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ABSTRACT

Geopolymer composites are remarkable binding materials due to their sustainability and recyclability. This study
investigates the behaviour of Self-Compacting Geopolymer Concrete (SCGC) as a viable alternative to conventional
concrete. It examines the effects of adding Lightweight Coarse Aggregate (LWCA) and Steel Fibre (SF) under different
curing environments on the fresh and hardened properties of SCGC. Curing was applied using microwave and ambient
environments. SF was added at 0%, 0.5%, 1%, and 1.5% of the binder content. Natural coarse aggregate was partially
replaced with LWCA by weight at 0%, 33.3%, 66.67%, and 100%. The SCGC mixes were analysed in both fresh and
hardened states to evaluate their mechanical properties. Results showed that higher LWCA and SF ratios led to more
viscous and cohesive mixes. SCGC specimens under ambient curing exhibited lower compressive, flexural, and tensile
strengths compared to those under microwave curing. Microwave-cured samples demonstrated improved performance,
with a 38.09% increase in compressive strength for the B6 mix and a 28.02% enhancement in flexural strength. The
highest tensile strength (TS) was 4.67 MPa for the B3 mix with 1.5% SF. However, using 66.67% LWCA under
microwave curing resulted in a 27.9% reduction in TS. The study recommends using industrial-scale microwave curing

and recycled materials, such as steel fibres and LWCA, to produce cost-effective and sustainable SCGC.
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1. Introduction

The emission of greenhouse gases, leading to global
warming, is becoming one of the world’s most pressing
problems for sustainable development. Global policies
that balance development and environmental protection
across nations are necessary for managing climate change,
as is a profound engagement with green energy technolo-
gies. Due to the necessary calcination process of raw ma-
terials (such as limestone), the use of traditional concrete
contributes 10% of global anthropogenic carbon dioxide
emissions, in line with the megatrends in infrastructure
modernisation ),

Hundreds of tons of debris are produced each year as
a result of the deconstruction of old structures during rede-
velopment and specific industrialisation activities, which is
a growing worldwide concern ©.

Geopolymer manufacture is an environmentally be-
nign alternative to conventional Portland cement, as it can
save up to 80% of energy and reduce carbon dioxide emis-
sions by 50% to 80%, in contrast to the energy-intensive
and highly polluting cement production process *”.

Alkali-activated binders, also known as geopoly-
mers, are a type of cementitious material binder that are
created when an alkali activator reacts with a dry alumin-
ium silicate component, such as pulverised fly ash (PFA),
Ground granulated blast fibre slag (GGBFS), clays, or
volcanic materials. Since the 1970s, geopolymers have
been the subject of extensive research. They have been
linked to several economic engineering projects and in-
ternational patents, and their superior mechanical and
thermal qualities have been demonstrated .. Illustrating
their possible substitution for Portland cement in specif-
ic, low-risk uses """,

The creation of geopolymers offers a viable alternative
to traditional cement production, significantly reducing
greenhouse gas emissions. While geopolymers provide
significant advantages over conventional cement in specif-
ic areas, their extended maintenance duration and gradual
strength growth have emerged as the primary obstacles to
their practical implementation. The most popular method
for accelerating the geopolymerization process is tradition-
al thermal curing such as oven, water, and air curing).

In recent years, scientists have conducted various re-

search investigations on the production and utilisation of

geopolymers using materials such as fly ash, silica fume,
and volcanic ash as precursors, along with alkaline com-
pounds and binders— molds were exposed to ambient, mi-
crowave, and heating energy "'\

Utilisation of various materials as lightweight aggre-
gate (LWA) by geopolymerization. Fly ash (FA) and silica
fume are used as precursors, fine LWA are more porous
and lighter than natural LWA, while their properties are
similar to natural LWA. Many studies utilise various wa-
ste as a coarse lightweight (CLWA) and fine light weight
(FLWA) aggregate in geopolymers; LWA has been applied
by using waste by many techniques "',

Most geopolymer studies apply sodium hydroxide
NaOH and sodium silicate Na,SiO; as an activator .

