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Abstract: The release of carbon dioxide (CO2) during the production of cement and the increase in waste generation has allowed the construction to focus on sustainability 
by replacing cement with agricultural waste resources such as Palm Oil Fuel Ash (POFA) and Eggshell Powder (ESP). This experimental study focuses on developing 
sustainable foamed concrete incorporating high content of POFA and ESP as cement replacement with the aim of cement conversion, reduction in natural resources 
depletion, reduction of CO2 emissions and cleaner production. Cement was replaced using 30 and 35% POFA and 5 to 15% ESP by weight of cement. It was observed that 
the flowability decreased with the increase in the content of POFA and ESP; this is due to their ability to absorb water. It was also observed that 40% cement replacement 
achieved satisfactory compressive strength while the tensile stress loss was significant. This study confirmed that recycling and reusing of POFA and ESP are possible in 
foamed concrete which could be used for non-structural applications. 
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1 INTRODUCTION 
 

It has been reported by UN [1], that slightly more than 
50% of the population are dwelling in these urbanized 
areas. To accommodate these migrations and to improve 
the existing infrastructures, rapid "concretization" has 
occurred. Concretization is a term used to describe the 
utilization of concrete as a building material in the 
construction of infrastructures. The feasibility, availability 
and durability have made concrete to become the most 
widely preferred construction and building material, and it 
is being used in vast applications ranging from construction 
of buildings to bridges, sidewalks and highway pavements 
to dams etc. [2], but it is also a very costly material 
according to market prices [3].  

The normal-weight concrete (NWC) is the most 
widely used and preferred type of concrete in the world. 
But over the years, its increased self-weight on the 
structure and high consumption of raw materials have 
become its drawback. NWC whose density ranges from 
2200 to 2600 kg/m3 [4] exerts permanent stresses on the 
structure in the form of dead load. The increase in density 
of NWC, increases the self-weight which exerts permanent 
stresses on the structural building. To counter such stresses, 
adequate design of foundations is required thus increasing 
the constructional cost significantly. The ability to transfer 
heat through it is also another limitation associated with 
high density. The thermal conductivity has been reported 
to be 1.3 W/mK of 2200 kg/m3 density concrete [5]. This 
high value allows the heat exterior to transfer to the 
interior, which creates thermal discomfort for the 
residences. Therefore, to reduce the self-weight while also 
lower concrete's ability to transfer heat, researchers have 
focused their attention on the use of foamed concrete. 

Foamed concrete is considered an alternative to NWC 
due to its lightweight and insulating properties. Foamed 
concrete, also known as cellular concrete, is a lightweight 
concrete which contains at least 20% air by volume [6]. 
Homogenous pore voids, which help in controlling the 
density of foamed concrete, are developed by the inclusion 
of air using the foaming agent [7-9]. Foamed concrete can 
be developed with varied density, reaching as low as 300 
kg/m3 and as high as 1840 kg/m3 depending upon the 

addition of foam. Compared to NWC, the foamed concrete 
can be 23 to 87% lighter [10]. Being lighter allows foamed 
concrete to be used in the construction of high-rise 
buildings; the optimal building floor area is achieved with 
reduced self-weight. It also reduces the permanent stress 
on the foundations of the building; this reduces the 
constructional cost and saves material consumption. 

Though the production of concrete has been 
increasing, it also possesses several sustainability issues, 
such as carbon footprint mainly due to cement and 
utilization of natural resources that need to be addressed. 
Though foamed concrete is sustainable concrete since it 
utilizes minimum natural resources compared to NWC by 
eliminating the use of coarse aggregates, it, however, still 
utilizes cement as the binder. The production of cement 
utilizes natural resources, and the burning of limestone in 
kiln releases a significant amount of greenhouse gas, 
Carbon Dioxide (CO2). According to a report, 
approximately 5 to 7% of global CO2 gas is released by the 
cement industry [11]. In 2017, 4.10 giga tons of cement 
were produced [12], and according to Behnelal [11], each 
ton of cement produced generates an equal amount of CO2 
gas. 

