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Abstract

Foamed concrete (FC) is a lightweight cementitious material that has gained significant popularity due
to its low density, high workability, and favorable thermal insulation properties. However, its highly
porous structure may adversely affect long-term durability compared with conventional concrete. This
review synthesizes experimental findings on the main factors affecting FC durability, including freeze—
thaw cycles, drying shrinkage, carbonation, chloride ingress, sulfate attack, and alkali—silica reaction.
A comprehensive review of the extant literature reveals a consistent indication that pore structure and
foam stability are the primary parameters controlling durability performance. The incorporation of
supplementary cementitious materials into optimized mix designs has been demonstrated to enhance
durability. For instance, the utilization of C—S—H/PCE nano-composites has been documented to
enhance compressive strength by approximately 44%, while concurrently reducing carbonation depth
to around 6 millimeters after a period of seven days. Incorporating 4% epoxy resin, for instance, has
been shown to reduce drying shrinkage by nearly 48%. Furthermore, fibre-reinforced mixtures with
partial fly ash replacement have exhibited strength improvements exceeding 100% after freeze—thaw
exposure in optimized mixes. The enhancement of durability in FC is contingent upon the optimization
of pore structure through stable foam generation, the refinement of binder systems, and the
implementation of suitable curing methodologies. These factors, when integrated, collectively impede
permeability and augment resistance to environmental degradation.
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Introduction

Foamed concrete (FC) is a lightweight
cementitious material characterized by a cellular
structure created by incorporating pre-formed foam into
a cementitious slurry. Due to its low density, high
workability, and excellent thermal insulation properties,
FC has been increasingly used in construction
applications such as void filling, backfilling, insulation
layers, and lightweight structural elements (Bayraktar et
al., 2021). The lightweight nature of FC is attributable
to the presence of numerous entrained air voids
distributed within the cement matrix, a feature that
significantly reduces its density compared with
conventional concrete (Hashim & Tantray, 2021).

In order to enhance the performance of FC, a
variety of supplementary cementitious materials
(SCMs) have been integrated into its mixture. Fly Ash
(FA) is a pozzolanic additive that has been utilized as a
partial replacement for cement in FC (M. Jones &
Mccarthy, 2005; Kearsley & Wainwright, 2001). A
plethora of other additives have been identified,
including silica fume (SF) (Bing et al., 2012), ground
granulated blast furnace slag (GGBFS) (Awang et al.,
2012), rice husk ash (K.-S. Wang et al., 2005), sludge
paper factory (F. Q. Zhao et al., 2010), and graphite
waste (S. H. Wang, 2011). Furthermore, Cong & Bing
(2015)  utilized soft clay (CL) comprising
approximately 95% particles measuring less than 1 mm,
with liquid and plastic limits of ~43% and ~15%,
respectively. In this study, soil was utilized as a
substitute for fine aggregate (sand), functioning as a
filler and producing a porous, hygroscopic matrix that
influences moisture transport and durability.
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Notwithstanding these advantages, the highly
porous microstructure of FC presents significant
durability challenges. In comparison with traditional
concrete, FC has been shown to possess higher
permeability and water absorption capabilities. This
property may lead to the acceleration of deterioration
mechanisms, including  carbonation, chloride
penetration, sulfate attack, freeze—thaw damage, and
drying shrinkage (Bing et al., 2012; Tang et al., 2015).
The durability of these materials is significantly
influenced by the characteristics of their pore structure,
including the distribution of pore size, the connectivity
between pores, and the stability of the foam.

A multitude of preceding reviews have thoroughly
examined the overarching characteristics and practical
applications of foamed concrete, with a particular
emphasis on the contributions of Amran et al. (2015).
Despite extensive research on foamed concrete, a clear
understanding of the combined influence of pore
structure characteristics on durability performance
remains insufficient. However, many studies address
durability = mechanisms in isolation, and a
comprehensive, integrated analysis linking pore
structure  characteristics—such as  connectivity,
tortuosity, and open/closed porosity—with durability
performance under different environmental conditions
remains limited. Therefore, this review synthesizes
experimental findings from the literature to identify the
key factors governing the durability of foamed concrete
and to propose strategies for improving its long-term
performance in construction applications. Figure 1
presents a conceptual framework that illustrates the
relationship between foam stability, pore structure
characteristics, transport properties, and durability
mechanisms in foamed concrete.
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Figure 1. Conceptual Framework Linking Foam Stability, Pore Structure, and Durability Mechanisms in Foamed Concrete.
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Methods

The present study employs a narrative literature
review approach, supported by a structured search
strategy, to examine the factors affecting the durability
of foamed concrete (FC). A comprehensive search of
major scientific databases, including Scopus, Web of
Science, ScienceDirect, and Google Scholar, was
conducted to identify relevant studies. The search
strategy targeted peer-reviewed articles published
between 2000 and 2025 using keywords such as foamed
concrete durability, freeze—thaw  resistance,
carbonation, chloride penetration, sulfate attack, and
pore structure.

The selection of studies was based on their
relevance to durability performance in foamed concrete.
The review included articles that provided experimental
data or analytical discussion on durability mechanisms.
Such mechanisms include, but are not limited to,
freeze—thaw cycles, drying shrinkage, carbonation,
chloride ingress, sulfate attack, and alkali-silica
reaction. Studies that did not address durability aspects
were excluded from the analysis.

The selected studies were then subjected to
analysis and categorized according to major durability
factors, including environmental exposure conditions
and material-related parameters such as binder
composition, fiber reinforcement, pore structure, water—
cement ratio, foam stability, and curing methods.

The Principal Elements Influencing Durability
Freeze-Thaw Cycle

Freeze—thaw deterioration, a process defined by
the expansion and subsequent contraction of water
within the pore system that results in the generation of
internal hydraulic pressure, has been observed to
potentially exceed the tensile capacity of the cement
matrix. In foamed concrete, the presence of distributed
air voids can partially accommodate this expansion,
which may improve freeze—thaw resistance compared
with conventional concrete under certain conditions
(Luo et al., 2018; G. Zhou & Su, 2023). Pore structure
and density have been identified as the predominant
factors influencing freeze—thaw durability in FC, as
evidenced by experimental findings. Mixtures with a
more uniform pore distribution and stable foam
structure generally exhibit improved resistance because
closed air voids can act as pressure relief chambers
during freezing. For instance, Tikalsky et al. (2004)
demonstrated that compressive strength, absorption
capacity, and penetration depth are critical indicators of
freeze—thaw durability in cellular concrete. The
incorporation of supplementary cementitious materials
has been demonstrated to influence freeze—thaw
performance by modifying pore structure. For instance,
Bayraktar et al. (2021) reported that mixtures
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containing ground granulated blast furnace slag
(GGBFS) and waste marble powder exhibited enhanced
freeze—thaw resistance, with compressive strength
increases of 56.6%, 49.4%, and 12.8% after 50, 100,
and 150 cycles, respectively. The observed
enhancements were ascribed to matrix densification and
diminished permeability. Conversely, the incorporation
of fibers has been demonstrated to augment freeze—thaw
durability by regulating crack propagation and
enhancing structural integrity. Gencel et al. (2021)
reported that hemp fiber-reinforced foamed concrete
incorporating 10% fly ash exhibited the highest
improvement in strength after freeze—thaw exposure.
However, further increases in fly ash content led to a
gradual reduction in strength due to its slow early-age
pozzolanic reactivity. It is noteworthy that the reference
mixture (R100), which was devoid of fly ash and fibers,
exhibited an extraordinary increase of approximately
309% in compressive strength. This substantial
enhancement is chiefly ascribed to the sustained curing
effect that ensues from extended freeze—thaw exposure,
wherein specimens are subjected to recurrent moisture
conditions over a duration that exceeds the conventional
28-day curing protocol. Furthermore, the R100
mixture's initial strength, which is notably low, results
in a substantial amplification of the calculated
percentage increase. From a  microstructural
perspective, the low density of this mixture results in a
highly porous matrix, which facilitates increased water
absorption and internal saturation during freeze—thaw
cycles. The sustained moisture availability promotes
further hydration of previously unreacted cement
particles, contributing to additional formation of
hydration products and partial densification of the
cementitious matrix. However, it is imperative to
acknowledge that this apparent enhancement in strength
is predominantly attributable to prolonged curing under
conducive moisture conditions, rather than an intrinsic
enhancement in the freeze—thaw resistance of the
material.