Curing conditions are applied through many tech-
niques like: 1. sintering, 2. Autoclaving, and 3. cold bond-
ing. Sintering consumes high energy as aggregates are
cured at a temperature range of 1000-1300 °C ",

Conventional curing methods, such as sintering and
autoclaving, impart radiation to the material’s surface be-
fore transferring it via conduction to its core. This creates
a temperature differential in the material, giving it het-
erogeneous features. Microwave curing, which relies on
the conversion of energy rather than heat transmission, is
another option. Because microwaves may pass through
the material and transmit energy, resulting in dispersed
volumetric warming, this curing approach allows for fast
and homogeneous heating. To support users in fast-track
construction, electromagnetic radiation is transformed into
heat energy, which improves reaction kinetics and speeds
up the strength increase process .

This study explores the effects of steel fiber reinforce-
ment and lightweight aggregates on the performance of
self-compacted geopolymer concrete SCGC under micro-
wave curing conditions. The novelty of this research lies
in its investigation of the synergistic interactions between
steel fibers, lightweight aggregates, and microwave curing
factors, which can significantly enhance the mechanical
and thermal properties of geopolymer concrete. Micro-
wave curing, known for its rapid and efficient heat transfer,
offers potential advantages over traditional curing meth-
ods, particularly in improving the early-age properties
and energy efficiency of SCGC """, The incorporation of

lightweight aggregates further contributes to improved
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workability and reduced density, making the material more
suitable for applications requiring reduced dead load, such
as in high-rise buildings and precast components """,

By advancing the understanding of how microwave
curing, lightweight aggregates, and fiber reinforcement
interact in SCGC, this study provides valuable insights
into optimising this composite material for sustainable,
high-performance concrete applications. This research sig-
nificantly extends the current knowledge base by offering
a novel approach to curing, material composition, and per-
formance enhancement in fiber-reinforced self-compacting
geopolymer concrete.

The application of microwave curing in geopolymer-
isation processes has emerged as an innovative method to
accelerate the curing time and improve the material’s prop-
erties. Microwave curing offers the advantage of providing
uniform heating, leading to improved homogeneity of the
final product. Several studies have investigated the effects
of microwave curing on the microstructure, strength, and
setting time of fiber-reinforced SCGC, highlighting poten-
tial improvements in both mechanical and durability char-
acteristics "”.

According to studies, the early compressive strength
of air- and water-cured geopolymers was considerably
lower than that of the oven-cured geopolymer. Moreover,
raising the temperature would increase the geopolymer’s
strength *.

By subjecting geopolymers to high temperatures and
high pressures, steam curing helps to promote geopoly-
merization by decreasing efflorescence “'\. Application
on a large scale may be challenging because solar hard-
ening, which strongly depends on weather and geograph-
ic location, can yield robust geopolymers at negligible
solidification costs and low carbon emissions, replacing
high-temperature hardening *. In addition to raising the
temperature, exogenous materials can improve the charac-
teristics of geopolymers. When nanoparticles are properly
incorporated into geopolymers, the geopolymerisation
process can be accelerated, material porosity can be de-
creased, and the interfacial transition zone can be im-

®1 The majority of geopolymer curing techniques

proved
still require a lengthy repair period to enable adequate
geopolymerization and strength growth. In the realm of

geopolymers, technologies that facilitate rapid strength

growth are highly desirable. Microwaves are a form of
electromagnetic radiation with frequencies between 300
MHz and 300 GHz. They mainly cause dielectric heating
by ionic conductivity and the absorption of electrical ener-
gy by polar molecules ****,

Food processing, medical sterilisation, chemical and
polymer synthesis, and other fields extensively utilise mi-
crowave irradiation ****. Microwaves offer several bene-
fits over traditional heating methods, including consistent
heating, reduced heat loss, enhanced reaction kinetics,

2729 pyr-

quick reaction times, and high energy efficiency
thermore, it is well known that conventional heating tech-
niques produce the “skin effect,” which is better for surface
heating and is described as the quick evaporation of water
from the exterior surface of the heated materials "%, As
a result, the high temperature gradient makes it difficult to
accomplish uniform heating, and the heated materials ex-
perience considerable energy loss due to heat conduction
and convection ¥,

When compared to conventional heating, the distinct
heating patterns of microwave irradiation can produce
more consistent heating, which makes them an alluring
property to improve the geopolymerization process “***.
The rapid heating that can result from polar molecules,
such as water molecules, absorbing microwave energy
could encourage the growth of internal thermal stress in

31 By favourably coupling to materials with

geopolymers
strong microwave absorption capabilities, MW heating at
the molecular level can produce unique characteristics for
selective heating when irradiating materials with diverse
dielectric properties, in addition to volumetric heating *.