Cement conservation is one of the most significant 
factors in achieving sustainability in the construction 
industry as well as the reduction of energy consumption 
and greenhouse gas emissions. The natural resources 
which are used in the production of both cement and 
concrete are limited; with the growing demand for 
construction, the extent of production of cement and 
concrete is alarmingly high. Cement is a vital ingredient of 
all types of concrete; thus, with the increase in construction 
using concrete, the demand for production of cement 
increases. Researchers [3, 13-20] have focused on the 
utilization of waste materials attempting to find alternative 
cementitious materials that can be used instead of cement 
and resolving the ever-growing environmental issues 
related to the generation of waste materials. 

The increase in urbanization not only increased 
concretization but also increased the generation of by-
products. Wastes are those unintended but unavoidable, 
unwanted, or unusable materials which are generated due 
to the manufacturing or synthesis of something else. 
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Malaysia is one of the leading exporters of Palm Oil, thus 
generates a massive amount of Palm related wastes, mainly 
Palm Oil Fuel Ash (POFA), while consumption of eggs, 
which are a cheap source of nutrition, produces eggshell 
waste. Eggshells and POFA are disposed into landfills 
which cause environmental and health risks to the nearby 
residents. Both POFA and eggshells have been 
individually utilized in concrete as supplementary 
cementitious materials (SCMs) as well as fine aggregates, 
but the utilization has been limited. 

Malaysia is the leading palm oil producer and exporter 
in the world, generating approximately 4 million tonnes of 
a waste product known as POFA annually [21, 22], which 
is disposed as solid waste. POFA is significant waste that 
needs to be recycled. This hazardous material is usually 
sent to be disposed at landfills without any commercial 
gains. The continuous disposal in the landfills will lead to 
more environmental issues. To counter the environmental 
issues, several researchers over the years have attempted to 
reuse POFA sustainably, and it has been found that POFA 
contains pozzolanic properties so that it can be utilized as 
an alternative product in the construction industry. POFA 
being ash causes a nuisance to the environment. With the 
continuous increase in the production of palm oil in 
tropical countries, especially Malaysia, the amount of 
POFA generated increases adversely, creating health and 
environmental concerns [23]. Therefore, due to its 
pozzolanic nature, it contains high Silica content, and to 
minimize the dumping of POFA in open-air landfills, 
researchers have utilized POFA as supplementary 
cementitious material (SCM), replacing cement in 
concrete. Though it has been found that up to 20% cement 
content can be replaced by POFA successfully without 
losing strength [24, 25], a further increase in replacement 
shows a gradual loss in strength. This may be due to limited 
freely available calcium oxide (CaO) that is required 
during the pozzolanic reaction. It is hypothesized that in 
order to enhance the pozzolanic activity of POFA further 
and increase its content, additional CaO in the form of 
eggshell is provided in concrete, as eggshells contain 
significantly high concentrations of CaO, making it the 
most suitable material to be utilized along with POFA as 
cement replacement. 

Eggshells are one of such wastes which require 
extensive research for their potential usage in concrete as 
supplementary material. The eggshell primarily contains 
calcium, magnesium carbonate (lime) and protein [26]. 
Malaysians consume approximately 2.8 million eggs daily, 
according to the report by Astro Awani [27]. The eggshells 
generally end up being disposed off in landfills without 
proper treatment. Due to their availability and chemical 
composition, eggshells have the potential to cause severe 
environmental pollution once disposed off in an open 
landfill; thus, proper management and treatment are 
required [28]. It has been found that ESP has a positive 
effect on strength characteristics when it is mixed with 
concrete. Eggshells have been found to have a high content 
of calcium and show similar chemical composition not 
only as limestone [29] but almost identical to that of 
ordinary Portland cement (OPC). 

Though managing waste properly is critical in building 
sustainable and liveable cities, yet traditional methods put 
a financial burden on the economy of the country [30]. 

Considering the emission of CO2, this research aims at 
partially substituting cement with waste products, which 
also cause environmental problems due to their disposal 
and scarcity of land. The partial supplement of cement will 
help in reducing the production of cement and will 
ultimately reduce the emission of CO2.  At the same time, 
it also contributes towards the reduction of ESP and 
POFA's negative impact on the environment and provides 
a beneficial means instead of being disposed off in 
landfills. It will be able to provide useful information and 
exposure in the thermal properties of sustainable foamed 
concrete since the data and statistic in this field is still 
limited. In addition, this study can help in providing idea 
and vision to other researchers or engineers in the potential 
application of sustainable foamed concrete. 