Despite the existence of numerous studies that
have documented enhanced freeze—thaw resistance at
reduced densities, the correlation between foam content
and durability remains a multifaceted and intricate
subject. Excessive foam volumes have been
demonstrated to increase pore connectivity and
permeability, thereby accelerating water ingress and
exacerbating  freeze—thaw  damage.  Therefore,
achieving an optimal balance between density reduction
and pore stability is imperative for ensuring the
durability of foamed concrete mixtures.

A comprehensive review of the extant literature
indicates that the resistance of foamed concrete to
freeze—thaw conditions is predominantly influenced by
three primary factors. Firstly, the distribution of pore
size is found to be a pivotal element in dictating the

SCCEE., Volume 4, Issue 1, (January — March 2026), pp: 1-20


https://scientificstepsgroup-ssg.com/steps-journal-of-civil-constructions-environmental-engineering/

material's resilience. Secondly, the stability of the foam
and its composition, as influenced by the binder, play a
significant role in determining the material's capacity to
withstand the pressures resulting from internal freezing.
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As illustrated in Table 1, Gencel et al. (2021)
examined the mix proportions, foam density, and
compressive strength of foamed concrete before and
after freeze—thaw cycles (0 and 50 cycles, respectively).

Collectively, these factors contribute to the overall
performance of foamed concrete under freeze—thaw
conditions.

Table 1. Mix Proportions, Foam Density, and Compressive Strength of Foamed Concrete before and after Freeze-Thaw Cycles
(0 and 50 cycles) (Gencel et al., 2021).

compressive The
. . - strength (Mpa ercentage
FA Foam Fiber Flb?r OPC FA Silica Water Fibers 1g&fte(r P ?ncrease ign
Code (%) contel;t length R‘? tio (kg/m3)  (kg/m3) sand (kg/m3)  (kg/m3) wb 50 F- compressive
(kg/m’) (cm) (o) (kg/m3) 0 F-T T strength after
cycles cycles 50 F-T cycles
R50 0 50 - - 450 - 1204 225 - 0.5 19.26 20.39 5.9
FAOF50 0 50 0.5 0.75 450 0 1204 225 3.375 0.5 21.03 21.25 1
FAI10F50 10 50 0.5 1.5 405 45 1141 225 6.75 0.5 19.77 24.88 25.8
FA20F50 20 50 1 0.75 360 90 1178 225 3.375 0.5 18.04 20.24 12.2
FA30F50 30 50 2 3 315 135 1165 225 13.5 0.5 21.34 22.66 6.2
FA40F50 40 50 1 3 270 180 1152 225 13.5 0.5 13.97 18.2 30.3
FAS50F50 50 50 2 1.5 225 225 1139 225 6.75 0.5 8.67 13.22 52.56
R75 75 - - 450 - 988 225 - 0.5 4.71 10.32 119
FAOF75 0 75 1 1.5 450 0 988 225 6.75 0.5 12.81 13.24 3.47
FAI10F75 10 75 1 3 405 45 975 225 13.5 0.5 7.48 9.89 32.2
FA20F75 20 75 2 1.5 360 90 961 225 6.75 0.5 8.00 8.57 7
FA30F75 30 75 0.5 0.75 315 135 948 225 3.357 0.5 5.15 10.76 109.1
FA40F75 40 75 2 0.75 270 180 935 225 3.375 0.5 2.61 4.61 76.6
FAS50F75 50 75 0.5 3 225 225 922 225 13.5 0.5 3.60 5.11 41.9
R100 100 - - 450 - 717 225 - 0.5 2.01 8.22 309
FAOF100 0 100 2 3 450 0 771 225 13.5 0.5 11.09 11.15 0.5
FAT0F100 10 100 2 0.75 405 45 758 225 3.375 0.5 2.20 4.53 106.4
FA20F100 20 100 0.5 3 360 90 745 225 13.5 0.5 7.18 9.46 31.8
FA30F100 30 100 1 1.5 315 135 732 225 6.75 0.5 2.44 3.22 32
FA40F100 40 100 0.5 1.5 270 180 718 225 6.75 0.5 1.94 2.04 5.2
FAS50F100 50 100 1 0.75 225 225 705 225 3.375 0.5 3.46 3.67 6.1

example, Georgiades et al. (1991) found that
micropores between 20 and 200 A (angstrom) exhibited
significant shrinkage, while Ziembicka (1977) observed
that micropores between 75 and 625 A (angstrom)
displayed a similar trend. The phenomenon of higher

Shrinkage

The phenomenon of drying shrinkage (DS)
deformation arising from moisture movement
represents a critical durability concern in cementitious

materials and may increase the likelihood of cracking.
This effect is more pronounced in FC because the lack
of coarse particles, which normally restrain shrinkage
deformation in conventional concrete and contribute to
long-term  dimensional stability (Nambiar &
Ramamurthy, 2009; Ramamurthy et al., 2009; Tran et
al., 2021). Drying shrinkage, defined as the loss of
volume in a material due to moisture evaporation,
occurs when moisture evaporates from the gel and
capillary pores of hardened cement paste under
unsaturated conditions. This process leads to a
volumetric contraction of the material (Collins &
Sanjayan, 2000). Excessive or non-uniform shrinkage
has been demonstrated to have a significant impact on
the mechanical and durability properties of concrete
(Wan et al., 2017). The magnitude of drying shrinkage
in FC is closely related to the pore structure of the
cement matrix, particularly the distribution of
micropores within critical pore size ranges. For

