University of Baghdad
College of Engineering

Journal of Engineering
JEI/ journal homepage: www.jcoeng.edu.iq
A_dA\

JOURNAL OF ENGINEERING

Volume 32 Number 11 November 2026

A New Quaternary Blend for Eco-Friendly Foam Concrete

Sara A. Hassan *, Mohammed Zuhear Al-Mulali

Department of Civil Engineering, College of Engineering, University of Baghdad, Baghdad, Iraq

ABSTRACT

This study is about the Production of a sustainable and high - performance foamed concrete by
using a quaternary binder system to substitute a part of ordinary Portland cement (OPC). The
research investigates the replacement of cement by Class F fly ash (FA) as the main replacement
material and ground granulated blast-furnace slag (GGBFS) and limestone powder (CaCOs) as
secondary replacement materials at replacement levels of 20%, 30% ,and 40% .All investigated
mixes were designed mix proportion 1:1.2:0.45 with the fresh target density of 1350 + 50 kg/m? for
semi-structural applications. An extensive assessment was conducted in terms of fresh density,
compressive strength, splitting tensile strength, carbonation depth, and microstructural
characterization using scanning electron microscopy (SEM). SEM analysis observed that the 40%
replacement level resulted in a dense microstructure with secondary C-S-H and C-A-S-H gels and
refined pore structure. The results showed that the 40% quaternary substitution level provided a
28-day compressive strength of 9.00 MPa, exceeding that of the control mixture, with a good fresh
density of 1345 kg/m?® and improved foam stability. In contrast, it had higher splitting tensile
strength but also had higher carbonation depth than control. Finally, these findings confirm 40% of
quaternary binder as systematically sustainable and balanced alternative for the production of stable
foamed concrete for semi-structural applications.

Keywords: Foamed Concrete, Quaternary Binder, Fly Ash, Sustainability, Compressive
Strength.