Heat conduction wastes a lot of energy and time,
whereas selective heating prevents this ™*. On the other
hand, incorrect microwave irradiation can cause geopoly-
mers to break on the surface, thereby weakening their
structural integrity ©"*%.

There are three primary mechanisms for microwave
warming: ionic conduction, dipolar polarization and inter-
active polarization . According to the dipolar polarisa-
tion process, polarised molecules are rotated in an electric
field, causing the dipoles to reorganise and become po-
larised. In addition to water, which is a popular micro-
wave-absorbent material, other polar or ionic chemicals.

such as salt, acid, alkali, or ionic liquids can also be added
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to increase the medium’s MW absorption level *”. Friction
is created, and the geopolymer’s interior is heated when
the dipolar reorientation is adjusted in a rapidly altering
electric field ***. High-frequency electric fields cause ion-
ic conduction, which is the movement of ions in materials
that are unable to keep up with the electric field’s frequen-
cy. This causes the ions to vibrate, producing heat *"*,
Neither study examined the combined use of steel fi-
ber reinforcement and lightweight aggregate in SCGCs un-
der microwave curing technology. Consequently, the goal
of this paper is to study the combined use of steel fiber
reinforcement and lightweight aggregate in SCGCs under
microwave curing conditions technology for the synthesis

of geopolymers.

2. Experimental Work

2.1. Materials

Using the slag GGBFS with low calcium content of fly
ash (FA) as the raw materials, naturally coarser aggregates
(NCA), light coarse aggregates (LWCA) as fillers, sodi-
um hydroxide NaOH aqueous solution as alkaline, diluted
sodium silicate (SS) mixture used as a binder, and diluted
SP with distilled water solution as a workability indicator
are the materials that will be utilized in making the SCGC
specimens. All materials used in this paper were supplied
by local suppliers.

The rationale behind selecting specific percentages
of steel fiber and lightweight aggregate in self-compact-
ed geopolymer concrete SCGC primarily aims to en-
hance mechanical properties, durability, and workability.
The percentage typically ranges between 0.5% and 2%
by volume, as higher percentages may adversely affect
workability ", The typical range is between 20% and
40% by volume, as higher amounts may compromise
strength and stability 1 *.

Fly ash (FA) of type F- according to the ASTM C618,
was applied as a binders factor. This paper applies a fine-
ness modulus of 4% and FA with relatively poor calcium,
specifically 2.29% specific gravity “\. The chemical com-

position percentage of FA is listed in Table 1.

Table 1. FA chemical analysis.

Component CaO SiO, AL O, Fe,0; MgO
% 1.59 62.34 21.13 7.16 2.39
Component SG Na,O K,O LOI SO,
% 2.29 0.37 3.38 1.57 0.11

2.1.1. GGBFS

GGBEFS is a byproduct of the blast furnace used in the
metallic alloy industry. It consists of between 30% and
40% of silicon dioxide SiO, and roughly 40% calcium ox-
ide CaO. After the slag was cleansed, it was immediately

submerged entirely in water to generate GGBS .

2.1.2. Aggregate

Crushed limestone rocks with a specific gravity of 1.2
were used, as the LWCA came from the west region of
Iraq, specifically the Al-Nebaai quarry in Anbar province.
Coarse Aggregate With a maximum theoretical size of 19
mm and a specific gravity value of 2.46 for fine coarse ag-
gregate FA and 2.75 for natural coarse aggregate NCA, it
was employed to create SCGC. Figure 1 shows the aggre-
gates’ characteristics. It was reassembled after being sieved
using a sieve examination to meet ASTM C330 grading
requirements. The maximum nominal size of NCA was ap-
plied to LWCA Traq 7.

AR
A /

N /T
) S
e

0 2 4 6 8 10 12 14 16 18

Passing(%)

—0—LWCA

Sieve Size (mm)

Figure 1. The gradation of aggregate.