capillary stresses during moisture evaporation is
attributable to smaller capillary pores. This, in turn,
increases shrinkage deformation. In contrast, larger air
voids exert a limited influence on shrinkage due to their
negligible contribution to volumetric change during
water loss. Cebeci (1981) also reported that entrapped
large air voids have minimal influence on the micro-
pore structure responsible for shrinkage. The foam
volume (FV) also plays an important role in shrinkage
behavior. As the foam volume increases, the paste
content in the mixture decreases, resulting in fewer
capillary pores responsible for shrinkage and
consequently reducing overall shrinkage deformation
(Nambiar & Ramamurthy, 2009). The reported drying
shrinkage values for FC typically range between 0.1%
and 0.35% of the total hardened volume. Nambiar &
Ramamurthy (2009) observed that increasing foam
volume significantly reduced shrinkage, with
reductions of up to 36% at 50% FV, mainly due to
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reduced paste content and lower pore water. Fiber
reinforcement is a common method employed to control
shrinkage by bridging microcracks and enhancing
tensile resistance. Madhwani et al. (2021) reported that
fiber-reinforced FC exhibited reduced drying shrinkage
compared with plain mixtures. In a similar vein, Raj et
al. (2020) examined the wuse of hybrid fiber
reinforcement, employing both coir (a natural material)
and polyvinyl alcohol (PVA) fibers in the form of a
filament winding (FC) structure, with a density of 1600
kg/m3. The incorporation of fibers was conducted at
specific volume fractions, namely 0.3%, 0.4%, and
0.5%. The findings indicated that coir fibers exhibited a
reduction in drying shrinkage and thermal conductivity,
attributable to their flexibility and moisture retention
capacity. In contrast, PVA fibers demonstrated greater
efficacy in diminishing plastic shrinkage. The optimal
performance was achieved with a combination of 0.3%
PVA and 0.2% coir fibers. The water-cement ratio
exerts a substantial influence on the drying shrinkage
behavior of concrete. Gong et al. (2021) investigated the
effects of varying water-to-cement ratios (W/C) on the
drying shrinkage of concrete mixtures. The study found
that higher W/C ratios resulted in increased drying
shrinkage due to enhanced capillary tension and
moisture loss during the drying process. Higher water-
cement ratios have also been demonstrated to increase
pore connectivity, thereby facilitating moisture
transport and accelerating shrinkage. The influence of
other additives on shrinkage behavior warrants further
investigation. Gong & Li (2020) conducted a study to
examine the impact of epoxy resin (EP) on the
permeability and drying shrinkage of FC. The
incorporation of 4% EP led to a reduction in drying
shrinkage of approximately 48%. A microstructural
analysis was conducted, revealing that EP formed a
micro-mesh structure within the cement matrix. This
resulted in improved pore distribution and a reduction
in average pore size. This modification reduced water
permeability and capillary pressure, thereby mitigating
shrinkage. The primary shrinkage outcomes derived
from the aforementioned studies are outlined in Table
2.

A comprehensive review of the extant literature
reveals that the phenomenon of drying shrinkage in
foamed concrete is predominantly influenced by the
characteristics of the pore structure, the volume of the
foam, the water-cement ratio, and the presence of fiber
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reinforcement. The optimization of these parameters
has been demonstrated to result in a substantial
reduction in shrinkage, while preserving the lightweight
characteristics of foamed concrete.

Resistance to Carbonation

Carbonation, defined as the process by which
carbon dioxide (CO:) permeates concrete and reacts
with cement hydration products such as calcium
hydroxide (Ca(OH).), calcium silicate hydrate (C—S—
H), and hydrated calcium aluminate phases (CAH),
yielding calcium carbonate (CaCOs) (G. Zhou & Su,
2023), has been extensively researched. This reaction
has been shown to reduce the alkalinity of the cement
matrix and lower the pore solution pH. In reinforced
concrete, this reduction may cause the passive layer
protecting embedded steel reinforcement to become
unstable, potentially initiating corrosion processes (M.
Zhang et al., 2019). Foam concrete (FC) has been
observed to generally carbonate more rapidly in
comparison to conventional concrete. This accelerated
carbonation process can be attributed to the inherent
highly porous cellular structure of FC. The
interconnected pore network facilitates the diffusion of
carbon dioxide (CO:) and the transport of moisture,
thereby accelerating carbonation reactions.
Consequently, the process of carbonation in FC is found
to be strongly influenced by the pore structure, density,
and environmental conditions, including the CO;
concentration, temperature, and relative humidity
(Costa et al., 2019; Kellouche et al., 2019; Namsone et
al., 2017). Lower-density FC typically exhibits elevated
carbonation rates due to the presence of larger,
interconnected pores, which facilitate the penetration of
carbon dioxide. The incorporation of supplementary
cementitious materials has been demonstrated to
enhance carbonation resistance through the refinement
of the pore structure. Rokiah et al. (2019) reported that
replacing part of the cement with processed spent
bleaching earth (PSBE) reduced carbonation depth in
FC. This enhancement was ascribed to the pozzolanic
reaction of PSBE, which utilizes Ca(OH): and produces
additional C—S—H, thereby leading to a more compact
microstructure and reduced permeability. Mixtures
containing  30-40% PSBE  demonstrated a
conspicuously diminished carbonation depth in
comparison with the control mixture. As illustrated in
Figure 2, an increase in PSBE concentration results in
a decrease in carbonation depth.

Table 2. Reported Drying Shrinkage Values of Foamed Concrete in Selected Studies.

Shrinkage Reduction

Additive

Study

up to 36%
reduced shrinkage
~48% reduction

Increased FV
Fiber reinforcement
4% epoxy resin

Nambiar & Ramamurthy (2009)
Madhwani et al. (2021)
Gong & Li (2020)
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—8—FC
—#—10% PSBE
—>¢=20% PSBE
—#=30% PSBE
~—40% PSBE

Carbonation depth

Figure 2. Carbonation Penetration Depth in Foamed Concrete (Rokiah et al., 2019).

Furthermore, nanomaterials have  been governed primarily by its pore structure and density,

demonstrated to enhance carbonation resistance. As
reported by Y. Zhang et al. in 2025, the incorporation of
5% C-S-H/PCE nanocomposites led to a substantial
enhancement in the performance of FC. The nano-
composite CPNs-A demonstrated an approximate 44%
increase in compressive strength and a reduction in
carbonation depth to approximately 6 millimeters after
a seven-day period. These enhancements have been
ascribed to the refinement of pore structure and the
enhancement of foam stability that resulted from the
reduction in particle size of the nano-composite (Y.
Zhang et al., 2025). The effect of carbonation is
contingent upon the presence of reinforcement and the
specific carbonation process. In reinforced FC, the
presence of carbonation is typically deleterious due to
its propensity to augment the risk of steel corrosion.
However, in non-reinforced FC elements, such as
lightweight blocks or wall panels, the process of
carbonation may contribute to partial microstructural
densification through the formation of CaCO3.
Consequently, accelerated carbonation curing has been
examined as a technique to enhance mechanical
performance while augmenting CO2 sequestration in
cement-based materials. Accelerated carbonation has
been shown to modify the microstructure by
precipitating CaCO3 within the pore system, which may
result in a partial reduction of open porosity (Dapkus &
Stankevicius, 1985). Gupta et al. (2022) reported that
accelerated carbonation of fly ash concrete containing
biochar increased CO2 uptake (up to 30% after 28 days)
and reduced water-accessible porosity by about 2—3%,
leading to compressive strength improvements of up to
23% compared with control mixes. As illustrated in
Table 3, a quantitative analysis of carbonation depth is
presented, comparing different binder systems.

However, a direct comparison of the carbonation
resistance of these materials is complicated by the
variety of testing methods, exposure conditions, and
curing regimes employed in different studies.
Furthermore, the combined effects of pore structure,
density, and pozzolanic additives on long-term
carbonation resistance in FC are not consistently
reported. The carbonation behavior of foam concrete is

which control CO2 diffusion and reaction kinetics.
Therefore, the optimization of pore structure through
appropriate mix design, supplementary cementitious
materials, and curing strategies is essential to balance
carbonation resistance, mechanical performance, and
long-term durability.