1. INTRODUCTION

Concrete is the fundamental material used in construction worldwide and the second most
consumed material on the earth after water. In 2021, the production of cement reached
approximately 4.1 billion tons (Abdullah et al., 2025). However, this massive consumption has
significant environmental consequences due to the cement production industry being responsible for
approximately 7% to 8% of the carbon dioxide emissions which is thereby contributing to the
greenhouse phenomena (Mehta and Monteiro, 2006; Vashistha et al., 2022). Therefore, the
researcher goes to an innovative and sustainable solution: foamed concrete is defined as a light -
weight concrete so this feature can reduce cement consumption, which is reflected on the production
and transportation costs compared to conventional concrete (Pandey et al., 2023; Alzlfawi, 2025).
Foamed concrete is not only about reducing cement consumption, it also contributes to
sustainability thanks to its properties that cut embodied and operational carbon emissions. The
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cellular structure of the material is an effective thermal insulation which helps to reduce the long-
term energy required for heating and cooling buildings (Amran et al., 2015). Furthermore, due to
its low self-weight, the energy required for transportation can be reduced, and the size and material
needs of structural foundations can be reduced, which indirectly reduces the carbon emissions
associated with the support of structural members (Gencel et al., 2022).
Foamed concrete is produced by trapping air voids within a cement paste through the use of
a compatible foaming agent (Gencel et al., 2022; Zhang et al., 2023). Foamed concrete is
different from lightweight concretes by its production process which incorporates foam with
a mortar to create a self-compacting concrete with high followability and air bubbles which
create air voids (Ramamurthy et al., 2009). The air-voids structure strongly influences
foamed concrete performance, with densities of (600-1900) kg/m?, air-voids contents of
10-70%, and compressive strengths of 2-58MPa (Wee et al., 2006). Its lower density than
conventional concrete typically 1000-1600 kg/m? also provides improved fire resistance
and thermal and acoustic insulation (Awang and Aljoumaily, 2017). For semi-structural
applications, densities of 800-1200 kg/m?® are commonly used in partition walls, bricks, and
parapets (Amran et al., 2015; Gencel et al., 2022), while higher-density foamed concrete
has been applied in shear walls and railway trackbeds due to its reduced self-weight and
controlled deformation (She et al., 2018; Fu et al., 2020). It is also used in geotechnical
applications, including deformable tunnel-lining backfill to accommodate swelling pressures
(Fu et al,, 2020).
The experimental results have found that a matrix that is characterized by tiny, individual air
voids, compare with matrix with a large and interconnected void, significantly enhances the
structural integrity and strength-to-weight ratio of the compound material (Wee et al.,
2006; Huy and Hong, 2022). Also, improvements in foaming agents, e.g. animal proteins, a
more stable and closed-air void structure compared to synthetic foaming agents, integrity
retained during hydration (Remadnia et al., 2009).
To achieve sustainability, researchers have found out the incorporation of Supplementary
Cementitious materials (SCMs) such as fly ash, ground granulated blast furnace slag
(GGBFS), oil palm ash (Mydin et al., 2023). Replacement of high volumes of cement—up to
67% or even 75%—solely with fly ash often leads to an unfavorable reduction in early-age
and ultimate compressive strengths of well-cured specimens due to slow initial hydration
kinetics (Kearsley and Wainwright, 2001). Furthermore, the selection of fillers is vital;
utilizing fine materials or substituting fly ash for sand as a micro-filler markedly enhances
the strength-to-density ratio due to pozzolanic activity, which refines the cell walls between
air voids (Nambiar and Ramamurthy, 2006). SCMs can be used as individual materials or
as an integrated blend such as binary (Giineyisi and Gesoglu, 2008), ternary
(Gopalakrishnan et al, 2019) and quaternary systems (Chan and Zhang, 2023)
The quaternary replacement system, which is the combination of three different
supplementary cementitious materials (SCMs) with ordinary Portland cement (OPC), is an
extremely effective method to enhance both environmental performance and concrete
properties (Huy and Hong, 2022; Chan and Zhang, 2023) .Each component has its own
role: Fly ash increases workability and pozzolanic reaction (Qu et al., 2022); GGBFS
improves strength and durability (Sebastian and VR, 2021) and limestone powder is a filler
that densifies the microstructure and accelerates early hydration (Aslan and Erkan, 2024).
As a result, foamed concrete has changed from being a simple insulator to a functional
structural element, such as one-way ribbed slabs, which greatly reduce dead loads, and, by
decreasing the size of columns and footings, offer economic benefits (Abdellatief et al.,
2025). However, these developments still have limitations for the optimization of binder
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systems for foamed concrete. This is because foamed concrete does not include coarse
aggregate, and that often needs careful cement binder proportioning. However, the
environmental footprint of foamed concrete can be effectively mitigated and minimized by
using sustainable quaternary blended systems with significant reduction in the net Ordinary
Portland Cement (OPC) consumption (Abdulazeez and Sani, 2026). Foamed concrete (FC)
commonly includes supplementary cementitious materials (SCMs). However, existing
research work mainly focuses on binary or ternary replacement systems (Gopalakrishnan,
etal., 2019; Lin et al,, 2023). Also mentioned is that incorporating nano-materials such as
nano-TiO2 improves the interfacial transition zone, leading to the increment of tensile
strength of foamed concrete (Salman and Al-Mulali, 2025).

Therefore, this study aims to fill this research gap by experimentally investigating the
performance of foamed concrete in a quaternary replacement system composed of Cement,
Fly Ash, GGBFS, and Limestone powder. The novelty of this research is evaluating the
synergistic interaction among these binder components and its impact on compressive
strength, splitting tensile strength, carbonation depth, fresh density and SEM analysis while
reducing cement consumption and improving sustainability.

The methodology to assess the proposed quaternary replacement system in foamed concrete is
systematically conducted via three successive phases such as material preparation, molding and
testing. The plan of this research was based on the measurement of fresh density after mixing, and
then the testing of hardened properties at 7 and 28 days of curing. The mechanical development
and durability are completely assessed by testing for the compressive strength, splitting tensile
strength and carbonation depth for the evaluation of hardened state. The structured methodology
by SEM is proposed to provide conclusive results on the effect of cementitious substitution on the
high foamed concrete performance and Achieving Sustainability with semi-structure
characteristics.

