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A B S T R A C T

This paper explores foam concretes produced from cement, sand, water, foaming agents and secondary 
cementitious materials (SCMs). We examine the effects of these constituents on the microstructure, mechanical/ 
physical properties, workability, and the durability of foam concrete. The contributions of SCMs are assessed 
based on their pozzolanic activity. Various SCMs, through their pozzolanic reactivity, contribute significantly to 
pore refinement, matrix densification, and the enhancement of mechanical strength, thermal conductivity and 
durability characteristics, including resistance to water ingress, chloride penetration, and sulfate attack of foam 
concrete mixes. While the SCMs incorporation leads to improved strength, it may also increase brittleness, which 
can be balanced with the addition of fibers. Furthermore, the workability is greatly affected by the incorporation 
of SCMs, which often have a negative effect on reducing it. The paper highlights the opportunities to use met
akaolin as an SCM for the optimization of foam concrete mechanical, durability and thermal properties.

1. Introduction

The building and construction industry accounts for ~38% of CO2 
emissions and 35% of global energy consumption [1]. With increasing 
global population growth and the growing demand for infrastructure, 
the current trends in CO2 emissions and global energy consumption 
could be worsened by the growing demand for construction materials. 
There is, therefore, a need for new materials that can be produced in 
large quantities, with raw materials that are energy efficient. There is 
also a need for large industrial production processes with low green
house gases (GHGs) and minimal environmental pollution. There is, 
therefore, a need for sustainable approaches that will reduce the carbon 
footprints associated with the manufacturing of concrete materials [2].

Within this context, eco-friendly building materials and technologies 
are gaining traction [3]. Foam concrete is a lightweight construction 
material characterized by it high air voids, high flowability, excellent 
thermal and acoustic insulation, superior fire resistance, and adequate 

compressive strength [4]. It reduces the dead loads of structures, reduces 
labour use, reduces heat losses, and increases thermal comfort [5]. In 
practice, foam concrete structures have been manufactured with den
sities between 300 and 1800 kg/m3 [6,7]. The basic constituents of foam 
concrete are cement, sand, water, and foam. The utilization of SCMs 
such as Silica Fume (SF), bottom ash, Fly Ash (FA), quarry dust, rice husk 
ash (RHA), Sugarcane Bagasse Ash (SBA), and Metakaolin (MK) [8–14] 
has proven to improve the properties of foam concrete through pozzo
lanic reaction, nucleation, micro-filling effect which densify the 
cementitious matrix, refine the pore structure and amplifies the forma
tion of C-S-H and C-A-(S)-H gels [15]. These mineral admixtures replace 
part of the PC or natural sand, offering environmental, economic, and 
social advantages that contribute to sustainable development [7,16,17]. 
However, there is little information available on how SCMs affect the 
microstructure and performance of foam concrete, especially in harsh 
environmental settings. There is also a lack of durability data and little 
understanding of how to optimize SCMs for improved performance [18].
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For example, the different admixtures (SF, FA) that are used to 
substitute for sand and cement in foam concretes, have been shown to 
improve compressive strength, water absorption and thermal conduc
tivity [14]. Similarly, Krishnan and Anand [10] have shown that the 
strengths of bottom ash samples are greater than those produced from 
quarry dust, due to the small pores size of the bottom ash specimens. 
Also, the properties of foam concrete depend on the stability of the 
foaming agent, either synthetic or protein-based as reported by Sahu 
et al. [19] and Tran et al. [20]. Furthermore, Huang et al. [21] have 
reported that foam stability is dependent on the effects of different 
mineral admixtures that are added to the foam concrete admixture. The 
strengths also depend on the fineness of the powders, amorphous phase 
content, chemical composition, the type of ions in the admixtures and 
the mechanical/physical properties of the particles.

Geopolymer foam concretes are one of the advanced technologies 
developed recently in the construction industry. Thus, recent foam 
concrete fabrication methods use geopolymers as sustainable and du
rable materials for the replacement of ordinary Portland cement (OPC) 
[22–25]. However, there is a need for further work in this area.

Fu et al. [26] have presented a review of foam concrete constituent 
parts, production processes, and material characteristics that include 
stability, pore structure, drying shrinkage, and compressive strength. 
Their work included a state-of-the-practice review of foam concrete 
applications in tunnel and underground engineering. Gencel et al. [4] 
have also summarized some properties of foam concrete, such as fresh 
state, consistency, strength, and durability of foam concrete. The study’s 
primary findings highlight the current state of cement-based foam 
concretes and their existing limitations, which warrant further 
investigation.

Additionally, the effects of fibers on foam concrete characteristics 
and the acoustic properties of foam concretes emerge as key areas for 
future research. A review of foam concrete durability characteristics has 
also been conducted by Zhou and Su [27]. Their work focused on the 
durability of several types of foam concrete, such as geopolymer foam 
concrete (GFC), sulphoaluminate cement (SAC), magnesium phosphate 
cement (MPC), and limestone calcined clay cement (LC3). Although 
these works introduce the effect of the SCMs in foam concrete proper
ties, there is a lack of a comparative framework that evaluates the per
formance of various SCMs in foam concrete mixtures under consistent 
parameters. Additionally, there is a lack of information on the effect of 
the SCMs on the durability (chloride and sulfate ingress) of foam con
crete, which affects its performance.

This review explores the effects of SCMs, processing parameters and 
compositional variables on the porosity, mechanical/physical properties 
and the durability of foam concretes. These include the effects of foam 
concrete process variables on microstructure, porosity, drying 
shrinkage, compressive strength, durability and stability. The review 
also highlights the beneficial effects of metakaolin as an SCMs that can 
be used in the engineering of foam concrete with attractive combina
tions of mechanical, durability and thermal properties.

2. Foam concrete

2.1. Processing methods

Foam concrete can be obtained either by chemical or mechanical 
foaming methods. In the chemical method, the gas-foaming method is 
mainly used, while the mechanical foaming method is divided into two 
processes, i.e. the pre-foaming and the mix-foaming methods [28].

2.1.1. Chemical foaming method
Chemical foaming involves adding a foaming agent to the concrete 

mix that reacts chemically to produce gas bubbles. Sodium hypochlorite 
(NaOCl), hydrogen peroxide (H2O2), and various metal powders, like 
zinc or aluminum, are frequently used as foaming agents. These mate
rials break down and react with the base material to produce gas, which 

creates different-sized and shaped pores in the foam concrete [29,30] .
The reactions associated with the gas formation (for H2O2 and Al 

powder) are presented in Eq. (1) and 2. This method is suitable for the 
formation of foam concretes with densities less than 1000 kg/m.3 Also, 
the size distributions of the pores have been found to be dependent on 
the type of foaming agent and the amount of foaming agent.