Resistance to Chloride Environments

Chloride ingress represents a significant durability
concern for reinforced concrete when exposed to marine
environments or deicing salts. The penetration of
chloride ions into concrete is primarily facilitated by
diffusion, capillary absorption, and permeation until
reaching the steel reinforcement. The initiation of
corrosion is characterized by the presence of chloride
ions in excess of a critical threshold at the steel surface,
resulting in the dissolution of the passive protective film
(Van Rooyen, 2020). In uncracked concrete, chloride
penetration is relatively slow; however, cracks have
been shown to significantly accelerate chloride
transport. In the context of foam concrete (FC), chloride
transport is found to be profoundly influenced by the
characteristics of pore structure and density. The
cellular microstructure contains numerous air voids that
may restrict water transport when isolated; however,
interconnected pores can facilitate chloride diffusion.
Consequently, chloride resistance in FC s
predominantly determined by pore connectivity, rather
than solely by total porosity. The design parameters of
a mixture, such as the proportion of foam and the water-
to-cement ratio (w/c), have been shown to have a
substantial impact on chloride penetration. An increase
in foam content has been shown to reduce density,
potentially facilitating increased chloride penetration
when there is an increase in pore connectivity.
Conversely, higher w/c ratios have been observed to
result in larger capillary pores and accelerated chloride
diffusion. As demonstrated in the research conducted by
Bagheri & Rastegar (2021) and Rastegar & Bagheri
(2022), experimental studies have confirmed that
chloride penetration depth increases with both foam
content and w/c ratio.
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Supplementary cementitious materials (SCMs),
such as fly ash (FA) and ground granulated blast furnace
slag (GGBFS), have been shown to enhance chloride
resistance through the refinement of the pore structure
by means of pozzolanic reactions, which result in the
production of additional C—S—H gel (Gopalakrishnan et
al., 2020; Makul, 2022). However, Van Rooyen (2020)
reported that FA incorporation in certain FC mixtures
increased chloride penetration due to alterations in pore
size distribution and enhanced capillary suction. The
results of long-term exposure studies also underscore
the role of environmental conditions. Wasim et al.
(2022) observed higher corrosion rates of steel
reinforcement in FC when specimens were immersed in
a 5% chloride solution compared with 3%. Analogous
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trends were documented for geopolymer foam concrete
(GFC), wherein elevated chloride concentrations, along
with heightened temperature and humidity levels, led to
a marked acceleration in corrosion rates (Wasim et al.,
2021). Surface treatments, including hydrophobic
agents and pore-blocking materials, have been shown to
further reduce water absorption and limit chloride
penetration (Shi et al., 2022; Van Rooyen, 2020). The
overall resistance of foam concrete to chloride
environments is primarily determined by the pore
structure, density, and binder composition of the
material. It is imperative to optimize the composition of
the foam, the proportion of water to cement, and the
implementation of SCMs to curtail chloride transport
and enhance the long-term durability of FC.

Table 3. Summary of Carbonation Depth for Various Binder Types and Conditions.

. Carbonation Exposure Density s o .

Observation Depth (mm) Days (kg/m?) Additive (%) Binder type References
i +

Improved resistance due 0 4 28 Not specified ~ 30-40% PSBE Cement (Rokiah et al., 2019)
to pozzolanic reaction PSBE
Reduced depth due to . N Cement CPNs-
denser pore structure 6 7 Not specified 5% Nano compound A (Y Zhang, 2025)
CcO2 uptake and . Biochar: 3% Cement + FA +
shrinkage behavior Not numeric 28 1150 (replacement of FA) Biochar (Gupta et al., 2022)
Enhanced strength and . Ao
reduced porosity under  Not numeric 28 1450 Biochar: 20% Cement + SF + (Gupta et al., 2022)

carbonation

(replacement of SF) Biochar

Resistance to Alkali-Silica Reaction

The alkali-silica reaction (ASR) is defined as the
interaction between alkali in cement and reactive silica
in aggregates in the presence of moisture after the
concrete has hardened. A substantial ASR can induce
substantial internal expansion of the concrete, which
can result in extensive cracking and degradation. In
low-density foam concrete, the ASR is negligible;
however, in high-density foam concrete, a significant
ASR can lead to expansion and cracking (Khan et al.,
2019).

In the context of foam concrete (FC), the
progression of alkali-silica reaction (ASR) expansion is
contingent upon its intricate cellular composition,
characterized by substantial porosity. The substantial
quantity of air voids present in low-density FC affords
additional space for expansion products, which can
partially accommodate ASR gel formation and reduce
internal stresses. Consequently, the expansion caused
by ASR in FC is generally lower than that observed in
conventional concrete with similar mix proportions
(Krishna Kumar & Chinnaraju, 2022). However, in
higher-density FC mixtures where there is a reduction
in pore connectivity and an increase in matrix density,
ASR-induced expansion and cracking may become
more pronounced (Khan et al., 2019). The use of
supplementary cementitious materials is a common
practice in the field of FC, with the primary objective of

mitigating ASR. The incorporation of low-calcium
Class F fly ash (FA) has been demonstrated to reduce
the availability of alkalis through pozzolanic reactions
that consume calcium hydroxide and form additional C—
S—H gel. This, in turn, has been shown to lower the
alkalinity of the pore solution and limit ASR
development (J. Li et al., 2020). Experimental
investigations further underscore the impact of reactive
materials, such as glass powder. Krishna Kumar and
Chinnaraju (2022) evaluated the expansion of FC
specimens immersed in a sodium hydroxide solution for
28 and 365 days. Their findings indicated that an
increase in glass powder content led to an escalated rate
of ASR expansion, attributable to the presence of
reactive silica. However, the incorporation of nano bio-
carbonate has been documented to retard ASR
development and mitigate expansion. In a similar vein,
Massekh & Hillal (2022) examined FC mixtures in
which sand was partially substituted with waste glass
and subjected to a sodium hydroxide solution. The
findings indicated that augmenting the waste glass
content led to heightened ASR expansion, with greater
expansion values being observed in comparison to
mixtures devoid of glass waste. The glass expansion
process was found to be significantly influenced by the
chemical composition and the size of the glass particles.
Moreover, the use of fiber reinforcement has been
documented to mitigate the adverse effects of ASR. The
incorporation of polypropylene fibers has been
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demonstrated to assist in the control of crack
propagation and the enhancement of the matrix's
capacity to resist expansion stresses associated with
ASR (Krishna Kumar & Chinnaraju, 2022; Massekh &
Hillal, 2022). Furthermore, Gencel et al. (2022)
reported that partially replacing expanded perlite with
fine glass sand reduced ASR expansion in FC. This
enhancement was ascribed to enhanced dispersion of
alkalis and modification of the pore structure, which
curtailed the formation of expansive reaction
byproducts. The susceptibility of foam concrete to
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alkali-silica reaction is influenced by three primary
factors: its pore structure, binder composition, and
aggregate type. The incorporation of supplementary
cementitious materials, the optimization of mix design,
and the implementation of fiber reinforcement have
been demonstrated to effectively mitigate ASR
expansion and enhance the long-term durability of FC.
Table 4 provides a synopsis of the impact of diverse
materials and mix parameters on ASR expansion
behavior in foam concrete, as reported in extant studies.

Table 4. Summary of Reported Alkali—Silica Reaction (ASR) Behavior in Foam Concrete Mixtures from Previous Studies.

Exposure Condition

Foam Concrete

Reported ASR Behaviour Key Variable Type Study
Higher-density FC showed more noticeable Foam concrete
ASR expansion compared with low-density ~ASR durability test Density variation (various (Khan et al., 2019)

FC. densities)
Higher glass powder content increased ASR ~ Immersion in NaOH
expansion; nano bio-carbonate delayed the solution for 28 and
reaction and reduced expansion. 365 days

Glass powder FC with glass (Krishna ~ Kumar &
content powder Chinnaraju, 2022)

Incorporation of low-lime Class F FA low-lime Class F FI FC with low-
reduced ASR expansion due to alkali ~ASR mitigation study Y lime Class F fly (J.Lietal., 2020)
. . . ash replacement
consumption through pozzolanic reaction. ash
Increasing waste glass content _1ncreased NaOH exposure test Sa}nd replacement FC with waste (Massekh & Hillal, 2022)
ASR expansion due to reactive silica. with waste glass glass

Fiber reinforcement helped control crack
propagation and reduced damage caused by ASR expansion test
ASR expansion.