This experimental work aims to develop a sustainable 
foamed concrete by incorporating waste materials (POFA 
and ESP) as partial cement replacement such that a 
sustainable eco-friendly concrete is developed which will 
be lightweight, thermal insulating and will utilize waste 
materials in an attempt to conserve natural resources and 
reduce the CO2 gas emissions. 
 
2 MATERIALS AND METHODOLOGY 
2.1 Materials 
 

OPC, sand, foaming agent and water are the main 
ingredients required to produce foamed concrete. Since 
sustainable foamed concrete is a type of foamed concrete, 
the same ingredients are used in its development, while the 
only difference is that OPC is partially replaced using 
waste materials. The sand-binder ratio used for this study 
was 2:1, the foam was pre-generated using 1:20 (foaming 
agent to water) ratio, while 0.55 water-binder (w/b) ratio 
was used. The sand, used as fine aggregates, was sieved 
through 4.75 µm sieve and oven-dried before being packed 
in plastic bags such that it does not absorb any moisture. 

POFA, collected from Ban Dung Palm Oil Mill, Parit 
Sulong, Malaysia, is a solid waste, is kept in the open air; 
therefore, it may absorb moisture and impurities. 
Therefore, POFA was sieved through 300 µm to remove 
any impurities it may contain and was oven-dried at a 
temperature of 105 °C ± 5 °C for 24 hours to remove any 
moisture content that POFA may have absorbed as 
suggested by Liu et al. [31]. Afterwards, POFA was ground 
using Los Angeles Abrasion Machine for 2 hours. 

The raw eggshells were collected from different food 
stalls, restaurants, and bakeries. The collected raw 
eggshells contained yellowish fluid, which was removed 
by washing the raw eggshells with potable water. The 
cleaned eggshells were then oven-dried to remove moisture 
for 24 hours at a temperature of 105°C ± 5°C as suggested 
by Yu et al. [32]. The moisture-dried eggshells were 
ground using Los Angeles Abrasion Machine for 2 hours. 
The purpose of grinding in Los Angeles machine was to 
increase the reactivity of materials. 
 
2.2 Physical and Chemical Properties of Binders 
 

The particle size distribution curve (Fig. 1) shows that 
both ESP and POFA are well ground cementitious 
materials. The results showed that all ESP particles passed 
through 75 µm. Approximately 95.95% of ESP particles 
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were observed to pass through 45 µm, while their mean 
size was determined to be 11.4 µm. The POFA particles 
showed that approximately 84.23% passed through 45 µm, 
while their mean size was 19.6 µm. On the fine side, it was 
observed that approximately 16.63% of the ESP particles 
and 6.29% of POFA particles were smaller than 2 µm while 
the cement that was used in this research had 7.29% 
particles which were smaller than 2 µm and 96.47% of 
particles passed through 45 µm. The mean particle size of 
cement was determined to be 18.4 µm. 

 

 
Figure 1 Particle size distribution of binders 

 
Table 1 Physical properties of binder materials 

Physical Properties OPC POFA ESP 
% Passing through 45 µm (no. 325) sieve 96.47 84.23 95.95 
Median Particle Size, d50 / µm 18.4 19.6 11.4 
Specific Surface Area / cm2/g 4870.81 4532.38 9740.14 
Specific Gravity 3.14 2.12 2.34 

 
The surface area of POFA was determined to be 

approximately 4532 cm2/g which is almost similar to the 
surface area of OPC, 4870 cm2/g. The surface area of ESP 
was much higher, 9740 cm2/g, as shown in Tab. 1. This 
much higher surface area can be due to the open porosity 
of the ground ESP. The surface area measurements include 
not only the external but also the open internal surface area 
of the particles. Therefore, they can be strongly affected by 

the fine porosity of the fines, which can result from 
continuous grinding of ESP. 

X-Ray Fluorescence (XRF) test was conducted to 
study and determine the elemental chemical composition 
of the material. Since waste materials are used as cement 
replacement in the development of sustainable foamed 
concrete, therefore, the chemical analysis of such materials 
is required. The chemical composition of POFA and ESP, 
as well as OPC, is shown in Tab. 2. 
 