For instance, Hlaváček et al. [31] used aluminum powder in the 
formulation, creation, and refinement of the foam. Their research in
dicates that, during the activation phase, hydrogen is released, forming a 
network of closed pores. In their study, Masi et al. [32] used a method of 
synthesis that incorporated hydrogen peroxide (H2O2), aluminum 
powder, and a mix of different foaming agents, along with the surfactant 
Sika® Lightcrete 02. Their objective was to produce foams that exhibi
ted a uniform pore structure. Their findings revealed that a 0.1 wt% 
concentration of H2O2 resulted in a uniform distribution of macropores. 
However, when the concentration was increased to 0.4% wt%, the pores 
collapsed. 

H2O2(l)→2H2O (l) + O2(g) (1) 

Al (s) + 3H2O(l) + OH− (aq.)→Al(OH)
4−
(aq.) + 3/2H2(g) (2) 

2.1.2. Mechanical foaming
Mechanical foaming can be carried out using two main methods: the 

prefoaming method and the mix-foaming method. In the preforming 
process (the most widely used process), the air voids are created by 
adding foam obtained from a foam generator to the cement-based slurry. 
In the case of the mix-foaming method, all of the ingredients, including 
the cement, foaming agent, and water, are mixed, and during the mixing 
process, cells appear in the structure [33].

Both methods allow for improved control of the density and distri
bution of air bubbles. The air bubbles tend to be more uniformly 
distributed throughout the material, thus improving consistency of the 
mix [4]. The absence of chemical reactions in the foaming process also 
minimizes the potential for unexpected variability in the material 
properties [34]. However, it is worth noting that the mechanical 
foaming process requires specialized equipment to generate and incor
porate the foam, which can be a barrier to some producers. The process 
requires skilled labour to ensure that the foam is mixed correctly and 
consistently [35]. Particularly in low-resource or small-scale construc
tion situations, the need for specialized equipment for mechanical 
foaming and the need for experienced labour might raise initial pro
duction costs and restrict the widespread use of foam concrete. Despite 
its performance advantages, these factors might prevent its widespread 
adoption, making it more appropriate for large-scale or industrial pro
jects with technological resources available.

2.2. Applications

Foam concrete versatility allows it to be adapted for various con
struction needs, from lightweight insulation to load-bearing structures. 
Its applications continue to expand as researchers explore new 
manufacturing methods and admixtures. The main advantages of foam 
concrete are its higher energy preservation and excellent functional 
capacity.

Typically, plastic densities of foam concrete are between 400 kg/m³ 
and 1600 kg/m3 [36]. However, studies have shown that FC can be 
manufactured with densities less than 300 kg/m3 [37]. Low-Density FC 
(400–600 kg/m3), is commonly used as filling and insulating material 
due to its lightweight nature. Medium-density foam concrete (600-1200 
kg/m3) is suitable for non-load-bearing applications such as precast 
blocks, panels for outer leaves of buildings, thermal and sound insu
lation, and partition walls. Foam concrete with high density (1200-1600 
kg/m3) can be used for load-bearing purposes such as structural walls, 
foundations, flooring systems, and roof slabs [38,39]. Table 1 shows the 
classification of foam concrete based on the density.
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In regions with housing shortages or where traditional construction 
materials are scarce, foam concrete provides an alternative. Its light
weight nature makes it easier to transport and use in areas with limited 
infrastructure. Foam concrete is particularly useful in earthquake-prone 
regions due to its ability to absorb impact and dynamic loads [40]. It 
provides stability and minimizes damage during seismic events. This can 
be attributed to the presence of internal pores within the foam concrete, 
which contributes to its ability to absorb shocks and dissipate energy 
[41,42]. Additionally, due its closed pore, its fire resistance and water 
repellence [23,43,44] make it suitable for adverse weather conditions 
and hurricanes.

Foam concrete can also be used as soil stabilizer in the road subbase, 
acoustic, thermal, and fire insulation, renovation of old buildings, pre- 
cast panels, and lightweight blocks as well [38]. Furthermore, because 
of the relatively higher cost of the other insulating materials (wood, dry 
wall, etc.) [45,46], foam concrete has become an area of interest to 
researchers.

3. Workability

The slump workability test commonly employed in normal concrete 
is ineffective for low-density foam concrete. Foam concrete flow time 
and consistency are assessed by using the Marsh cone as shown in Fig. 1
and the mini-slump cone. A foam concrete mixture is workable if it is 
self-flowing and self-compacting. According to ASTM C359–13 (2013) 
[47], the percentage of the flow of foam concrete using a mini-slump test 
is between 80 and 120%. Foam concrete with a flow time of less than 20 
seconds, has a good consistency [48].

The spreadability of foam concrete has been investigated (to measure 
the consistency of the base mix) using the mini-slump cone test [10]. The 
percentage of flow varied from 90 to 125 %. Although changes in filler 
content had little effect on workability, changes in foam volume had 

significant effects on the workability. The workability was also influ
enced by the foam percentage in volume. With the increased percentage 
of foam, the mixtures became stiffened, requiring a high Water/Solid 
(w/s) ratio. The workability was also found to improve with blends 
containing quarry dust at lower w/s ratios [10]. Similarly, Gencel et al. 
[49] observed a decrease in flowability of about 6% when the foam 
content increased from 50 kg/m3 to 100 kg/m3 due to the increased 
amounts of stable air bubbles at high foam content. The study also 
highlighted the increase in workability with the increase of glass sand up 
to 100% replacement, as depicted in Fig. 2. The enhancement in 
workability with the glass sand content was attributed to the glass 
particles smooth surface. In another study, it was found that when the 
amount of foam in the mixture increased, the amount of solids 
decreased, resulting in greater slump values [50]. Furthermore, when 
FA replaced OPC, the slump flow improved due to FA smooth and 
spherical particles. Hemp fibers, in contrast, decreased slump values 
because of their propensity to absorb more water, which reduced the 
mix workability.

Rheological parameters were measured with a parallel-plate 
rheometer as per ASTM C1749 (2012) [51]. A funnel of marsh was 
used to determine the time taken by the various foam concrete blends to 
flow. Bagheri and Samea [52] assessed the workability of these speci
mens as a function of 0, 20, 45, 56, and 83 % of air content in foam 
concrete. The results showed that foam inclusion enhanced the force per 
unit area at the yield point stress of the base mixture (0 % foam content). 
This increase in yield stress can be attributed to the introduction of air 
bubbles, which form a dispersed structural network within the mix. 
These bubbles resist initial deformation, making the fresh mix more 
cohesive and less prone to flow, and then reducing the workability.

The plastic viscosity measurement revealed that adding 20 %vol of 
foam reduces the plastic viscosity of the foam concrete mixes compared 
to the base mix. However, the percentage of foam and the viscosity had 
opposite effects. Also, as the foam volume increased, the viscosity 
increased, and very high foam volumes resulted in the instability of the 
mixtures. The values of the flow times for the base mixture and the 
mixtures containing 20 %vol and 45 %vol foam were below 20 seconds, 
while the flow times for the other mixtures were above [52].

Krishna et al. [54] assessed the consistency and workability with FA 
being utilized as a substitute of 25%, 50%, and 75% by cement mass. 
There was an inverse relationship between the foam concrete consis
tency and the FA proportion. The workability decreased with increasing 
proportions of FA due to the spherical shape of the FA particles. 
Furthermore, when the volume of foam increased, the consistency 
decreased due to high cohesiveness between foam concrete mixture 
particles at lower densities [48].