2. MATERIAL AND METHODS

2.1 Materials
2.1.1 Cement(c)

OPC CEM I[-42.5R, in accordance to (IQS No. 5, 2019) was used throughout this study.
Tables 1 and 2 list the chemical composition and physical properties, respectively.

Table 1. Cement’s chemical composition

Oxide composition Test Result (%) (IQS No. 5, 2019) Limits
Lime (Ca0) 625 | e
Silica (Sio03) 21.27 0 e
Iron oxide(Fe,03) 368 | e
Aluminum Oxide (Al,03) 404 1 mmeeee
Magnesium Oxide (MgO) 2.20 <5%
Sulfur Trioxide (S03) 247 2.8maxif C3A>3.5%
Loss on Ignition L.O.I 1.43 Max4%
Insoluble-residue (I.R.) 0.69 Max1.5
Initial Setting Time 131 245 MIN

Major compounds of cement

Dicalcium Silicate(C>S) 8.31 Bogue equation according to
Tricalcium Silicate(CsS) 66.32 (ASTM C150/150M -24, 2024)
Tricalcium Aluminate (C3A) 4.49
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Table 2. Cement’s Physical properties

Properties Test result (IQS No. 5, 2019 ) Limits
Final Setting Time 5:10 <10:00 HR
Compressive Strength (2-Day) 24.12 >20.MPA
Compressive Strength (28-Day) 44.37 42.5<MPA

2.1.2 Fly Ash (FA)

In this study, class F fly ash conforming to (ASTM C618-25, 2025) was used in all the mixes
containing the quaternary binder. The particle size distribution was analyzed via the Laser
Diffraction Method (Shimadzu SALD-2300) and its chemical composition quantified using
Energy Dispersive X-ray Spectroscopy (EDX), as detailed in Tables 3 and 4. The physical

properties of the fly ash are provided in Appendix A

Table 3. Fly Ash chemical composition

Oxide composition Test Result (%) (ASTM C618-25, 2025) Limits
Aluminum Oxide (Al,05) 17.406
Iron Oxide (Fe,03) 12.613 Sum not less than 50%
Silica (Si02) 65.32
Calcium Oxide (Ca0) 6.961 Max18
Sulfur Trioxide (SO3) 2.162 Max 5%
Manganese Oxide (MgO) 0.139

Table 4. Particle size distribution of the fly ash used in this study

Physical Parameter Result
Median Diameter D50 33.627um
Particle Size D25 12.893um
Particle Size D75 156.501pm
Absorbance 0.177
Activity index @7 day 89 Min75%
Activity index @28 day 106.2 Min75%

2.1.3 Lime Stone (CaCO3)

Lime stone powder (CaCO3) conforming to (ASTM C1797-17, 2017) was utilized in this
study. The particle size distribution was analyzed via the Shimadzu SALD-2300 laser
diffraction system and its physicochemical properties detailed in Tables 5 and 6.

Table 5. Lime stone chemical composition

Oxide composition Test result (%) (ASTM C1797-17, 2017) Limits
Calcium Oxide (CaO) 87.737
Silicon Dioxide (SiO2) 6.053
Magnesium Oxide (MgO) 2.109 Max 5
Aluminum Oxide (Al,03) 1.451
Sulfur Trioxide (S03) 1.34
Iron Oxide (Fe,03) 0.497
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Table 6. Particle size distribution

Physical Parameter Results
Median Diameter D50 289.653um
Particle Size D25 245.062um
Particle Size D75 345.403um
Absorbance 0.281

2.1.4 Ground Granulated Blast-Furnace Slag (GGBFS)

GGBFS conforming to (ASTM C989-22, 2022) was used in this study. particle size
distribution was analyzed using the Shimadzu SALD-2300 laser diffraction system and its
physicochemical properties detailed in Tables 7 and 8.