Table 2 Chemical Composition of Binder Materials 
Chemical Composition OPC POFA ESP 

Calcium Oxide (CaO) 63.95% 8.10% 88.76% 
Silica dioxide (SiO2) 20.61% 51.83% 1.63% 
Aluminium Oxide (Al2O3) 3.95% 2.32% - 
Iron oxide (Fe2O3) 3.46% 7.60% 0.05% 
Magnesium oxide (MgO) 1.93% 3.13% 0.91% 
Potassium oxide (K2O) - 13.72% 0.24% 
Carbon (C) - 0.28% - 
Sulphur oxide (SO3) 3.62% 2.23% 0.81% 
Phosphorus pentoxide (P2O5) - 4.30% - 
LOI 2.18 6.29 7.6 

 
From Tab. 2, it can be noticed that POFA contains 

moderate amount of silica, while a significantly small 
amount of CaO and K2O is also present. Previously it has 
been found that finely produced pozzolanic materials 
enhance the reactivity. All pozzolans that are going to be 
utilized as cement replacement in concrete should conform 
to the requirements which are prescribed by ASTM C618-
19 [33]. The sum of SiO2 + Al2O3 + Fe2O3 of POFA is 
approximately 61.75%, which according to ASTM C618-
19 is less than 70% but more than 50%, thus this POFA can 
be categorized as Class-C pozzolanic. 
 
2.3 Sample Preparation 
 

In this experimental investigation, the sustainable 
foamed concrete was cast based on the target wet density 
of 1900 kg/m3. The control foamed concrete specimen was 
cast for comparison. The amounts of 30% and 35% POFA 
were used to replace cement while ESP content was varied 
from 5% to 15% by weight as shown in Tab. 3. 

 
Table 3 Mix Proportions and quantities required to produce 1 m3 sustainable foamed concrete 

Mix Proportion % of Binder Content Amount of Quantities 
Cement POFA ESP Cement / kg POFA / kg ESP / kg Sand / kg Water / litres Foam / litres 

M0 100% 0% 0% 535.21 0 0 1070.42 294.37 125.06 
M1 65% 30% 5% 347.89 160.56 26.76 1070.42 294.37 125.06 
M2 60% 30% 10% 321.13 160.56 53.52 1070.42 294.37 125.06 
M3 55% 30% 15% 294.37 160.56 80.28 1070.42 294.37 125.06 
M4 60% 35% 5% 321.13 187.32 26.76 1070.42 294.37 125.06 
M5 55% 35% 10% 294.37 187.32 53.52 1070.42 294.37 125.06 
M6 50% 35% 15% 267.61 187.32 80.28 1070.42 294.37 125.06 

The dry binder materials and sand were put in the 
rotary concrete mixer and left to mix for about 3 min so 
that the binders and sand are mixed thoroughly. 
Afterwards, the measured water as per the w/b ratio was 
gradually added and left to mix for another 5 minutes. 
Before adding the foam, the density of the wet mix was 
checked using density bottle. Once the density of non-foam 
wet mix was measured, the pre-generated foam was added 
gradually to achieve the wet target density of sustainable 
foamed concrete. The density of the wet mix was measured 
after each time foam was added. Once the target density 

was achieved, the flowability was checked using j-ring test. 
The sustainable foamed concrete was then poured into the 
beforehand-prepared moulds and kept for 24 hours. 
Afterwards, the specimens were demoulded and kept for 
air-curing at ambient temperature. Specimens of 0.1 m 
cubes were cast to determine the compressive strength of 
sustainable foamed concrete which was carried out after 7- 
and 28-days air-curing. Cylindrical specimens of 0.1 × 0.2 
m height were prepared to determine the tensile strength as 
well as the modulus of elasticity. 
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3 RESULTS AND DISCUSSION 
3.1 Effect on Flowability of concrete 
 

The effect of the addition of POFA and ESP on the 
flowability of foamed concrete was determined by J-Ring 
test, which was conducted in accordance with the 
guidelines prescribed in ASTM C 1621/C 1621M-17 [34]. 
The results obtained are tabulated in Tab. 4. The foamed 
concrete is a well-known type of concrete, which is highly 
flowable and self-levelling; this is proven in the 
workability test. Based on the result, the control sample of 
foamed concrete showed the maximum flowability. But 
with the gradual increase in cement replacement, the 
flowability decreased significantly. The flow of foamed 

concrete was restricted when POFA and ESP were added, 
the high surface area of both POFA and ESP particles are 
the main reason behind this restriction which require 
significantly more water to achieve ease in movement and 
rolling of particles over each other.  