The water-to-binder (w/b) ratio influences foam concrete flow 
characteristics. The flow ability of foam concrete was enhanced at a 
higher w/b ratio. However, there was a separation between the solid and 
liquid phases in the mixture [55]. The foam concrete workability, i.e., 
slump flow, improved as FA percentage and density were increased [54].

The addition of silica fume (SF) in foam concrete was found to 
greatly reduce the workability [56]. Furthermore, they noted that the 
increase of the length (6, 9 and 12 mm) of Glass fiber and Carbon fiber 
reduced the workability by around 12% to 20% due to the creation of a 
mesh-like network within the mix, which impedes flow and reduces 
workability.

Khawaja et al. [57] found that replacing 25% of cement with sugar 
cane bagasse ash (SCBA) in foam concrete led to a decrease in work
ability due to the high adsorptive capacity of sugar SCBA leading to a 
stiffer cement paste matrix and decreased workability. Furthermore, the 
mixture’s internal friction was exacerbated by the irregular shape and 
larger surface area of SCBA particles, which decreased slump flow.

Increased slump flow over a range of fly ash (FA) replacement levels 
(0%, 25%, and 50%) indicates that adding waste gypsum board (WGB) 
as a partial cement substitute to foam concrete mixes improves work
ability [58]. Increasing WGB from 0% to 25% resulted in a discernible 

Table 1 
Applications of foam concrete based on the density [38,39].

Characteristics Density range 
(kg/m3)

Applications

Low density 400–600 Filling and insulating material
Medium 

density
600–1200 Non-load-bearing applications: precast 

blocks, panels for outer leaves, thermal and 
sound insulation, and partition walls

High density 1200–1600 Load-bearing: structural walls, foundations, 
flooring systems, and roof slabs

Fig. 1. Schematic diagram of modified Marsh cone reported by [53].
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increase in slump flow, suggesting better mixture fluidity, while main
taining a steady water-to-cement ratio and foam content. This 
improvement was explained by the fact that WGB and FA have lower 
specific gravities than cement, which resulted in a larger binder volume, 
better particle coating, and less interparticle friction. Furthermore, 
improved internal redistribution is made possible by the moisture added 
by foam and the decreased water demand brought on by the lower 
cement amount, which further improved the workability.

Similarly, Kabbo et al. [59] noted that a combination of SF (5%) and 
waste marble powder (5-20%) improved the workability (slump flow 
and j-ring test) of foam concrete compared to the control mix. This was 
due to the improved packing resulting in the fine particles, as well as the 
lubrication from the pozzolanic reaction.

The use of 10, 20, 30, 40 and 50% reuse concrete powder (RCP) in 
foam concrete was found to reduce the flowability by 4.4%, 7.4%, 
10.0%, 13.0%, and 14.8% compared to the control mix (0%¦wt). This 
was explained by the presence of voids in the RCP due it rough surface 
[60]

4. Physical properties

This section presents some physical properties of foam concretes. 
They include properties such as microstructure, thermal conductivity, 
and drying shrinkage that contribute to the performance of foam 
concrete.

4.1. Drying shrinkage

Foam concrete contains little or no coarse aggregate. Hence, its 
shrinkage is different from that of normal concrete. Also, since the 
shrinkage of concrete can lead to easy cracking, there is a need to control 
shrinkage, which can also lead to dimensional inaccuracy, while 
compromising structural integrity.

Nambiar and Ramamurthy [61] have studied the shrinkage behavior 
in foam concretes in which cement was replaced by FA. The resulting 
foam concrete shrinkage was less than that of the base mix. It was also 
observed that shrinkage reduced when the ratio of filler to cement was 
increased. This was attributed to the low volume of the aggregate 
content.

Furthermore, the addition of FA led to a small increase in shrinkage, 
although there was an improvement in compressive strength. This is 
probably due to the reduction of foam volume required when fly ash 
replaces cement and/or sand at a given density. Consequently, the 
proportion of shrinkable paste (cementitious material) increases, lead
ing to higher overall shrinkage [61]. While it has been reported that a 
combination of lime mud and Fly ash (LM-FA) (0, 50, 60, 70 and 80 % 
wt) had an effect of decreasing the drying shrinkage [13]. The drying 
shrinkage of FC was found to be between 0.34% to 0.44%, with densities 

varying from 600 to 900 kg/m3 [13]. Furthermore, the use of LM-FA 
from 0 to 50% led to a reduction of up 23% in drying shrinkage due 
to the pore refinement. A combination of LM-FA increases the filling 
effect and the pozzolanic reaction, which refined the pore structure, 
then reducing the drying shrinkage. However, when LM-FA amounts 
higher than 60% were used the reduction in drying shrinkage was 
reduced. This could be explained by the dilution effect own by a large 
amount of pozzolanic reaction. In the same line, it was found that the 
negative effect of excessive RHA (20%) on the drying shrinkage can be 
balanced by using 50% of Waste marble powder (WMP) as fine aggre
gate in foam concrete. This was attributed to the refinement of the pore 
due to the grain shape and pore size distribution of the WMP [62].

In another study [7], foam concrete drying shrinkage was found to 
increase quickly for 21 days before slowing down to a maximum of 1951 
× 10-6 mm/mm after 90 days at 50 kg/m3 foam content without basalt 
fiber (BF) because of greater porosity and evaporation rates. At 2% BF 
and 50 kg/m³ foam content, adding BF dramatically decreased 
shrinkage by up to 32.13% because of its bridging action, moisture 
retention, and enhanced pore structure. However, BF marginally 
enhanced shrinkage by 6.12% and 2.34%, respectively, at lower foam 
content levels (30 and 40 kg/m³), most likely as a result of its effect on 
decreasing porosity.

In their work, Yang et al. [63] used eco-friendly additives such as 
Recycled Mortar Powder (RMP) and recycled concrete powder (RCP) to 
partially replace cement in FC mixtures. They studied the effects of these 
additives on 15-day drying shrinkage. When compared to the control 
mixes, the 15-day dry shrinkage in the mixes with 7.5% and 15% RCP 
were 10.5 and 5.1% lower, respectively, while the mixture containing 
30% RCP had a 15-day shrinkage that was 4.7% higher.

RMP incorporation reduced the drying shrinkage. Compared to the 
control group, foam concrete with 7.5%, 15%, and 30% RMP had 15-day 
shrinkage values that were 9.5%, 6.1%, and 0.3% lower, respectively. 
The SCMs used comprised of high amount of micro-hardness calcite and 
quartz grains, hence, reducing the drying shrinkage of the foam concrete 
[64]. Although the RP additions were recognized to be beneficial to 
foam concrete, a high volume (30%) of RCP was harmful to foam con
crete performance, which then increased the drying shrinkage.

