased.

4.10. UPV

Fig. 24 demonstrates the UPV tests results for FC with varying den-
sities (500 kg/m3, 1000 kg/m3, and 1500 kg/m?®) and mortar with a
density of 1980 kg/m® at elevated and ambient temperatures. As
exhibited in Fig. 24, the values of UPV of all the mixtures increased with
temperatures up to 100 °C and then decreased, as reported in other in-
vestigations [64,65]. The outcomes ranged from 1991 m/s to 1429 m/s,
2417 m/s to 2007 m/s, 3115 m/s to 2632 m/s, and 3913 m/s to 3407 m/
s for FC with densities of 500 kg/m>, 1000 kg/m?, and 1500 kg/m?, and
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mortar with a density of 1980 kg/m°, respectively. The UPV enhance-
ment ratios at 100 °C were 4.52%, 5.87%, 5.87%, and 4.01% for the
mixtures with densities of 500 kg/m>, 1000 kg/m>, 1500 kg/m>, and
1980 kg/m®, respectively. The rise in the UPV values can be attributed to
either the increased surface forces between particles of gel because of
the gel’s general stiffening or to the removed adsorbed water. Moreover,
this noticed increase within UPV can be related to a progressive hy-
dration procedure initiated by the prevalent temperature [66]. Castillo
and Durrani [65] recorded similar behaviours. According to the authors’
assessment, the observed increase within the phenomenon can be
attributed to either the increase in interparticle surface forces or the
overall cement gel reinforcement caused by the evaporation of absorbed
moisture. It is noteworthy that the dehydration of FC will occur because
of the evaporation process, which incorporates a fraction of the chem-
ically bound water as well as the free water. At temperatures between 90
°C and 95 °C, the hydration procedure is initiated. In the range of 90 °C
to 140 °C, a certain proportion of the chemically bound water will be
discharged. Because of the calcium silicate hydrate (C-S-H ) gel
decomposition, certain amounts of water that is chemically bonded will
also be lost. Nevertheless, the greatest decrease in UPV was observed
within mixtures with a density of 500 kg/m°>, as was the case for the
split tensile , bending, and compressive strengths. The mortar samples
with a density of 1980 kg/m® possessed higher UPV outcomes compared
to the other mixtures because of their decreasing porosity values and
rising solid content. UPV is a representative for FC’s defects such as
cracks and pores. When the matrix contains honeycomb, pores, cracks,
or any other defects, UPV decreases. Consequently, it can be used to
determine the FC’s quality.

4.11. Microstructural investigation

4.11.1. SEM analysis

To identify alterations in the FC and mortar’s morphology, the SEM
analysis was carried out on the mixtures with varying densities and high
temperatures. Four mixtures were heated at 20 °C, 400 °C, and 600 °C,
and five images were taken. The effects of various temperatures on the
FC’s microstructure with varying densities (500 kg/m>, 1000 kg/m?,
and 1500 kg/m>) and mortar with a density of 1980 kg/m® are depicted
in Figs. 25, 26, 27, and 28, respectively. Fig. 25-b and 26-b demonstrate
that FC with densities of 500 kg/m® and 1000 kg/m® exposed to 400 °C
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Fig. 31. Pore size distribution of FC specimens with a density of 1500 kg/m® exposed to various temperatures.

encountered a rise in the merged pores, pore diaphragm spalling, and
crack dimensions in comparison to that at 20 °C. Nevertheless, the SEM
results showed that FC with a density of 1500 kg/m? did not alter greatly
within pores when exposed to 400 °C in comparison to the sample at

ambient temperature, as displayed in Fig. 27(a-b). At these tempera-

tures, portlandite broke down into water and lime [67 —69]. Because of
the procedure of dehydration, a few pores and cracks also formed within
the solid matrix. Fig. 26-c and 27-c illustrate a significant deterioration
within the FC’s microstructure exposed to 800 °C, particularly with a
density of 500 kg/m>. Alternatively, raising sold content while
decreasing foam content raises the mortar’s density. Consequently, it
raises the solid matrix, enhances the pore distribution, and decreases the
pore diameter (Fig. 25-a, 26-a, 27-a, and 28-a). The enhancement
within the microstructure showed up in the increased FC’s compressive
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strength as its density increased at ambient temperature.
4.12. Pore size distributions

For investigating the effect of the raised temperatures on the hy-
dration reaction of cement-based materials, the pore distribution and
porosity of FC-hardened pastes with different mortars and destinies can
be used. In this regard, distinct pore distributions will affect the pastes’
durability by influencing their impermeability and shrinkage [70]. The
size, shape, and quantity of hydration products noticeably impact the
pore and porosity distribution of hardened pastes. Figs. 29-32 exhibit
the pore distribution of FC-hardened pastes with different densities and
mortars following exposure to high temperatures. Reducing the foam
content led to greater numbers of holes sized between 100-200 pm and
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Fig. 31. (continued).