Table 7. Chemical Composition of GGBFS

Oxide composition Test result (%) (ASTM C989-22, 2022) Limits
Calcium Oxide (Ca0) 50.568
Silicon Dioxide (Si0;) 28.623
Magnesium Oxide (MgO) 1.246 Max 15
Aluminum Oxide (Al,05) 7.599
Sulfur Trioxide (SO3) 2.167 Max 2.5
Iron Oxide (Fe,03) 2.136
Titanium dioxide (TiO;) 3.009
Manganese dioxide (MnO) 2.568
Potassium oxide(K0) 1.415
Table 8. Physical properties of GGBFS
Physical Parameter Result
Median Diameter D50 21.981um
Particle Size D25 10.874um
Particle Size D75 45.145. uym
Absorbance 0.133
Activity index @7 day 70 | emeees
Activity index @28 day 78 Min75% grade 80

2.1.5 Foaming Agent

The protein-based surfactant foaming agent used in this study is known as Genfil and is
manufactured by ARTRA. DRN provided the foaming agent. The foaming agent was diluted
with water at a ratio of 1:30. The diluted solution was aerated with a foam generator to
produce stable foam. The density of the liquid foaming agent is 80-90kg/m?. The main
Characteristics of the foaming agent were summarized in Table 9 as presented by
manufacture. A foam generator was employed to produce stable foam as shown in Fig. 1

Table 9. Foam properties

Parameter Result
Physical state and appearance Dark brown liquid
Density 1.05 kg/L
PH -value 6-7
Solubility in water Soluble
Dry matter content 6.5%
Ash content 0.6%

Flammability

Non-flammable
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(b)
Figure 1. (a) Foaming Machine (b) Stable foam

2.1.6 Sand

The fine aggregate used in this study is natural sand conforming to Iraqi Standard
Specification (IQS No. 45,1984 ). The sieve analysis and chemical properties of the sand are
presented in Tables 10 and 11, respectively.

Table 10. Sieve analysis of the fine aggregate used in this study

Sieve size mm %passing Limits of (IQS No. 45,1984) (Zone 4)

10 100 100

4.75 100 95-100

2.36 100 95-100

1.18 100 90-100

0.60 82.4 80-100

0.30 17 15-50

0.15 7 0-15

Table 11. Fine aggregate’s chemical properties

Property Result
finesse modulus 1.93
Specific gravity 2.4
Absorption 1.16
Dry density 1600 Kg/m3
Sulfate content SOs 0.38 % max 5

2.2 Experimental Work
2.2.1 Mix Constituents

All of the foamed concrete mixes used in this study were prepared with a constant mix
proportion. The binder system was quaternary, using fly ash (FA) as the primary cement
replacement and ground granulated blast-furnace slag (GGBFS) and limestone powder
(CaCO03) as secondary constituents. The density of the base mortar before the addition of the
preformed foam was approximately 2100 kg/m?. Foam was added in different quantities to
reach a new target density of 1350 * 50 kg/m?, the target density range for semi-structural
corresponding to an approximate target oven-dry 1200+ 50 kg/m3. To achieve this target
density, a design foamed (316) Liter was determined. The ratio of binder: sand: water was
maintained the same for all the mixes of 1:1.2:0.45, and the percentage of total cement
replacement varied from 0% to 40% as given in Table 12

238



S. A. Hassan and M. Z. Al-Mulali Journal of Engineering, 2026, 32(11)

Table 12. Mix constituents per cubic meter of foam concrete

Mixes *R.L | Cement | Sand | Fly Ash | GGBFS | CaCOs; | Design Actua-l Actual
(%) (kg) (kg) (kg) (kg) (kg) |Water(kg)| water(kg) |Foamed(L)
FA-0 0 500 600 0 0 0 225. 202.2 405
FA-20 20 400 600 62.50 12.50 25.00 225 209.5 410
FA-30 30 350 600 75.00 25.00 50.00 225 211.6 410
FA-40 40 300 600 87.50 37.50 75.00 225 2154 410

*R.L Represented replacement level
2.2.2 Mixing Procedure

After preparing all the materials, sand was fed into the mixer, and 10% of the calculated
water was added along with the sand. Afterwards, the cementitious material was added to
the sand and water; the mixer was then operated for 3 to 4 minutes to achieve a homogenous
mixture. The remaining water was added gradually to the mortar mix until a density of
approximately 2100 kg/m3 was achieved. This density was checked by weighing a standard
one-liter cup of the mortar. Pre-formed foam was injected into the mortar to achieve the
target fresh density. after the foam was fully blended, the final fresh density was checked to
ensure that it is within the range of 1350 + 50 kg/m3. Finally, the concrete was cast into
clean, oiled molds. After 24 hours, the specimens were demolded and immediately wrapped
in plastic sheets in accordance to (Kearsley, 2006).