Zhang et al. [65] investigated the effects of silt content (0, 20, 30, 
40%), wet density effect (600, 700, 800 kg/m3), and coarse particle 
content (25, 30, 35, 40%) on the drying shrinkage of foam concrete. 
They concluded that, when the amount of silt and coarse particles 
increased, the drying shrinkage reduced. The observed shrinkage 
occurred due to two main factors that occurred during the cement hy
dration and hardening processes. First, the cement-water system con
tracted, leading to a reduction in volume. Simultaneously, a thermal 
effect occurred as the specimen cooled, further contributing to the 
apparent shrinkage. Interestingly, the initial volume expanded during 
the earlier stages of the process.

Fig. 2. Workability test results of foam concrete mixes using flow table test [49].
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Li et al. [66] found that ceramsite can be used as an internal curing 
agent to reduce the foam concrete shrinkage by reducing early cracking, 
which enhanced the material performance. While dry ceramsite ach
ieves a higher 75% reduction in shrinkage but begins cracking around 7 
hours earlier, pre-wetted ceramsite reduces drying shrinkage by 58% 
and increases the period until cracking by over 80 h. The ceramsite 
capacity to gradually release water makes this enhancement possible by 
promoting early foam stability and densifying the ITZ.

According to Ahıskalı et al. [67], adding PPF (0, 1 and 2%) had only a 
slight influence on the shrinkage and expansion of GFC, but substituting 
slag aggregates (0, 50 and 100%) for limestone reduced the drying 
shrinkage. These results were consistent with compressive strength re
sults because using slag aggregates improved strength development and 
reduced porosity.

4.2. Thermal conductivity

The thermal insulation of foam concrete makes it an attractive ma
terial in the construction of light weight concrete structures. Such 
thermal insulation characteristics can be managed by the control of 
foam density and the properties of the concrete struts; there is an op
portunity to develop foam concrete structures with attractive thermal 
insulation properties and mechanical properties.

Foam concrete thermal conductivity has been widely studied [23,63,
68–70]. The studies have shown that thermal conductivity is dependent 
on factors such as porosity, density, moisture content, air-void size, 
distribution, binder type and composition, and filler content. For 
example, it was pointed out that thermal conductivity increased when 
the moisture content increased because water has higher thermal con
ductivity than air [71].

The normal thermal conductivity of concrete is approximately 5-30 
% greater than that of FC. This is due to the higher pore densities in 
the foam concrete structure. For foam densities between 600-1600 kg/ 
m3, the thermal conductivity is between 0.1-0.7 W/(m. K) [72].

Batool and Bindiganavile [73] have studied the effects of pore size 
parameters (D50 and D90) on FC thermal conductivity. Their results 
showed thermal conductivity decreased with the augmentation of me
dian pores (D50, median pore size). In addition, they observed a better 
correlation between D50 and thermal conductivity than the correlation 
with D90 (90th percentile size). They also noted that the thermal con
ductivity was more affected by small pores than they were by bigger 
ones. Furthermore, the type of pozzolanic additives had little correlation 
with the thermal conductivity at a given foam concrete density, as 
shown in Fig. 3.

According to Yang et al. [63], the thermal conductivity coefficient 
did not depend on the dosage of reused eco-friendly additives, such as 
RCP and RMP. However, the thermal conductivity was affected by pore 

size and shape. Furthermore, when the two types of additives are 
compared, the differences in thermal conductivity are not significant. 
The thermal conductivity of RCP and RMP (0, 7.5, 15, and 30%) varied 
from 0.068 to 0.072.

According to Singh [25], the reduction in thermal conductivity that 
occurs in decreasing density can be attributed to the limited amount of 
water that is chemically bonded in the gel pores of the geopolymer.

Also, foam concretes with polypropylene fibers (PPF) have thermal 
conductivities that are lower than those of carbon fibers [44]. This is due 
to the uniform repartition of air voids into PPF based foam concrete 
mixes [6]. Furthermore, the thermal conductivities were also affected by 
dry, wet density, and porosity [44]. The incorporation of Basalt fibers of 
up to 3% reduced the thermal conductivity by up to approximately 2% 
[63].

Gencel et al. [63] revealed that the addition of 15% of SF led to an 
increase in the thermal conductivity by approximately 4%, which was 
attributed to the reduction in porosity due to the incorporation of SF. 
Similarly it was reported an increase of approximately 37% in thermal 
conductivity when SF was used in foam concrete [14]. In contrast, when 
FA was used to replace cement (0-50%), the dry density and then, the 
thermal conductivity reduced [50]. The most significant decreases were 
noted in mixtures with 30%, 40%, and 50% FA, paired with foam con
tents of 50, 75, and 100 kg/m3, respectively. Porosity and dry density 
have a significant impact on thermal conductivity in concrete; higher 
porosity and lower thermal conductivity are generally associated with 
lower dry density. The material porosity is increased, and its thermal 
conductivity is further reduced when FA is used in place of a part of the 
cement due to the drop in dry density. This was supported by earlier 
research [14], where it was found that the use of FA significantly 
decreased the thermal conductivity.

4.3. Effects of mineral additives on microstructure

The air-void system is one of the most important parameters that can 
affect foam concrete microstructure. Foam concrete pore systems can be 
characterized by their porosity, pore size distributions, and perme
ability. According to Compaoré et al. [74], porosity and microstructural 
characteristics have a direct impact on strength and thermal 
conductivity.

Bartenjeva [75] has shown that the addition of mineral additives, 
such as dispersed wollastonite and diopside, regulates pore sizes in foam 
concrete mixtures. The resulting pores are also closed. Additionally, the 
volume fractions of these pores increase by 47 to 49%, compared to 
those in the mixes without mineral additives. However, the addition of 
wollastonite reduced the diameter of the pores with sizes greater than 
0.1 μm by 2.34 times, while the addition of diopside reduced the pore 
sizes by 8.2%.

Fig. 3. Thermal Conductivity vs the Air-void Size Parameters for D50 and D90, respectively [73].
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Furthermore, prior work by Yang et al. [63] has shown that RPs can 
be used as SCMs in foam concrete mixes. In fact, the addition of different 
kinds of RPs has little effect on porosity change of mixtures which did 
not affect the thermal conductivity. For mixtures containing 0, 7.5, 15 
and 30% of RCP, the porosities were 83.15%, 82.23%, 83.07% and 
83.53%, respectively, for mixtures with 0, 7.5, 15 and 30% of RMP, the 
porosities were 83.15%, 82.01%, 82.23% and 82.77% [63].

Zhang et al. [65] have studied the effects of silt and coarse aggregate 
content on foam concrete. Their work shows that silt content is the 
primary factor that affects pore configurations in mixtures. They also 
showed that coarser aggregate contents enhance pore configurations.

Krishnan and Anand [10] have shown that bottom ash-based foam 
concrete mixes reduce the number of large voids. They have also shown 
that bottom ash-based foam concrete mixes result in foam concretes 
with more uniform void sizes. When compared to the quarry dust mixes, 
they observed the opposite effect, leading to a decrease in compressive 
strength, as stated earlier.