Fine glass sand improved alkali dispersion
and reduced ASR expansion in FC.

(Krishna  Kumar &
Chinnaraju, 2022;
Massekh & Hillal, 2022)

(Gencel et al., 2022)

Fiber-reinforced

Polypropylene fibers FC

Replacement of FC with fine

Durability evaluation expanded perlite glass sand

Resistance to Sulfate Environments

Sulphate attack has been shown to have a
significant impact on the durability and lifespan of FC
by promoting the formation of expansive products such
as ettringite and gypsum. These products generate
internal stresses, which can lead to cracking (Neville,
2004; Santhanam et al., 2003; J. Wang et al., 2021;
Yildirim & Siimer, 2013; X. Zhao et al., 2021; R. Zhou
et al., 2020). Sulfate ions infiltrate the pore system of
the cement matrix and react with calcium aluminate
phases to form ettringite, while reactions with calcium
hydroxide may yield gypsum. The formation of these
expansive products increases internal pressure within
the pore structure, resulting in microcracking and
gradual deterioration of the material. Material density
exerts a significant influence on the regulation of sulfate
resistance in FC, directly impacting porosity and
permeability. In higher-density mixtures, the lower
porosity restricts sulfate ingress; however, when density
decreases within certain ranges, increased porosity may
facilitate sulfate penetration. In low- and medium-
density FC, the presence of larger internal pores may
partially accommodate sulfate reaction products,
thereby reducing expansion (Bayraktar et al., 2023;
Gencel et al, 2021; R. Jones et al., 2012). The
parameters that influence sulfate resistance in FC
include the water-cement ratio, dry density, cement

type, sulfate concentration, type of sulfate cation (Na+
or Mg2+), exposure duration, and incorporation of
mineral  admixtures.  The  incorporation  of
supplementary cementitious materials and polymeric
additives has been demonstrated to enhance sulfate
resistance through the refinement of pore structure and
the reduction of permeability (Priyatham et al., 2023).
According to S. Zhang et al. (2020), the partial
replacement of cement with silica fume and waste
marble powder has been shown to enhance sulfate
resistance through the densification of the cement
matrix and the restriction of expansive product
formation, such as ettringite and gypsum. According to
Gencel et al. (2021), hemp fibers in mixtures containing
50% fly ash and a foam content of 50 kg/m* exhibited
the lowest compressive strength loss (4.7%) under
sulfate exposure, as illustrated in Table 5.

Bayraktar et al. (2021) also observed that mixtures
containing silica fume and optimized cement content
exhibited improved resistance to sulfuric acid, freeze—
thaw cycles, and abrasion due to the formation of denser
C-S—H gels, which reduce permeability and create a
more protective microstructure. In contrast, J. Liu et al.
(2014) reported that the addition of rubber powder
beyond 0.11% of cement weight led to a substantial
reduction in sulfate resistance, attributable to the
increased porosity of the matrix. In a similar vein, the
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incorporation of polypropylene fibers into the
composite may augment its overall porosity, thereby
diminishing its sulfate resistance and augmenting its
capacity for expansion (Gencel et al., 2021). The type
of sulfate salt also plays a decisive role. Sodium sulfate
has been shown to typically cause greater expansion due
to its propensity to promote extensive ettringite
formation. Conversely, magnesium sulfate has been
observed to potentially result in softening and
degradation of the cement matrix through the formation
of M—S-H phases and gypsum precipitation (Indu Siva
Ranjani & Ramamurthy, 2012). In geopolymer foamed
concrete (GFC), the reduced calcium hydroxide
content, attributable to the use of low-calcium
precursors, has been shown to enhance sulfate
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resistance in comparison with conventional Portland
cement (OPC) foamed concrete (Top et al., 2022).
However, recent studies suggest that the reduction in
compressive strength of GFC may be more significant
under magnesium sulfate exposure than under sodium
sulfate exposure.

The sulfate resistance of foamed concrete is
principally determined by the structure of its pores, its
density, and the composition of its binder. Mixtures
with refined pore structures and lower permeability
have been shown to exhibit enhanced resistance to
sulfate attack. This is due to the ability of these mixtures
to limit the ingress of aggressive ions and to reduce the
formation of expansive reaction products.

Table 5. Mix Proportions, Foam Density, and Compressive Strengths of FC at 91 days & after 5% MgS04 Exposure (Gencel et

al., 2021).
compressive
. . e strength (Mpa Compressive
FA Foam Fiber Flb?r OoPC FA Silica Water Fibers ifte(r P strl;ngth
Code (%) conter;t length R‘E)ltlo (kg/m’)  (kg/m’) sand3 (kg/m’)  (kg/m?) w/b reduction
keg/m)  (m) (%) (kg/m) T )
days MgSO0,
R50 0 50 - - 450 - 1204 225 - 0.5 20.14 16.15 19.8
FAOF50 0 50 0.5 0.75 450 0 1204 225 3.375 0.5 21.99 18.66 15.1
FA10F50 10 50 0.5 1.5 405 45 1141 225 6.75 0.5 25.39 19.93 21.5
FA20F50 20 50 1 0.75 360 90 1178 225 3.375 0.5 22.08 18.66 15.5
FA30F50 30 50 2 3 315 135 1165 225 13.5 0.5 27.01 20.78 23.1
FA40F50 40 50 1 3 270 180 1152 225 13.5 0.5 20.76 17.6 15.2
FAS0F50 50 50 2 1.5 225 225 1139 225 6.75 0.5 14.98 14.27 4.7
R75 75 - - 450 - 988 225 - 0.5 6.77 4.83 28.7
FAOF75 0 75 1 1.5 450 0 988 225 6.75 0.5 13.7 11.06 19.3
FAI10F75 10 75 1 3 405 45 975 225 13.5 0.5 10.32 1.83 82.3
FA20F75 20 75 2 1.5 360 90 961 225 6.75 0.5 995 7.34 26.2
FA30F75 30 75 0.5 0.75 315 135 948 225 3.357 0.5 7.39 2.62 64.55
FA40F75 40 75 2 0.75 270 180 935 225 3.375 0.5 5.39 4.53 16
FAS50F75 50 75 0.5 3 225 225 922 225 13.5 0.5 6.11 5.4 11.6
R100 100 - - 450 - 717 225 - 0.5 2.06 0.74 64.1
FAOF100 0 100 2 3 450 0 771 225 13.5 0.5 12.67 8.6 32.1
FAIOF100 10 100 2 0.75 405 45 758 225 3.375 0.5 2.25 2 11.1
FA20F100 20 100 0.5 3 360 90 745 225 13.5 0.5 7.84 4.38 441
FA30F100 30 100 1 1.5 315 135 732 225 6.75 0.5 4.29 2.89 32.6
FA40F100 40 100 0.5 1.5 270 180 718 225 6.75 0.5 2.5 1.28 48.8
FAS50F100 50 100 1 0.75 225 225 705 225 3.375 0.5 5.12 4.46 12.9
. .. a more compact matrix and decreases permeability.
Material Composition Conversely, the incorporation of limestone filler,
Type of Binder and Mineral Additives designated as CP II-F, led to an augmentation in
The durability-related properties of foamed porosity, accompanied by a reduction in strength and