The combined high content (50%) cement replacement 
saw the maximum decrease in flowability as the high 
content of POFA and ESP absorb more water. Though the 
flowability was reduced with increase in POFA and ESP 
contents, the difference between slump flow and J-ring 
flow was between 0 to 25 mm for all mix proportions, and 
no visible blockage was observed in any of the mixtures. 

 
Table 4 Flowability Result of Sustainable Foamed Concrete 

Mix Slump flow (mm) J-ring flow (mm) Difference Between Slump and J-ring Flow Types of Blocking d1 d2 (d1 + d2)/2 d1 d2 (d1 + d2)/2 
M0 533 528 531 520 520 520 11 No blocking 
M1 410 400 405 394 381 388 17 No blocking 
M2 476 408 442 465 381 423 19 No blocking 
M3 432 396 414 400 385 393 21 No blocking 
M4 407 391 399 381 376 379 20 No blocking 
M5 436 390 413 400 381 392 21 No blocking 
M6 398 380 389 370 365 368 21 No blocking 

 
3.2 Effect on Compressive Strength of concrete 
 

The average compressive strength is tabulated in Tab. 
5 and illustrated in Fig. 2. The compressive strength test 
was done in accordance with BS EN 12390-3:2009 [35]. It 
can be observed that the control sample of foamed concrete 
achieved 17.1 MPa compressive strength, a 12.57% 
increase in compressive strength is seen when M1 sample 
(total 35%) is used to replace cement while a further 
increase in replacement gradually reduces the compressive 
strength. However 40% cement replacement (M2 and M4) 
showed slightly higher compressive strength than the 
control sample. 

 

 
Figure 2 Average compressive strength of sustainable foamed concrete 

 
The increase in the compressive strength is due to the 

increase in pozzolanic activity. POFA is well known 
pozzolanic material containing Silica Oxide (SiO2), while 
ESP is known to be rich in CaO. The CaO when in contact 
with water, turns into Calcium Hydroxide, Ca(OH)2, which 
is commonly known as lime, as shown in Eq. (1). When 
pozzolanic material comes in contact with water, a 
pozzolanic reaction occurs as shown in Eq. (2), during 

which lime is consumed to develop additional calcium-
silicate-hydride (C-S-H) gels which are responsible for 
achieving the strength.  
 
CaO + H2O → Ca(OH)2                                                  (1) 
 
Ca(OH)2 + SiO4 + H2O → CaH2SiO4·2H2O                   (2) 
 

Table 5 Average compressive strength of sustainable foamed concrete 
Mix 

Proportion 

Average Compressive 
Strength / MPa 

Difference w.r.t to the 
Control Sample / % 

7 Days 28 Days 7 Days 28 Days 
M0 14.25 17.1 --- --- 
M1 13.07 19.25 −8.28% +12.57% 
M2 13 17.9 −8.77% +4.68% 
M3 12.73 15.83 −10.67% −7.43% 
M4 11.6 17.4 −18.60% +1.75% 
M5 8.1 13.8 −43.16% −19.30% 
M6 11.93 14.93 −16.28% −12.69% 

 
Previously POFA has been used individually in 

concrete as a partial cement replacement, during the 
pozzolanic reaction. Cement can only provide a limited 
amount of free lime that POFA can consume and develop 
C-S-H gels. Therefore, its use as cement replacement has 
been restricted to 20%, due to limited free lime provided 
by cement. Additional free lime added along with POFA 
during manufacturing of concrete can increase further 
content of POFA. This hypothesis is proved, as ESP has 
additional CaO which can be consumed by POFA during 
the pozzolanic reaction and increase the POFA content in 
concrete. The combined utilization of POFA and ESP not 
only increased the content of POFA that can be used in 
concrete but also increased the cement replacement content 
as 5% to 10% ESP can also be used along with increased 
POFA content as a cement replacement material. Thus total 
40% of cement replacement is possible without losing 
compressive strength of concrete. The trend observed 
during this experimental work is similar to previous studies 
[36, 37]. 
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3.3 Effect on Split Tensile Strength of Concrete 
 

Tab. 6 shows the splitting tensile strength, which was 
done per BS EN 12390-6:2009 [38]. It is noticed that the 
control sample of foamed concrete achieved 2.07 MPa 
tensile strength, while cement replacement significantly 
impacted the tensile strength of foamed concrete. 
 