Song et al. [76] found that the use of rice husk biochar (RHBC) in 
foam concrete as internal curing material provided more nucleation 
sites, which enhanced the formation of additional reaction products, 
which formed a more homogenous pore structure by filling the cracks. 
Furthermore, the addition of RHBC has been shown to improve bubble 
restraint force by raising the yield stress of the cement paste. This de
creases bubble diameter and buoyancy, resulting in increased foam 
stability and mechanical performance of the foam concrete.

It was found that the microstructure of foam concrete cured for 90 
days changed dramatically by the addition of SCMs, such as waste 
marble powder (WMP) and RHA, according to the SEM examination 
[62]. Mixtures containing WMP and RHA had bigger, more scattered, 
and better-defined C-S-H crystals than the control mix. This suggests 
increased hydration and pozzolanic activity, which helped create a more 
porous but structurally improved microstructure.

In the study by Maglad et al. [58], as shown in Fig. 4, the average 
pore diameter rose with increasing WGB content in the reference 
mixture (FA0), demonstrating that WGB alone had a limited influence 
on pore refinement. However, when FA was coupled with WGB, large 
pore content and average pore diameter were reduced by up to 10% 
WGB, owing to synergistic filling and pozzolanic reactions that 
increased C-S-H formation and refined the pore structure. Beyond 10% 
WGB, the mixes exhibited an increase in big pores and a decrease in tiny 
capillary holes, which corresponded to lower mechanical strength, 
increased porosity, and water absorption.

According to Zhang et al. [77], adding coal gangue (CG) to foam 
concrete at percentages of 10%, 20%, 30% and 40% greatly improved 
the pore structure. As a result of this alteration, the average pore 
diameter, the percentage of large pores, and the pore connectivity 
decreased as shown in Fig. 5. These enhancements were ascribed to CG 
pozzolanic activity and filling effect.

5. Mechanical properties

5.1. Compressive strength

Due to the absence of coarse aggregates, the foam concrete failure 
mechanism differs from that of normal concrete. As stated earlier, SF 
and FA as additives improve foam concrete compressive strength. This is 
due to the pozzolanic activity, hence, reducing the porous zone forma
tion between the matrix-aggregate bonds. This increases the interlock 
zone between the paste-aggregates (Interfacial Transition Zone ITZ). 
These are illustrated in Fig. 6 with a foam concrete density of 1300 kg/ 
m3 [78].

The utilization of 10% MK resulted in a stabilized compressive 
strength of foam concrete specimens at higher temperatures (400, 500, 
and 600 ◦C). All mixes with 15% MK for 400 ◦C exhibited higher 28-day 
strengths. However, the strengths reduced with increasing temperature 
between 500 and 600 ◦C [43]. The filler type determined the w/s ratio at 
a given density. Also, the strengths improved with decreasing sand 
particle size [79].

Foam concrete composites (consisting of FA and PPF) with densities 
varying from 800 to 1500 kg/m3 had compressive strengths of 10-50 
MPa. The 28-day mix strengths (without FA) increased by 70–75 %, 
when compared with the 7-day mix strength, while the same mixes with 
SF resulted in 28-day strengths that were approximately 85-90 % of the 
7-day mix strength [33].

Krishna and Chinnaraju [44] have studied the effects of PPF and 
carbon fibers on foam concrete mechanical properties. In spite of the 
minimal reduction in density with substitution rate, the compressive 
strengths increased with PPF and carbon fiber reinforcement.

Another experimental study was undertaken by Zhang and Wang 
[24], who investigated the effects of pore characteristics and mechanical 
properties of geopolymer foam concrete (GFC). Their GFCs exhibited 
similar characteristics (air-cell structure and mechanical properties) to 
foam concretes produced from OPC. The addition of H2O2 foaming agent 
(in an amount varying from 0.5 to 1.5% into fly ash-based GFC slurry) 

Fig. 4. Average pore diameter of foam concrete mixes [58].
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also reduced the foam density and strength [22,27].
Increasing mineral admixtures such as SF, FA typically results in 

increased brittleness in foam concrete [80]. In the presence of 15% SF, it 
was found that the cracking patterns change from scattered microcracks 
to more concentrated and localized macrocracks, which is responsible 
for the increased brittleness [81]. However, when lightweight aggre
gates are added, the brittleness is reduced [80]. When steel fibers were 
used in lightweight reinforced foam concrete, the failure mode remained 
shear brittle, but cracking and ultimate loads increased by 18.5% and 
25.5%, respectively, while the displacement ductility and toughness 
increased by 38% and 56%, respectively [82]. Amran et al. [83] found 
that the incorporation of PPF in foam concrete reduced the brittleness. 
Similarly, Raj et al. [84] pointed out that using coir and PVA fibers in 
foam concrete altered the failure behavior, shifting it from brittle to 

ductile. The addition of basalt fibers (BF) improved the tensile properties 
of foam concrete, effectively reducing its brittleness and enhancing its 
durability, thereby making it more suitable for applications that require 
improved load-bearing and fracture resistance [85].

Krishnan and Anand [10] have explored the relationship between 
air-void size and foam concrete strength for foams with different den
sities (1200, 1400, and 1600 kg/m3) that utilize industrial wastes, such 
as quarry dust and bottom ash. Unlike quarry dust mixes, the bottom ash 
mixtures enabled the creation of closed pores, leading to an increase in 
compressive strength. Additionally, the respective utilization of class C 
fly ash and Na2SO4 admixtures resulted in an increase in the setting time 
and early age strength of the mixtures.

Wang et al. [86] have improved the foam concrete compressive 
strength and foam concrete failure modes by incorporating ceramsite 

Fig. 5. Pore structure and pore size distribution of foam concrete containing CG: a) 10%, b) 20%, c) 30% and d) 40% [77].

Fig. 6. 1300 kg/m3 foam concrete SEM images illustrating the increase of matrix-aggregate zone from a) to b) [71].
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into mixtures. Two types of failure modes were observed, i.e., foam 
concrete failure and ceramsite failure. In fact, cracks were initiated and 
developed into foam concrete, while cracks were developed through 
ceramsite whilst foam concrete and ceramsite were crushed due to the 
strength between the ceramsite aggregates and foam concrete, as shown 
in Fig. 7 [a) 400 kg/m3, b) 600 kg/m3; c) 800 kg/m3; d) 1000 kg/m3].

Furthermore, fiber additions to foam concrete mixtures improve the 
flexural strength. Foam concrete without admixtures also had lower 
ductility than FC with mineral additives such as FA, SF, and super
plasticizer [80].