concrete (FC) are significantly influenced by the type of
binder utilized. Lermen et al. (2019) conducted a study
on the production of FA foam concrete using various
cement types. A comparative analysis was conducted on
CP II-F, CP 1I-Z, and CP V-ARI, with the objective of
ascertaining the most optimal performance. It was
found that CP II-Z, incorporating pozzolanic elements,
exhibited the most optimal performance. The findings
demonstrated a decrease in air void content, reduced
water absorption, and enhanced compressive strength
and density. These outcomes are presumably
attributable to the pozzolanic reaction, which generates

thermal conductivity (Lermen et al., 2019). In addition
to the investigation of cement types, the use of
composite binders and mineral additives has been
explored as a means to enhance the performance of
foamed concrete. Lesovik et al. (2020) conducted a
study of composite binders consisting of Portland
cement (PC), opoka marl (OM), and fly ash (FA)
produced through mechanochemical activation. The
presence of OM, which contains reactive minerals such
as calcite, clay, zeolite, and opal, has been shown to
promote hydration reactions and enhance the formation
of secondary calcium silicate hydrates (C—S—H),
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resulting in a denser microstructure. The results, as
outlined in Table 6, demonstrate the impact of varying
binder compositions on foam stability. The foam-
cement mixture, composed exclusively of pure cement,
initially reached a volume of 800 cm?® upon mixing. This
volume subsequently diminished to 700 cm?® after a
duration of one hour and maintained stability at this
level after 12 hours. In contrast, the cement-fly ash
mixture demonstrated significantly diminished foam
stability, exhibiting a foaming volume of 400 cm? after
mixing. This volume decreased to 300 cm?® after one
hour and further diminished to 280 cm? after 12 hours.
The cement-marl system  exhibited optimal
performance, attaining a foaming volume of 820 cm?
after mixing. This volume experienced a slight decrease
to 810 cm? after one hour and subsequently stabilized at
approximately 800 cm? after 12 hours. This behavior
corresponds to the highest system multiplicity
coefficient (Ks = 4). The findings suggest that the
incorporation of OM enhances the stability of foam and
facilitates the development of pore structure in foamed
concrete mixtures.

The microstructure of FC can be further modified
by mineral additives such as silica fume (SF).
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According to Li & Cui (2012), the incorporation of SF
resulted in the refinement of the pore structure and the
densification of the cement matrix. This, in turn, led to
an enhancement in resistance to freeze—thaw cycles.
However, the reduced internal moisture movement
caused by the densified structure may increase
shrinkage stresses. This indicates the need to optimize
SF dosage to balance durability improvement and
dimensional stability (F. LI & CUL 2012). A
comprehensive review of the extant literature indicates
that the composition of binders and the incorporation of
mineral additives are pivotal in regulating the pore
structure and durability performance of foamed
concrete. Pozzolanic binders, including FA, SF, and
GGBFS, have been shown to enhance durability by
refining pore structure and reducing permeability.
However, systematic comparative studies under
identical experimental conditions remain limited, and
further research is required to establish clear guidelines
for optimizing binder systems in foamed concrete. The
primary outcomes of diverse binder systems and
mineral additives, as outlined in extant studies, are
enumerated in Table 7.

Table 6. Composition and Properties of Composite Binders for FC Production (Lesovik et al., 2020)
Foam volume, cm?® after storage

System multiplicity,

Content Ww/C Foam agent, %owt. Ks
after mixing 1h 12h

CEM I+SP 800 700 700 3.5

CEM I+FA+SP 0.45 0.2 400 300 280 1.4

CEM I+OM+SP 820 810 800 4

Table 7. Comparative Effects of Binder Types and Mineral Additives on Foamed Concrete Performance.
Main Effect on FC Additive Binder Type Study
Reduced porosity and improved strength Pozzolanic cement CPII-Z (Lermen et al., 2019)
Improved foam stability and pore refinement Composite binder PC+OM + FA (Lesovik et al., 2020)
Denser microstructure and improved freeze—thaw OPC + SF (F. Li & Cui, 2012)

resistance
Improved sulfate resistance OPC + WMP + SF  (S. Zhang et al., 2020)

Silica fume

Mineral additives

Fibres

The utilization of both synthetic and natural fibers
in cement composite demonstrates the substantial
benefits of incorporation. Since 1965, the utilization of
synthetic fibers, including acrylic, aramid, carbon,
nylon, polyester, polymer, and polyphenylene, has been
incorporated into PC concrete. The incorporation of
these synthetic fibers has been instrumental in
enhancing the mechanical properties of concrete,
particularly its durability. These elements have been
shown to enhance post-motherpeak ductility, tensile
strength, impact resistance, and to prevent temperature-
and shrinking-induced cracks (Brown et al., 2002).
However, these materials have been observed to impede
workability and engender further issues related to

compaction (Mastali et al., 2018). Conventional FC is
known to be brittle in the absence of reinforcement, but
the incorporation of fibers, typically glass or polymer
microfibers, has been shown to enhance post-cracking
strength and toughness in composites (M. Jones &
McCarthy, 2005; M. R. Jones & McCarthy, 2005a,
2005b; Papayianni & Milud, 2005; Zollo & Hays,
1998). The behavior of fiber-reinforced cementitious
foams is significantly influenced by the presence of
fibers and the low-density void architecture of the
cellular structure of concrete matrix. A higher number
of pores results in a more complex air-void network at
reduced densities (Zollo & Hays, 1998). Awang et al.
(2015) examined the impact of integrating
polypropylene fibers on the durability and mechanical
characteristics of LFC. Polypropylene fibers were
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utilized at volume fractions of 0.25% and 0.4%. The
incorporation of polypropylene fibers had a detrimental
effect on compressive strength; nevertheless, the
addition of a substantial percentage of polypropylene
fibers in LFC enhanced flexural strength, tensile
strength, and reduced shrinkage. Fiber-reinforced FC
has been shown to possess substantial heat resistance,
fire resistance, and thermal insulation properties
(Ardhira et al.,, 2023). A thorough investigation by
Othuman Mydin et al. (2023) revealed that the
incorporation of synthetic twisted bundle macro-fibers
(STBMF) into FC led to a substantial decrease in
porosity and water absorption, irrespective of the
mixture's density. The optimal fiber content enhanced
matrix compaction and reduced thermal conductivity,
thereby improving insulation properties. As illustrated
in Figure 3, the incorporation of STBMF enhanced the
thermal efficiency of FC (Othuman Mydin et al., 2023).

Raj etal. (2020) investigated the impact of a hybrid
fiber reinforcement integrating natural (coir) and
synthetic (PVA) fibers on the shrinkage characteristics
of FC. The research emphasized that fiber type and
dosage substantially affect shrinkage management and
thermal conductivity. The hybrid mixture of 0.3% PVA
and 0.2% coir exhibited an optimal performance in
reducing shrinkage while improving mechanical
characteristics (Raj et al., 2020).