Table 6 Average splitting tensile strength of sustainable foamed concrete 
Mix Proportion Tensile Strength / 

MPa 
Difference w.r.t. to the 

Control Sample / % 
M0 2.07 --- 
M1 1.79 −13.53% 
M2 1.68 −18.84% 
M3 1.44 −30.43% 
M4 1.78 −14.01% 
M5 1.39 −32.85% 
M6 1.28 −38.16% 

 

 
Figure 3 Average splitting tensile strength of sustainable foamed concrete 

 
It is noticed that the tensile strength of foamed concrete 

samples containing POFA and ESP are lower than the 
control sample. Though some mix proportions which 
contained POFA and ESP resulted in higher compressive 
strength compared to the control sample, similar 
improvement is not visible for the tensile strength. It is a 
common fact that concrete is relatively strong under 
compression, while weak under tension, the main source of 
low tensile strength is the weak interfacial transition zone 
(ITZ) of concrete. It is possible that the high content of 
POFA and ESP in foamed concrete could not be effective 
in improving the ITZ between sand and binder matrix. The 
combined utilization of POFA and ESP, in contrast, 
relatively enhanced the compressive strength. This 
enhancement is most possibly due to the improvement 
mainly in the binder matrix of the foamed concrete. 
 
3.4 Compressive-Tensile Relationship  
 

A linear relationship was developed through statistical 
procedures to access the determined compressive and 
splitting tensile strength behaviour of foamed concrete 
incorporating different proportions of POFA and ESP, at 
the age of 28 days. R2 value, determined through regression 
curve analysis, was considered as the relationship co-
efficient in this experimental work [39]. The regression 
curve line shows the relationship between the independent 
variable (compressive strength) and the dependent variable 
(splitting tensile strength) in the graph, as shown in Fig. 4. 
The developed equation, along with the R2 coefficients is 
as provided below: 

2
t cu0 1072 0 1463      0 5196f . f . R .= − =                        (3) 

 
where: fcu - the compressive strength, MPa; ft - the split 
tensile strength, MPa. 

 

 
Figure 4 Compressive-tensile relationship of foamed concrete 

 
3.5 Modulus of Elasticity and Poisson's Ratio  
 

Modulus of elasticity and the Poisson's ratio are also 
important property indexes for foamed concrete. The 
modulus of elasticity indicates the resistance to 
deformation when stress is applied to any material; it also 
indicates the stiffness of the material. Concrete is known to 
be heterogeneous material whose strength is dependent on 
the relative proportion and modulus of elasticity of the 
aggregate. The average modulus of elasticity and Poisson's 
ratio of foamed concrete incorporating POFA and ESP are 
shown in Tab. 7. 

 
Table 7 Average modulus of elasticity and Poisson's ratio 

Mix Proportion Modulus of Elasticity / MPa Poisson's Ratio 
M0 14394 0.25 
M1 22258 0.27 
M2 13202 0.15 
M3 11037 0.11 
M4 12666 0.34 
M5 9447 0.12 
M6 9304 0.13 

 
It was determined that the control sample of foamed 

concrete achieved 14394 MPa modulus of elasticity. With 
the cement replacement, M1 achieved relatively higher 
modulus of elasticity and Poisson's ratio than the control 
sample. The modulus of elasticity results also present a 
similar trend, though the modulus of elasticity of all 
sustainable foamed concrete mixes is much higher than the 
control foamed concrete specimen. It has been reported 
previously that the modulus of elasticity of foamed 
concrete is directly proportional to the compressive 
strength [40-42]. M1 samples showed more increased 
modulus of elasticity than the other specimens along with 
higher tensile and compressive strengths.  