Foam concrete compressive strength data from different publications 
[13,18,33,49,71,81,85,87–90] are plotted in Fig. 8. The results show 
that the compressive strength increases with increased density. None
theless, significant variation exists between experiments at comparable 
densities, most likely as a result of variations in mix composition, curing 
techniques, and material selection. The addition of foam in the foam 
concrete mix leads to an increase in porosity, which decreases density. 
This is because the foam volume in the foam concrete mixture increases 
as density decreases, creating more pores [91]. The creation of these 
pores is at the origin of the decline in compressive strength. However, 
the variation in data points across different studies suggests that density 
alone is not the sole determining factor. In fact, in addition to density, 
several other factors such as microstructure, curing period, curing con
dition, cement type, dosage, mixture and water-cement (W/C) and 
water-solid (W/S) ratios, foam percentage, type foaming agent (syn
thetic or protein foaming agent), additive can influence the foam con
crete compressive strength [92,93]. This diversity underlines the 
significance of adjusting parameters outside density, such as binder 
concentration and additives, to maximize performance. This is also 
supported by the data in Table 2, obtained from a few data points given 
in Fig. 8 . Depending on the composition (the type of SCMs and content, 
the addition of fiber, the type of foaming agent, the curing conditions), 
the density of foam concrete varied, which impacted its mechanical 
properties

It was pointed out that the compressive strength increased with 
foaming agent content up to 3 %wt cement [89]. However, while a 
decline was observed when 4% of foaming agent was used for both 
mixes (without and those with 20% of fly ash). The work Hilal et al. [71] 
also revealed an increase in compressive strength, when sand in the 
conventional foam concrete was replaced by up to 25% of additives 
(FCa). This resulted in a combination of FA and SF. Further work is 
needed to develop our basic understanding of failure mechanisms in 
foam concretes with different combinations of FA and SF.

Jiang et al. [8] found that after 56 days of curing the combination of 
SF and MK in foam concrete achieved the highest compressive strength 
of 0.74 MPa with a porosity of 91.6% while the mixes with only MK had 
a compressive strength of 0.63 MPa and 0.60 MPa with porosities of 
91.9% and 91.2%, respectively. The improvement in compressive 
strength with FC mixes containing SF and MK was attributed to the 
densification of the solid phase between the pores.

The investigations were undertaken to evaluate MK-based foam 

concrete compressive strength under heat, where cement was replaced 
with MK by 5 %, 10 %, 15 % [43] . The densities investigated were 1100, 
1200, 1300 and 1400 kg/m3. The research revealed that the mixture 
containing 10 % showed a stable compressive strength of specimens 
with and without temperature, at 400, 500 and 600◦C. In addition, the 
mix with 15 % of metakaolin gives higher 28th-day compressive 
strengths at all densities for 400◦C but the compressive strength de
creases with the temperatures of 500 and 600◦C.

5.2. Flexural strength and splitting tensile strength

Fiber reinforcement has been frequently used to enhance the tensile- 
related characteristics of foam concrete. Table 2 shows a few studies 
flexural strength from the literature.

The addition of 40% RHA and PPF can improve flexural strength and 
splitting tensile strength from 30 to 40% [96]. Amran et al. [83] also 
showed an increase of approximately 20 to 50% in flexural and splitting 
tensile strengths compared to the control mix when a combination of SF 
and PPF were used.

Li et al. [97] investigated the effects of several design factors on the 
tensile performance of foam concrete, including splitting and flexural 
characteristics. These parameters included foam concrete density (800, 
1700 kg/m3), polyvinyl alcohol fibers (PVAF) length (19, 200 µm), 
diameter, and content. Although rupture happened after peak loading, 
particularly in higher-density mixes because of shorter fiber pull-out 
lengths, their flexural experiments demonstrated that small fibers (19 
µm) caused strain-hardening in both low-density and high-density foam 
concrete. Furthermore, pore shape, density, and D90 (pore size distri
bution) all significantly impacted splitting tensile strength and 
first-crack flexural strength. In particular, fracture development was 
facilitated by lower density, bigger pore diameters, and more irregular 
pore geometries, which decreased both tensile strengths.

When raffia fibers (RF) are added (0, 2, 4, 6 and 8% volume fraction 
of the total mix) into foam concrete slurry with a design density of 950 
kg/m3, the flexural strength of the material was enhanced [98]. The 
flexural strength of foam concrete containing 6% RF achieved the 
highest flexure at all curing times. The flexural strength for 6% RF after 
28-day of curing was 1.26 MPa while for the control mix (0% RF) was 
0.61 which is an improvement of 107%. In contrast, in early study, it was 
observed a decline of the flexural strength of foam concrete containing 
bottom ash (BA) and 300 kg/m3 OPC with densities varying from 924 to 
1267 kg/m3 when polypropylene fiber (PPF) was added in amount of 0, 
0.5 and 1% volume fraction [91]. The use of cement paste for fiber 
coating, the effect of fiber incorporation on foam concrete consolidation, 
and the alignment of fibers parallel to the applied load, which may 
contribute to void formation, were the main factors explaining the 
decrease in flexural strength of foam concrete mixtures with PPF [99]. 
When the OPC content was 400 kg/m3, the flexural strength was 
improved due to the cracks bridging own by the PPF [100].

Nanofibers, such as carbon nanotubes (CNTs), are effective in 
inhibiting the growth of microcracks, thereby enhancing the flexural 

Fig. 7. The failure mechanism of foam concrete containing ceramsite [86].
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strength and toughness of foam concrete [101]. The mechanical char
acteristics of foam concrete, such as its compressive, flexural, and 
splitting tensile strengths, have been demonstrated to be considerably 
impacted by the inclusion of silica fume and basalt fiber. In particular, 
adding 15% silica fume increased compressive strength by around 46%, 
while increasing the amount of basalt fiber from 0% to 3% increased 
flexural strength by up to 88% [81]

Gencel et al. [62] investigated the flexural strength of foam concrete 
containing glass sand (GS) (up to 100%) and foam contents of 50 and 
100 kg/m3. It was found that higher foam content (100 kg/m3) had a less 
noticeable detrimental impact on flexural strength than compressive 
strength, with the majority of flexural strength in the studied foam 
concrete mixes being reached by 28 days. Because of their larger solid 
material composition, mixes containing 50 kg/m3 foam consistently 
showed a flexural strength that was almost 55% higher than those 
containing 100 kg/m3 foam. At both foam levels, adding glass sand 
increased flexural strength; the advantages were more noticeable at 50 
kg/m³ of foam content. This was attributed to the low porosity resulting 
in the addition of GS.

Hilal et al. [80] found that stronger foamed concrete, which was 
either made denser or had SF, FA, and superplasticizers added, showed 
more lateral distortion, which was demonstrated by larger cracks, before 
failing during the splitting tensile test.

6. Durability of foam concrete

6.1. Water absorption and permeability

Water and moisture transfer into foam concrete have been shown to 
greatly affect the mechanical and physical properties of foam concretes 
[68]. Absorption and sorptivity are terms used to describe a material’s 
ability to absorb and transfer water. These properties can be used to 
identify the penetration of harmful products, such as sulfate and chlo
ride ions, which cause concrete long-term degradation.

Basic understanding of moisture transfer (in concrete) is critical for 
improving the performance of concrete as a construction material [102]. 
Furthermore, foam concrete water absorption can be affected by 
numerous factors such as porosity, pore size and distribution, density, 

Fig. 8. Compressive strength vs density of foam concrete drawn from the literature.

Table 2 
Compressive strength and flexural strength of foam concrete drawn from the literature.