3. PROGRAM TEST

3.1 Compressive Strength

The compressive strength was determined according to (BS EN 12390-3, 2019) using cubic
specimens with dimensions of 100 X100 mm. Testing was conducted at 7 and 28 where the
average of three specimens was taken to ensure reliability. The strength (Fc) was calculated
as mentioned in Eq. (1).

Fc = % (1)

Where:

Fc = the compressive strength (MPa),
F=is the maximum load at failure (N),
Ac=is the cross-sectional area of the specimen (mm?)

3.2 Splitting Tensile Strength Test

The splitting tensile strength was determined according to (BS EN 12390-6, 2023).
Cylindrical specimens having a diameter of 100 mm and height of 200 mm were used.
Testing was conducted at 7 and 28, with the average of three samples recorded for each age.
The splitting tensile strength was calculated using Eq. (2)

T
Fct = —> (2)

Where:
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Fct = splitting tensile strength (MPa).

p = maximum load applied by the testing machine at the moment of failure, measured (N).
L=the length of the cylindrical specimen (mm).

D= the diameter of the cylindrical specimen (mm)

3.3. Fresh Density

The fresh or "as-cast" density was determined immediately after the mixing process in
accordance with (BS EN 12350-6, 2019) This measurement is essential to verify the
stability of the foam and to ensure the target wet density is achieved. The wet density (wet)
was calculated by filling a container of a known volume with the fresh foamed concrete and
its density was recorded using Eq. (3):

Wet density = 2-%¢

Where:

Wet density represented is the fresh (wet) density of the foamed concrete (kg/m3).
Wfis the weight of the container filled with fresh foamed concrete (kg).

We is the weight of the empty container (kg).

V: is the internal volume of the container (m3).

(3)

3.4 Carbonation Depth

According to (BS EN 14630, 2021), carbonation depth was measured at 7 and 28 days by
spraying a 1% phenolphthalein indicator onto freshly broken prism faces. After 30seconds
the depth of CO2 penetration based on the discoloring that occurs where areas with a pH
above 9 turned a distinct red-purple, while the carbonated parts remained colorless. The
average depth was measured using a Vernier caliper.

3.5 Microstructural Analysis

The microstructural characteristics of the selected foamed concrete mixtures were
investigated using scanning electron microscopy (SEM) to examine the morphology, pore
structure, and hydration products of the quaternary binder matrix. Small fragments were
collected from the fractured specimens and prepared for SEM analysis to characterize the
microstructural features associated with the different replacement levels.

4. RESULTS AND DISCUSSION
4.1 Mechanical Strength

Table 13 shows the results for the strength (compressive and splitting tensile strength) at
the ages of 7 and 28 days for for the prepared foamed concrete mixes. From the first
observation, the strength increased with age for all replacement levels. At 7 days, the highest
strength was obtained by the control mix followed by 40%, 20%, and 30%, respectively. The
strength decreased with the increase in replacement levels except for the specimens
containing a 40% replacement level. The control mix obtained the highest compressive
strength of 6.9 MPa and 1.02 MPa splitting tensile strength. This is attributed to the high
quantity of activate binder (cement), lower water content (202.2 Kg) that led to produce
specimens with dense less porous matrix. This is clearly evident by the high oven-dry
density readings shown in Table 13 (Ahmed, 2024).
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At 20% and 30% replacement levels, the lowest compressive and splitting tensile strengths
were observed compared to the control. The decrease in the cement quantity, the early
dilution effect, not enough CaCOs for it to work as a packing filler, synergistic effect, and the
increase in water and foam content caused a reduction in oven-dry density leading to a
reduction in strength at these replacement levels (Gencel et al., 2022; Abdulazeez and
Sani, 2026).