Water-Cement Ratio

The predominance of hardened concrete
properties, particularly durability and strength, is
significantly influenced by the (w/c) ratio (Ayanlere et
al., 2023). In their seminal study, Jiang et al. (2016)
investigated the impact of the w/c ratio on the pore
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structure of high-porosity FC. The researchers
discovered that when the w/c ratio is less than 0.8, the
pores are compact, irregularly structured, and
extensively interconnected. When the water-to-cement
ratio exceeds 0.8, the pores are circular and extensive,
accompanied by a broader distribution of pore
diameters (Jiang et al., 2016). In their 2016 study, Z. Liu
et al. investigated the effect of the (w/c) ratio on the
porosity of FC at varying target densities, as illustrated
in Figure 4. The figure presents the target density of
500 kg/m?* for mixtures with (w/c) ratios ranging from
0.40 to 0.60 over time. The figure reveals a gradual
reduction in open porosity from 49.35% to 43.70%,
accompanied by an increase in closed porosity from
28.90% to 34.36%. This phenomenon was attributed to
the reduced relative viscosity of the cement paste at high
w/c ratios, which promoted coalescence of the bubbles,
and to the thicker pore wall. Furthermore, the migration
of ions driven by hydration played a pivotal role in the
deposition of calcium hydroxide and ettringite
surrounding the bubbles. This process led to the
formation of pore shells, thereby enhancing closed
porosity (Z. Liu et al., 2016). In contrast, (b)
demonstrates that the impact of the w/c ratio on porosity
was less substantial in mixes with a target density of 800
kg/m3. The open porosity exhibited a negligible
decrease, from 40.15% to 39.70%. Conversely, the
closed porosity demonstrated a modest increase, from
22.92% to 24.08%, accompanied by an elevated water-
to-cement ratio (w/c ratio). The restricted variation was
attributed to the intrinsically thicker pore walls and
reduced percentage of open pores in high-density FC,
which mitigated the effect of the w/c ratio on the
evolution of pore structure.

1.0
aC @ SFI
BsSF2 aSF3
0.8 | mSF4

0.6

0.4

Thermal conductivity (W/mK)

0.0
1000 kg/m’

1300 kg/m®

0.70
068 0.

1600 kg/m*

Fibre weight fraction (%)
Figure 3. Thermal Conductivity of FC with Varying Weight Fractions of STBMF (Othuman Mydin et al., 2023)
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Figure 4. Impact of the w/c Ratio on the Porosity of the Foam Concrete (Z. Liu et al., 2016).

Z. Li et al. (2024) recently investigated the
effectiveness of aerogel-enhanced foamed concrete
(AEFC). In the present study, MTES-based aerogels
were utilized via an impregnation technique.
Furthermore, the (w/c) ratio was subjected to rigorous
testing. The research examined the primary factor of
water absorption in FC, which exerts a considerable
influence on its durability. The findings indicated that
the w/c ratio has a substantial impact on the
microstructure of FC, particularly with regard to
porosity and pore distribution. The foam stabilizer was
found to be effective in maintaining the bubble
structure, resulting in a more uniform and consistent
pore network. This observation is particularly
significant given that the slurry exhibited an appropriate
viscosity at a moderate w/c ratio of 0.41. The w/c ratio
exhibited a correlation with lower density and higher
porosity, with a minimal value of 0.2 g/cm?®. Despite the
observed decrease in density, a positive correlation was
identified between compressive strength and the w/c
ratio. The incorporation of aerogels led to a substantial
enhancement in the material's hydrophobicity,
culminating in a reduction of water absorption by up to
86% when compared to conventional FC. This
constituted the most substantial enhancement. The
deformation coefficient demonstrated a substantial
increase, rising from 0.62 to 0.78 at a w/c ratio of 0.56.
Consequently, it surpassed the minimum durability
threshold for a range of construction applications. These
findings suggest that optimizing the w/c ratio is
imperative not only to enhance the mechanical
performance of FC but also to ensure the long-term
serviceability and water resistance of the material,
particularly when functional additives such as aerogels
are incorporated (Z. Li et al., 2024). As demonstrated in
Figure 5, the pore size of the FC increases in proportion

to the rise in the water-cement (w/c) ratio from 0.36 to
0.56. It is noteworthy that when the water-to-cement
ratio is less than 0.41, the FC exhibits a non-uniform
pore structure. When the water-to-cement ratio exceeds
0.41, the pores gradually adopt a more circular shape,
accompanied by a slight increase in size. This
phenomenon can be attributed to the surplus free water
generated by the 3% hydrogen peroxide solution
employed in the synthesis of the FC.

Superplasticizers, particularly polycarboxylate
ether (PCE)-based types, disperse cement particles and
reduce interparticle attraction, thereby improving
mixture flowability and allowing a lower water-cement
ratio (w/c) without compromising workability. This
function is of particular importance in the context of
foam concrete, where its implementation prevents the
undesirable effects of compaction and vibration,
thereby ensuring the stability of the foam. Research has
demonstrated that the incorporation of polycarboxylate
superplasticizers leads to substantial enhancements in
the fresh and hardened characteristics of foam concrete
(Al-Shwaiter et al., 2023), as illustrated in Figure 6.
Foam concrete with a target density of approximately
1500 kg/m?* and varying SP contents exhibited enhanced
mechanical and transport properties, as well as
improved pore distribution and reduced pore sizes. The
compressive strength exhibited an upward trend with
the incorporation of SP, attaining its maximum value at
1.35% SP. In this concentration, the 28-day strength
demonstrated a 63% increase compared to the control
mixture. However, increasing the dosage to 1.65% SP
led to a slight reduction in strength due to inadequate
water for adequate cement hydration. These findings
suggest that optimizing the balance between the wi/c
ratio and SP dosage is imperative for enhancing the
performance of foam concrete.
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Figure 5. Water—Cement Ratio Effect on Pore Evolution (Z. Li et al., 2024).
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Figure 6. The Effect of SP and w/c on the Compression Strength (Al-Shwaiter et al., 2023).

Foam Stability

The proportion of air cavities in cellular concrete
is constrained to a range of 10% to 70%. The generation
of these air cavities, which are produced by the
entrapment of air, can be facilitated by the utilization of
foaming agents, which can be categorized into two
distinct groups: protein-based and synthetic-based
agents (Panesar, 2013). The primary constraint on foam
stability is foam drainage, which is influenced by
gravity. As Hutzler et al. (2005) have demonstrated,
liquid descends from the upper to the lower regions of
the foam. The employment of a foaming agent has been
demonstrated to have a substantial impact on the
fluidity of fresh FC, as well as its compressive strength,
water absorption, DS, and frost resistance (Sun et al.,
2018). Ensuring the durability of the material under
unfavorable conditions necessitates the judicious
selection of a suitable foaming agent. The optimal
foaming agent should promote uniform pore
distribution, minimize early segregation, resist chloride
and sulfate penetration, and enhance fire resistance
(Amran et al., 2015). The distribution, morphology,