References Ingredients Max. replacement level (%) Density (kg/m³) Compressive strength 
(MPa)

Flexural strength 
(MPa)

[94] OPC, LSW Up to 100 667–1251 2.0-4.5 -
[49] OPC, glass sand, expanded perlite Up to 100 594–1504 0.95-3.07 0.45-1.25
[13] OPC, lime mud, FA 80 411–612 1.31-2.52 -
[85] ATP, BF 30 1130.8-1642.6 6.95-19.45 2.96-5.81
[88] OPC, Brick, roof tile, SF 40 772–1321 3.18-9.09 0.37-1.08
[95] OPC, SF, BF 15 1749.6-1993.6 20.6-46.1 4.30-6.91
[18] AAFC, GBFS, FA, CZ 20 617–938 2.26-8.99 0.41-0.81

LSW: limestone slurry waste, ATP: attapulgite, CZ: clinoptilolite zeolite
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foaming agent type, moisture content, mix proportions, and curing 
conditions.

Gökçe et al. [14] assessed FA and SF effects on foam concrete char
acteristics such as water absorption. The results showed that the water 
absorption ranged between 3.5% and 35.9%. The addition of mineral 
admixture led to reduce water absorption.

The PPF addition improved foam concrete hydrophobic character
istics, leading to a decrease in adsorption and sorptivity characteristics. 
As the PPF percentage increased, there was a curvilinear drop in water 
absorption [44].

Foam concretes containing micro-silica and having densities of 500 
and 700 kg/m3 absorbed 100.9 and 64.3 % of water, respectively. This 
water absorption estimate by volume for the two densities was 53.6 and 
42.4%, respectively [103].

The water permeability of foam concrete containing sand and brick 
wastes depend on the porosity, the finer the pores, the less the water 
permeability. Due to the evenly distributed and independent pores in 
some SCMs, such as toner and MK, there was a decrease in the capillarity 
ability to absorb water.

The distribution and fineness of the pores, as well as their porosity 
and strength, had an impact on the water permeability [104]. Also, 
adding 20% MK and toner improved capillary water absorption, but 
adding 30% and 50% MK had a negative impact on water permeability.

6.2. Chloride penetration

Concrete structural failure and durability deterioration are primarily 
caused by steel corrosion and chloride ingress [105]. Foam concrete is 
an extremely versatile lightweight material that is becoming more 
popular in structural and semi-structural applications. This would 
almost certainly necessitate the incorporation of reinforcing bars within 
the foam concrete. The presence of a large air void volume near steel 
may have adverse effects on its electrochemical behavior and potentially 
ruin the creation of the passivation film [106].

Foam concrete penetration parameters such as water absorption and 
chloride ingress were experimentally investigated. The volumetric and 
capillary absorption increase with increasing porosity, leading to a 
decrease in chloride ingress, when considering the concrete total vol
ume. However, when considering the penetrable phase (paste phase), 
the absorption and the chloride ingress showed the same tendency 
[107].

Wasim et al. [108] have studied and modelled the durability of 
reinforced GFC exposed to different chloride concentrations (1, 3, and 
5%). They observed that the corrosion was mostly induced by the 
temperature and the humidity. Othman et al. [109] have observed that, 
when PSBE was added as pozzolans into foam concrete mixtures, there 
was a decrease in chloride permeability. Additionally, the addition of 
pozzolans reduces concrete permeability to chloride more than it re
duces the mixtures’ w/c ratio [110]. The chloride ion tolerance of 
concrete is more dependent on the porosity and pore interconnectivity 
than the cement’s chemical bonding capacity [111].

The charge (Coulomb) flowing over the calcined clay samples is 
found to decrease, as the calcined clay content increases up to 10%. 
Charge transfer, however, increases with calcined clay content at 12.5%, 
suggesting that substituting cement for calcined clay enhances resis
tance to chloride ions [112]. It was observed that, as the carbonation 
depth was increased, the total charge passing through decreased.

Carbonation was discovered to reduce chloride ion diffusion, sug
gesting that the deposit of carbon dioxide into concrete specimens re
duces the surface porosity and, thus, chloride ion penetration [113]. The 
potential limitation of chloride penetration is of great importance. It also 
has the potential to reduce the carbon footprint in the atmosphere.

6.3. Sulfate attack

Sulfate attack is among the aspects that can influence the durability 

of foam concrete when subjected to sulfate-containing soil or water, 
resulting in structure softening and cracking [114]. There are three 
major cations associated with sulfate: sodium, magnesium, and calcium, 
all of which are more harmful to cement-based materials. Also, the 
sulfates associated with magnesium are more damaging than sodium. 
Also, both are more violent than sulfates associated with calcium.

Ettringite (Aft) is also more stable in sodium sulfate solution due to 
the formation of the monosulfate phase from Calcium Aluminum Hy
drate (CAH) via ion exchange. Sodium sulfate attacks cement in two 
phases [115]. First, as shown in Eq. (3, the calcium hydroxide (CH) 
reacts with sodium sulfate and form gypsum. During the second stage of 
the attack, the formed gypsum from Eq. (3 and monosulfoaluminate 
(AFm) will interact to produce AFt; Eq. (4. AFt is a weak component of 
cementitious materials that lowers resistance to sulfate intrusion. 
Nevertheless, as soon as the CH depletes, gypsum formation will stop. As 
a result, once the AFm is used up, extra gypsum forms in the structure, 
and Aft formation ceases. The reaction between sodium sulfate and 
tricalcium aluminate (C3A) forms AFt, as shown in Eq. (5 [116]. 

CH + N2SH10→CSH2 + 2NH + 8H (3) 

C3A(CS)H12 + 2CSH2 + 16H→C3A(CS)3H32 (4) 

2C3AH6 + 3N2SH10→C3A(CS)3H32 + 2AH3 + 6NH + 5H (5) 

During sulfate attack, sulfate ions interact with the hydration prod
ucts in cement, forming gypsum. This gypsum subsequently reacts with 
tricalcium aluminate (C3A) present in the concrete to generate Aft, 
which induces significant internal stresses that can cause cracking [91].

Othman et al. [117] studied the durability through foamed concrete 
sulfate resistance. The research evaluated a period of 52 weeks after 
immersion sulfate resistance (5% sodium sulfate) of foam concrete 
specimens that contained processed spent bleaching earth (PSBE) as a 
partial cement replacement. This was done by investigating expansion, 
mass loss, and strength loss rate.

The results showed that using 30% of PSBE improved the sulfate 
resistance of foam concrete i.e., the specimens were more resistant when 
compared to conventional foamed concrete. The SEM images in Fig. 9
before immersion in 5% sodium sulfate revealed more pores in the FC 
than that of the specimen containing PSBE (PFC). This is due to the 
pozzolanic reactions between reactive silica (SiO2) and portlandite 
released by cement hydration to form hexagonal plates of CSH respon
sible to the densification of the microstructure.