In contrast to the 20 and 30%, foam concrete mixes containing 40% cement substitution of
quateranry blend showed a clear adverse trend, obtaining better compressive and tensile
strengths. Despite of having a higher water content. This improvement is related to the
sufficient amount of CaCO3 that improved the particle packing and facilitated synergistic
interactions among the components of the quaternary binder system. These effects have
contributed to the development of more calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H) gels, resulting in a denser microstructure and higher oven-dry
density of 1240 kg/m3 (De Weerdt et al,, 2011; Schoéler et al., 2015). At 28 days, the mix
containing a 40% replacement level achieved the highest compressive and splitting tensile
strengths (9) and (1.35) MPa respectively. By that exceeding the control mix’s readings by
5.88% and 11.6% in compressive and splitting tensile strength, respectively.

Table 13. compressive and splitting tensile strength development at different replacement levels
and curing age

. Oven-dry density Compressive Splitting tensile
V)
Mixes | R.L(%) (Kg/m3) strength (MPa) strength (MPa)
Age (days) 7 28 7 28 7 28
FA-0 0 1233 1235 6.9 8.5 1.02 1.21
FA-20 20 1190 1195 5.06 5.30 0.54 0.80
FA-30 30 1185 1190 4.20 4.60 0.63 0.67
FA-40 40 1240 1243 6.50 9.00 0.77 1.35
10
éo 8.5 = 7days 9
§ 8 - 6.9 m 28 days 6.5
7~ 5.3
v T6 5.06
.2 o I I I
: I
E 2 1
(o]
O
0 J
0 40
Replacement level (%
Figure 2. Compressive strength result
< 14
§- 1.2 4 B 7days
= M 28 days 1.35
= 0.77
208 1 0.63 0.67
()
506 1
04
£02
o
%) 0 J
20% 30% 40%

Replacement level (%)
Figure 3. Splitting Tensile Strength result
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4.2 Carbonation Depth

As shown in Fig. 4, the experimental results show that the carbonation depth of the
quaternary foamed concrete mixtures increases progressively with the increase in the
substitution ratio from 20% to 40%. At 7 days of age, carbonation depth increased from 0.1
mm in the control mix to 0.125 mm, 0.127 mm, and 0.135 mm for 20%, 30% and 40%
replacement levels, respectively. A similar increasing trend was observed after 28 days; the
maximum carbonation depth (0.142 mm) was at 40% substitution ratio as compared to the
control (0.124 mm).

02
£

u7
S 0.138 0.142
= 015 0.124 0.125 0136 0.127 0.135
e
Q
S 01
C
o
©
T 0.05 I
(o]
2
[¢°]
S o

0% 20% 30% 40%

Replacement level (%)
Figure 4. Carbonation depth result

This increase is directly related to the increase in CaCos and water content (Justens, 2016),
which is a major contributor to the reduction of carbonation resistance. This is because the
substitution of Portland cement reduces the amount of calcium hydroxide, Ca(OH),
available and therefore the chemical buffering capacity against the ingress of atmospheric
COzis reduced. Hence, with the increase in the ratio of quaternary substitution and curing
age, the decrease in alkalinity of the system makes it easier for the carbonation front to
penetrate deeper into the concrete matrix (Herath et al., 2020).

4.3 Fresh Density

In this study, a precise amount of pre-formed foam was used and adapted for each mix to
achieve the specified target fresh density 1350 * 50 Kg/m3. of density. Fig. 5 shows the fresh
density readings of the prepared foam concrete mixes. Depending on actual water and foam
content, a fluctuant trend was observed to obtain the designated target fresh density. Foam
concrete mixes containing replacement levels of 20% and 30% obtained 1290 kg/m3 and
1320 kg/m3 respectively compared to the control mix’s 1340 kg/m3.