According to Neville [3], NWC has Poisson's ratio 
ranging from 0.15 to 0.22, lightweight aggregate concrete 
being at the lower end of the range. However, there has 
been no limited information regarding the Poisson's ratio 
range of foamed concrete. Previous researches [40, 43] 
have indicated that lightweight concrete has a Poisson's 
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ratio ranging from 0.20 to 0.30. It can be expected to have 
lower Poisson's ratio in lower density foamed concretes. 
The control mix achieved value in this range, while with 
the decrease in cement concrete the Poisson's ratio also 
decreased. 
 
3.5 Mirco-Structure Analysis  

 
A crushed sample of 5 mm collected from a sample 

which was tested for compressive strength was used to 
study the effect of POFA and ESP on the matrix of foamed 

concrete using the Scanning Electron Microscopy (SEM) 
shown in Fig. 5. 

The microstructure analysis of control sample shows 
many air voids which allow it to entrap the air and help to 
slow down the heat transfer through the concrete medium. 
However, when the cement is partially replaced with 
POFA and ESP, the number of air voids in the matrix of 
foamed concrete is reduced but additional C-S-H gel is 
formed. The reduction in the quantity of air voids in the 
matrix of sustainable foamed concrete is due to the 
pozzolanic reaction and the nature of waste materials used. 

 

 
Figure 5 SEM images of (a) M0; (b) M1; (c) M2; (d) M3; (e) M4; (f) M5 and (g) M6 samples 

 
The Ca(OH)2, generated during the hydration process 

which was triggered when water was added in the dry mix 
containing cement, reacts with silica provided by POFA 
activating another chemical reaction known as a 
pozzolanic reaction, in which the generated Ca(OH)2 is 
consumed to develop secondary C-S-H layers or gels. 
Thus, with the development of the secondary C-S-H layers, 
the voids are filled up voids that may be present between 
cement and aggregates as well as the air voids produced 
with the addition of foaming agent. This develops an 
interfacial bond between the paste and the aggregate, 
generating a stronger bond and ultimately increasing 
strength. It was observed that sustainable foamed concrete 
containing combined ash replacement of more than 40% 
achieved lower strength than the control sample, which 

may be attributed to the reduced amount of total C-S-H gel 
produced. Significantly reduced cement content limits the 
hydration process in the concrete, causing a lower amount 
of Ca(OH)2 generation, which is required for the 
pozzolanic activity to develop C-S-H layers. This adverse 
effect when excessive POFA is utilized as cement 
replacement has also been reported by other researchers 
[22, 44, 45]. 
 
4 CONCLUSION AND FUTURE RECOMMENDATIONS 
 

This experimental work highlighted the potential 
combined utilization of POFA and ESP to develop 
sustainable foamed concrete. It was observed that POFA 
and ESP are compatible cementitious resources since 
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POFA, being pozzolanic material, requires CaO to 
consume and produce C-S-H gels. The additional CaO can 
be provided with the addition of ESP. The partial 
supplement of cement will help in reducing the production 
of cement and ultimately reduce the emission of CO2, while 
also contribute towards the reduction of ESP and POFA's 
negative impact on the environment and provide a 
beneficial means instead of being disposed off in landfills. 

However, it was found that the flowability was 
adversely affected by the incorporation of waste materials. 
The workability decreases with the increase in cement 
replacement, due to the low specific gravity of both the 
waste materials which absorb most of the water added into 
the mix. A total of 40% combined utilization of POFA and 
ESP increases the compressive strength though it has an 
adverse effect on the tensile strength. Simultaneously, the 
increase in cement replacement content gradually reduced 
the modulus of elasticity of foamed concrete, only M1 
sample containing 30% POFA and 5% ESP showed 
enhancement in modulus of elasticity. Based upon the 
results determined, it was observed that the foamed 
concrete incorporating high content cement replacement 
using POFA and ESP could be used as non−structural 
applications. 

Furthermore, considering the importance of reduction 
of CO2 emissions and reducing dependency on cement, it 
is hereby recommended for future research to investigate 
the durability performance of foamed concrete 
incorporating POFA and ESP under aggressive conditions 
such as seawater exposure. Also, since foamed concrete is 
known to be excellent thermal insulating material, the 
effect on its thermal properties when POFA and ESP are 
incorporated should be studied. 
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