When the specimens of FC were immersed in the sodium sulfate 
solution, it was observed that ettringite needles were formed (Fig. 9). 
The strong peaks of calcium (Ca) and aluminum (Al) in the EDX patterns 
of FC confirmed the presence of ettringite. These strong peaks were 
accompanied by weak peaks of silicon (Si) and ferrite (Fe). It was re
ported that the presence of ettringite in a sulfate medium could lead to 
the expansion and deterioration of concrete specimens [114]. For this 
reason, many researchers [85,88,118–121] used SMCs such as SF, slag, 
and FA to prevent sulfate attacks in order to enhance the durability.

Bodur et al. [85] through durability tests, revealed that adding 0.5% 
basalt fibers (BF) and 30% attapulgite (ATP) significantly improved 
foam concrete resistance to sulfate attack (MgSO4), even after prolonged 
exposure. The enhancement was attributed to ATP pozzolanic reactivity, 
which increased sulfate durability by producing a denser microstruc
ture, decreasing permeability, and limiting the entry of hostile ions.

Slag foam concrete (SFC) made by partially substituting blast furnace 
slag (BFS) for OPC in percentages of 0, 30, 50, 70, and 100% to evaluate 
their resistance to different salts attack was investigated [121]. SFC 
outperformed normal foam concrete (NFC) in salt environments 
(Na2SO4, NaCl and their combination), with chloride reducing the 
negative impacts of sulfate on compressive strength. Since excessive 
replacement (50%) started to degrade performance, the ideal BFS 
replacement amount was determined to be 30%, providing the optimum 
resistance to salt erosion. Sulfate and chloride ions initially promoted 
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Aft production, filling in cracks and decreasing porosity. However, 
extended exposure caused Aft to expand and cause microstructural 
damage as shown in Fig. 10. Hydration studies showed that 
BFS-enhanced mixes had lower Ca(OH)2 and more gel formation. It was 
found that substituting limestone with slag aggregate in GFC reduced 
the expansion to the sulfate due to the reduced porosity [67]

Chen et al. [122] investigated the resistance of foam concrete of a 
density of 900 kg/m3 with different FA-to-cement (FA/C) ratios (0.2, 
0.5, and 1) to 5, 10 and 15% Na2SO4 solution. They found that 
sulfate-immersed samples gained 3 to 5 times more mass than 
water-immersed ones, mainly within the first 7 days. Both the sulfate 
content and the FA/C ratio had an impact on this increase. Comparing 
sulfate exposure to conventional curing and water immersion, 
compressive strength increased; nevertheless, the sulfate-exposed sam
ples exhibited greater brittle behavior. They had a high residual strength 
despite their brittleness, suggesting that they were resistant to sulfate 
attack.

The resistance of alkali-activated foam concrete (AAFC) mixes that 
contain FA (0, 25, 50%), ground blast furnace slag (GBFS), and pine 
cone powder (PCP, 0, 25, 50, 100%) to 10% MgSO4 and 10% Na2SO4 
attacks was investigated [123]. The compressive strength showed that 

50% FA content significantly increased resistance to MgSO4 and 
decreased strength loss because fewer calcium-rich phases (C-S-H) 
reacted with sulfates. By reducing the production of reactive sulfate 
compounds (Aft), replacing silica sand (SS) with PCP significantly 
improved resistance, particularly at 100% PCP. On the other hand, 
exposure to Na2SO4 increased strength, particularly in mixes rich in 
GBFS. The reference mix (0% FA and PCP) showed the greatest increases 
because of the continuous hydration and densification. The presence of 
GBFS produced more C-S-H gels, which were responsible for the resis
tance to Na2SO4. However, adding more FA decreased the strength 
improvement because FA has a lower reactivity than GBFS.

The performance under both sulfate types was impacted differen
tially by the PCP porous nature. It improved the internal water regula
tion, which helped decrease strength loss under MgSO4, while boosting 
geopolymerization, and it increased strength gains under Na2SO4 at 
higher FA levels. The weight change study showed that because PCP 
reduces permeability, the reference mix lost the most weight under 
MgSO4, whereas the 0% FA-50 % PCP mix lost the least. All of the mixes 
increased in weight in Na2SO4, but the 50% FA-50% PCP mix had the 
largest rise because of the synergistic densification effects.

The microstructural investigations showed that, particularly in 

Fig. 9. SEM and EDX analyses of FC and PFC in 5% sodium sulfate; 52 weeks of immersion [109,117].
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combinations with a high calcium content, such as GBFS, exposure to 
MgSO4 causes significant microstructural deterioration in AAFC, which 
is typified by extensive cracking, hollow structures, and increased 
porosity. Na2SO4, on the other hand, results in less serious damage. Its 
strength is initially increased by pore-filling by expansive products as 
ettringite and N-A-S-H, but its long-term durability decreases as a result 
of crack development and increasing porosity. By reducing the calcium 
concentration and encouraging the development of more stable phases 
like C-A-S-H, FA increases resistance to sulphates.

7. Conclusions

This paper presents an overview of the current understanding of the 
effects of SCMs on foam concretes. This has been shown to reduce the 
clinker factor in foam concrete engineering and industry. Salient con
clusions arising from this literature review are summarized as follows. 

• Foam concrete demands specialized workability tests. Due to its 
distinct composition, foam concrete requires unique testing methods 
such as the Marsh cone and mini-slump cone to accurately assess 
flow and consistency. Higher foam content reduces workability 
because of increased air voids and cohesiveness. Additives like fly 
ash, glass sand, and waste gypsum board improve flow by enhancing 
particle packing, whereas water-absorptive or irregular materials 
like SCBA and hemp fibers reduce it.

•. Material composition critically influences thermal and shrinkage 
behavior. Foam concrete’s physical performance particularly 
shrinkage, thermal conductivity, and microstructure is strongly 
governed by its constituent materials. The lack of coarse aggregates 
increases shrinkage, which can be reduced using additives like fly 
ash and recycled powders. Thermal conductivity is primarily driven 
by porosity, density, and moisture content, with SCMs refining pore 
structure and enhancing durability through pozzolanic action.

•. Mechanical strength hinges on density, additives, and fiber rein
forcement. The compressive, flexural, and tensile strengths of foam 
concrete are influenced by its density, mix design, and the inclusion 
of pozzolanic materials such as silica fume, fly ash, and metakaolin. 
Fiber additions such as polypropylene or basalt reduce brittleness 

and improve tensile performance, especially when aligned with 
optimized foaming and curing strategies.

•. Durability is governed by pore structure and moisture resistance. 
Long-term durability is largely dictated by porosity, water absorp
tion, and permeability, all of which are shaped by curing, density, 
and the use of SCMs. SCMs and fibers such as polypropylene enhance 
resistance to water and chloride ingress by refining the pore network. 
Additionally, SCMs help mitigate sulfate attack by densifying the 
matrix and restricting ion movement.

•. Future research should optimize SCM combinations and real-world 
application. Studies should further explore the synergistic use of 
multiple SCMs to enhance performance and sustainability. Meta
kaolin, in particular, remains under-researched. To support broader 
adoption, foam concrete must be evaluated under aggressive envi
ronmental conditions and field-scale scenarios. Establishing stan
dards, life-cycle assessments, and integrating digital tools for 
performance modeling will be essential for industry adoption.
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