300-400 pm at 20 °C, but this trend reversed as the temperature rose.
Within this range, the mortar specimen had the largest number of pores.
The number of pores with widths greater than 400 pm was the lowest at
both ambient temperature and increased temperature for the mortar
specimen with a density of 1980 kg/m>. The number of holes with sizes
greater than 800 pm increased as temperature rose for all the specimens,
with the greatest values seen in the specimens with a foam content of
500 kg/m>. There were a few larger pores, and the number of them
increased as the temperature and plastic density increased. This was
because pores could overlap and merge at higher FC’s densities (500 kg/
m>). Also, the FC’s porosity increased evenly across all three densities
because sulfoaluminate and C-S-H broke down at 300 °C and 200 °C.
Besides, the observation of the calcium hydroxide disintegration into
calcium oxide at temperatures greater than 400 °C could be explained by
the increase in the porosity. The void size and distribution did not alter
substantially when exposed to 600 °C in comparison to the samples at
ambient temperature.

5. Conclusions

FC with varying densities (500 kg/m>, 1000 kg/m?>, and 1500 kg/m?)
was compared to mortar with a density of (1980 kg/m®) in terms of its
behaviour at elevated temperatures. Experiments were conducted to
determine the slump flow, mass loss, porosity, thermal conductivity,
compressive strength, bending strength, split tensile strength, modulus
of elasticity, UPV, and microstructure. Based on the evaluations’ out-
comes, the following conclusions can be drawn:

e As the FC’s density increased, the slump values decreased. However,
the impact of the mortar’s density on reducing the slump was more
significant than that of the FC’s density. Besides, increasing the
exposure temperature led to a deeper tone. Additionally, exposure to
temperatures of 600 °C and 800 °C resulted in the exterior surface
forming merged pores, spalling, and cracks.

e Asthe temperature increased, the specimens experienced a reduction
in the mass loss. However, the densities of 1500 kg/m® for FC and
1980 kg/m?> for mortar exhibited distinct variations. The rate of
reduction lessened as the temperature rose from room temperature
to 800 °C. This was also applicable to FC with a density of 1500 kg/
m® and mortar with a density of 1980 kg/m> when the temperature
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was under 400 °C. The mass loss decreased notably after reaching
400 °C, especially for mortar with a density of 1980 kg/m°.

The mortar and FC’s porosity were mostly determined by density
functions and were not greatly influenced by temperature. The
change in the mechanical properties of mortar and FC at high tem-
peratures was mainly caused by changes in the chemical composition
of FC.

As the temperature increased, the modulus of elasticity and
compressive strength of the FC decreased consistently. Higher den-
sity improved the modulus of elasticity and residual compressive
strength. After a longer exposure to 800 °C, the residual strength of
mortar and FC decreased by 6.85% for 500 kg/m>, 15.85% for 1000
kg/m>, 25.48% for 1500 kg/m>, and 18.75% for 1980 kg/m°>. The
increased strength loss observed with a density of 500 kg/m® was due
to a decrease in the solid matrix.

Increasing temperature led to a gradual decrease in the split tensile
and bending strengths of FC and mortar with different densities. At
800 °C, all the mixtures showed the lowest residual strengths;
however, the mortar sample indicated the highest performance.
While the UPV values for all the combinations increased when the
temperature reached 100 °C and then declined.

The decrease in the porosity led to an increase in the thermal con-
ductivity for both mortar and FC as their density increased. However,
the thermal conductivity for all the mixtures declined as temperature
increased because of capillary fractures and the expansion and cre-
ation of voids within the material due to heat. Following exposure to
800 °C, the thermal conductivity of FC with different densities (500
kg/m®, 1000 kg/m°>, and 1500 kg/m®) fell by 86.18%, 42.42%, and
31.81%, respectively. However, the decrease for mortar with a
density of 1980 kg/m> was 26.87%.

As the temperature rose, the SEM data demonstrated a gradual in-
crease in the level of degradation. At 400 °C, spalling and cracks
appeared on the pore diaphragm with densities of 500 kg/m> and
1000 kg/ms. The porous diaphragm displayed more temperature
sensitivity than the solid matrix. Increasing the density of concrete
improved its ability to withstand high temperatures by reducing the
number of pores. As the temperature increased, the MIR analysis
revealed a continuous rise in the percentage of pores, especially
those over 1000 um in size. Portlandite breakdown was initiated at
400 °C and concluded at 800 °C.
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Fig. 32. Pore size distribution of mortar samples with a density of 1980 kg/m® exposed to various temperatures.

Despite the anticipated lower mechanical characteristics of FC
compared to normal strength concrete, there is an opportunity for using
low-density FC (500 kg/m3) as fire-resistant partitions or load-bearing
walls in low-rise residential construction. Rising the density of FC
would enhance its specific heat capacity, enabling it to absorb more
heat. This is positive for the application of FC in building construction as
fire-resistant partitions.
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