composition, and architecture of air pores are
contingent upon the characteristics of the foaming
agent, cement or mortar paste, and the interaction
between the paste and foaming agent. This interaction
directly influences the mechanical and durability
performance of FC (She et al., 2018). In their study, X.
Wang et al. (2020) investigated the effect of SF on the
stability of foam. The efficacy and cellular composition
of foam can be enhanced through the utilization of
particle-stabilized foam. The SF was introduced in
several stages, and its effect on FC was measured. The
incorporation of SF particles into hardened foam results
in enhanced strength and density, thereby optimizing
the strength-to-density ratio. This enhancement can be
attributed to the pozzolanic action exhibited by SF. The
rapid hydration of the matrix results in the formation of
hydrated calcium silicate (X. Wang et al., 2020). In their
experimental study, Z. Li et al. (2024) investigated the
impact of incorporating nanoparticles, graphene (G),
and specifically nano-silica (NS) into foaming agents on
the stability of the resulting foam and the durability of
the final foam-cement (FC) composite. The findings of
the study demonstrated that the incorporation of NS into
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premade foam resulted in a significant enhancement of
its stability. This enhancement was attributable to an
increase in the viscosity of the foaming ingredient,
accompanied by a negligible change in surface tension.
The addition of G resulted in a significant decline in
foam stability, attributable to its substantial effect on
surface tension without a concomitant change in
viscosity. Furthermore, FC made with NS or a minimal
amount of G exhibited smaller and more uniformly
spaced air holes, thereby enhancing the compressive
strength. However, the application of nanoparticles has
been observed to exert restricted or even detrimental
effects on numerous performance metrics, including
thermal insulation, water absorption, and shrinkage. As
demonstrated in Figure 7, cross-sectional views
distinctly illustrate variations in the pore structure of FC
formulated with foaming agents, including diverse
types of nanoparticles. The term "FC" is used to denote
the reference FC devoid of nanoparticle additives. The
term "FCNS5" is used to denote FC formulated with a
foaming agent enhanced by 5% nano-silica. The term
"FCGS5" is used to denote FC produced with a foaming
agent augmented by 5% graphene (Hou et al., 2019).

Falliano et al. (2021) developed a simple and cost-
effective foam generator to investigate the effect of
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foam properties on the characteristics of lightweight and
ultra-LFC. The research indicated that air pressure, in
conjunction with the type and concentration of the
foaming agent, exerts a substantial influence on the
density and drainage of the foam. Protein-based foams
(Foamin C) demonstrated superior stability and
longevity in comparison to synthetic-based foams
(SLS), which exhibited rapid drainage following their
formation. The incorporation of protein-based foams
into cementitious mixtures, with target dry densities of
400, 600, and 800 kg/m? resulted in a substantial
enhancement of compressive strengths, exceeding
1000%, attributable to the improved interactions with
cement particles. Furthermore, an increase in the level
of the protein-based foaming agent from 3% to 5% led
to a 60% rise in compressive strength for ultra-
lightweight FA (400 kg/m?), resulting from a more
uniform distribution of air bubble sizes. Therefore, it is
imperative to employ reliable materials and select an
appropriate foaming agent to ensure that FC performs
effectively under various environmental conditions
while maintaining foam stability, retaining its
mechanical  strength, and ensuring long-term
performance (Falliano et al., 2021).

Curing Methods

Curing is a technique that maintains the moisture
level of concrete close to its ideal level to ensure that
the cement is fully hydrated. The curing process is
contingent upon the appropriate temperature, time, and
conditions. The hydration rate is typically governed by
the amount and quality of cementitious materials in the
mixture, as well as the temperature and moisture content
in the air (Richard & Ramli, 2015). The efficacy of the
curing process is directly proportional to its ability to
augment the strength and durability of the material,
while concomitantly ensuring volume stability,
resistance to wear, impermeability, and freeze—thaw
resistance (Nahata et al., 2014). Kado et al. (2018)
conducted a study to examine the impact of air and
water curing on LFC with densities ranging from 1500

to 1800 kg/m3. While samples that underwent water-
curing exhibited augmented compressive strength,
those subjected to air-curing demonstrated superior
dimensional stability and a diminished rate of water
absorption. It is noteworthy that the maximal splitting
tensile strength was recorded at 3.92 MPa at 1800 kg/m?
following 28 days of air curing (Kado et al., 2018).
Falliano et al. (2019) examined the effects of fiber-
reinforced LFC reinforced by viscosity-modifying
agent curing regimes. The variation in flexural strength
attributable to curing methodologies was minimal, with
an approximate range of 18%. Water -curing
demonstrated optimal efficacy at higher densities (600—
800 kg/m?). Cellophane wrapping exhibited marginal
benefits in tensile strength at relatively low densities
(400 kg/m3). However, the precision of the
measurements was likely compromised by the
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constraints imposed by the available instrumentation.
The impact of curing was found to be diminished under
low-density conditions, a phenomenon that may be
attributed to the reduced cement content in the unit
volume (Falliano et al., 2019). Harith (2018) observed
the water curing, moisture curing, curing compounds,
and air curing in polyurethane-based FC. The drying
shrinkage, as measured on water and moisture curing in
days 1 to 56, was recorded at a lower rate than in
chemical and air curing. The implementation of FA has
been shown to diminish the extent of shrinkage, a
phenomenon that has been ascribed to its pozzolanic
properties. The pozzolanic action of FA involves the
consumption of free water, thereby mitigating
evaporation loss during the drying process of the
mixture (Harith, 2018). T. Wang et al. (2024) examined
the development of early-age strength using steam
curing. The mixture under consideration contained 20%
free acid (FA) and 1.5% sodium sulfate (Na2S04).
Increasing the curing temperature to 55°C led to a 15%
rise in porosity, as evidenced by mercury intrusion
porosimetry (MIP). This resulted in a more coarse pore
structure, which may potentially compromise long-term
durability. The research underscores the imperative to
enhance steam curing or modify mix composition to
mitigate these impacts (T. Wang et al., 2024).

Conclusion

Foamed concrete (FC) exhibits considerable
promise for sustainable construction, primarily due to
its low density and thermal insulation properties.
Nevertheless, its long-term  performance is
predominantly  influenced by  durability-related
parameters. The extant research suggests that pore
structure and foam stability are the most critical factors
controlling  permeability, = moisture  transport,
carbonation, chloride ingress, and freeze—thaw
resistance.

The predominant deterioration mechanisms in FC,
encompassing drying shrinkage, carbonation, chloride
penetration, sulfate attack, and freeze—thaw exposure,
exhibit a pronounced sensitivity to pore connectivity,
density, and binder composition. According to the
extant literature, the durability of a material can be
enhanced through the optimization of its mix design.
For instance, incorporating 4% epoxy resin reduced
drying shrinkage by approximately 48%, while 5% C—
S—-H/PCE nano-composites increased compressive
strength by about 44% and reduced carbonation depth
to approximately 6 mm after seven days. In a similar
vein, fiber-reinforced mixtures with partial fly ash
replacement exhibited enhanced performance under
freeze—thaw exposure, while mixtures containing 50%
fly ash demonstrated the least compressive strength loss
(approximately 4.7%) under sulfate attack.
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Furthermore, the incorporation of superplasticizers
(PCE-based) facilitates a reduction in the water-cement
ratio while preserving workability, thereby resulting in
a denser matrix and enhanced durability. Research has
demonstrated that an optimal dosage (approximately
1.35%) can enhance compressive strength by up to
63%. However, it has also been observed that excessive
dosage can diminish performance due to inadequate
hydration.

From a pragmatic standpoint, enhancing the
durability of fiber-cement composites can be
accomplished through the implementation of stable
foam systems, refined pore structures, suitable binder
combinations, regulated water-cement ratios, optimized
superplasticizer dosages, and effective curing
methodologies. Water curing has been shown to
enhance durability. Conversely, poorly controlled
steam curing has been demonstrated to increase
porosity, which can negatively affect long-term
performance, leading to reduced structural integrity and
lifespan of the concrete.

Recommendations

It is imperative that future research concentrate on
the following areas:

e The objective is to develop standardized durability
testing procedures for FC.

e The objective of this study is to conduct direct
comparative analyses on binder systems under
conditions of identical exposure.

e The present study aims to elucidate the combined
effects of pore connectivity, density, and foam stability
on transport properties.

e The present study investigates the potential of nano-
modified and surface-treated FC mixtures to enhance
durability in aggressive environments.
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