1360

1340 1345

1340 A
1320
1320 A

1300 A 1290

1280 A

fresh density (Kg/m3)

1260 -
0% 20% 30% 40%
replacement level (%)

Figure 5. Fresh density for each foam concrete mix
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The 40% replacement level reached a maximum density of 1345 kg/m3. The higher fresh
density at the 40% level, even with the increased foam quantity, indicated better foam
stability and an optimized air-void system. The main reason for this behavior is the
synergistic effect of limestone powder and fly ash, which improves the plastic viscosity of
the cement paste (Nordin et al., 2014). The increased viscosity effectively coats the air
bubbles and prevents their coalescence such that the integrity of the matrix and the target
casting density are maintained during the process (Jin et al., 2011). Hence, the best blend
threshold for a consistent foam concrete mix.

4.4 Microstructure

Fig. 6 shows SEM micrograph images of the foamed concrete mixes at 28 days with a
magnification of 8000x. A noticeable microstructural development throughout the
quaternary blends, from the control mix to the 40% replacement level. The control mix
showed the densest matrix with features consistent with the early Portlandite Ca(OH)2
plates and initial C-S-H gel observed in the control mixture, which results in the highest
splitting tensile strength of 1.21MPa and the lowest carbonation depth of 0.124 mm, but no
spatial pore refinement in the long term (Compaoré et al., 2023; Gong and Zhang, 2019).

> . s - o IR o 3 T
- . 8 3 ’ = 4 p

(c)FA-30 (d)FA-40

Figure 6. SEM micrographs of foamed concrete mixes at 28 days (magnification: 8,000x)

Moving to the 20% replacement level, the matrix shows irregular agglomerates and more
clearly interconnected capillary pores resulting from early clinker dilution, which explains
the sharp drop in mechanical strengths and an increased carbonation depth of 0.136mm.
The reduction in early performance is in agreement with the clinker dilution effect (Mydin
et al, 2023; Zhang et al, 2026). The 30% replacement level produces a porous
microstructure and increased bleeding channels with increasing actual water demand,
which results in a reduction in mechanical performance and increases the carbonation depth
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to 0.138 mm, indicative of the fresh-state and rheological challenges normally encountered
when the water-to-binder ratio is not optimized in SCM-blended systems (Mohd Fauzi et
al,, 2020; Zhang et al., 2022). Finally, significant change of the microstructure occurs to a
dense matrix with features consistent with secondary C-S-H with tightly embedded fly ash,
GGBS and limestone fillers achieving this packed matrix in which it interrupts the continuous
capillary paths. This may explain the achieved superior mechanical properties at the age of
28 days, and successfully stabilizes the carbonation front despite the consumption of
Ca(OH)2, which is consistent with the pore refinement, micro-filling, and nucleation
mechanisms reported for optimized mineral admixture combinations (Vishavkarma et al.,
2024; Jones et al., 2016).

5. CONCLUSIONS

The findings of this study on quaternary foamed concrete lead to the following conclusions:

e A sustainable and eco-friendly foamed concrete is produced by utilizing a quaternary
binder system where Fly ash is the main substitution material, thus reducing the total
cement content

e The most effective replacement level was found to be 40% which gave a compressive
strength of 9 MPa at 28 days which was higher than the 8.5 MPa compressive strength
exhibited by the control mix.

« At the age of 28 days, the splitting tensile strength of 1.35 MPa at the 40% substitution
level provided further confirmation of the mechanical integrity, indicating a strong
internal framework and improved cohesion within the solid matrix.

o Atthe 40% level of the quaternary blend, the maximum fresh density was 1345 kg/m?* with
the best foam stability and the excellent air-void system due to the increased plastic
viscosity of the quaternary binder paste.

« Despite the improvement in mechanical performance, the high substitution rate caused a
progressive increase in carbonation depth, reaching a maximum of 0.142 mm at 28 days
for the 40% mix.

e SEM microstructural analysis confirmed that the 40% quaternary blend—incorporating
fly ash, GGBFS, and limestone powder—successfully transformed the internal matrix into
a dense, interlocked structure enriched with secondary C-S-H and C-A-S-H gels,
effectively refining pore pathways and enhancing matrix densification.

e The study validates that a 40% quaternary substitution is a viable eco-friendly solution,
preserving and even improving high-performance characteristics suitable for semi-
structural applications while significantly reducing the environmental impact of concrete
production
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Figure A1. Particle size distribution of fly ash, showing the median particle size (D50).
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