2.1.3. Steel fibers SF

In this study, SF was added to increase the flexibility
of SCGC. SF were Copper-coated. SF has 13.0 and 0.2
mm of length and diameter, respectively (Figure 2). The
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SF quality is listed in Table 2. Three different SF ratios
were used: 0%, 1%, and 1.5%.

Table 2. The SF characteristics.

Parameter Description
Feature Coated Cooper

Tensile Strength > 2400 MPa

Melt Temp. 1500 °C
Mass Density 7860 Kg/m’
Form Uniform Straight

Length 13.0 £ 1.0 mm
Diameter 0.2 £0.02 mm

Figure 2. The SF used in research.

2.1.4. Usable Water

Tap water was used throughout this work in mixing

concrete without any additives.

2.1.5. Activator

The alkali activator is a mixture of sodium hydroxide
(SH NaOH) and sodium silicate (SS Na,SiO,) “*.. The SS
was provided by a nearby regional store within the Anbar
governorate, Iraq . The sodium hydroxide utilised had a
purity of 97%-98% and a molar concentration of 12 M,
which was considered the best quality for SCGC’s physical

efficiency .

2.1.6. Superplasticiser

Superplasticiser (SP) of the poly carboxylic-ether class
with a pH value of 5.7 and relative density S.G. of 1.07
will be one of the constituents in the mixture. This kind of

SP is liquid and complies with ASTM’s 2005 standards .
The Dosage weight ratios of SP at 8%, 10%, and 12% were

used. Table 3 shows the significant characteristics of SP.

Table 3. Primary characteristics of SP.

Pproperty Description
Color Dark brown / black liquid
Specific gravity 1.07 at 250C
Air entrainment <1%
Chloride content <0.1%
Alkaline content <3%

2.1.7. Alkali Solution

An alkali-solution to binder proportion of roughly 0.35
to 0.40 was made to improve the mechanical properties of
the geopolymer concrete. It was determined that SH/SS ra-
tios between 1.5 and 2.5 were appropriate. Using marketed
binder (500 kg/m’, SH 57 kg/m’), and fine gravel FA (850
kg/m’), all dry solid materials FA, SF, and GGBFS and
aggregates were thoroughly mixed. To the premixed solid
product, a liquid mixture of SP and activator with more
water was added ", The materials used in the investiga-

tion are listed in Figure 3.

Figure 3. Raw materials of SCGC combination.

2.2. Mix Design

The purpose of the laboratory program is to deter-
mine how SF, LWCA, and curing environment (CC) affect
SCGC’s fresh and hardened properties. In this program,
LWCA, represented by broken limestone rocks, will par-
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tially substitute the naturally occurring coarse aggregate.
Water will dissolve the NaOH flake to create an alkaline
aqueous solution.

The solution of sodium hydroxide will be cooled to 27
°C to 30°C, and, it will be blended with Na,SiO; to create
the alkali activator solution. Eighteen SCGC mixes will be
designed and prepared as part of the experimental program.

The coarse and fine aggregate will be combined in a
concrete mixer for approximately one minute. Subsequent-
ly, the concrete mixer was filled one at a time with the
mixed powder raw ingredients, the alkali activator solu-
tion, and superplasticiser.

After the mixing procedure was finished, three layers

of the newly created slurry were poured into moulds that
had been previously oiled. Specimens were prepared for
testing to determine their mechanical and transport proper-
ties, in order to assess the efficacy of the LWCA-SF rein-
forced SCGC.

The mixes BIMC - BOMC were left in the mould for
24 hours before being cured in a microwave for 10 minutes
at 350 Watts. The other specimens, BIAC-BY9AC, were
stored in surrounding air conditioning (AC), which is 25
+ 2 °C ambient 25 + 2 °C for a total of 28 days prior to the
test. Table 4 presents the mixture proportions of the SCGC

samples.

Table 4. SCGC sample mixtures proportioning.

- Binder 5300 Aggregate

Mixes %n :E Kg/(l:nGBFS EZ/?nI-; z(i)l(iici::: w SP SF
D 5 T OFA TG, FA NCA 1wea

© Kg/m’® Kg/m' Kg/m'® Kg/m’® Kg/m® % Flak Water M Kg/m’ % % % %
BIMC 772.64 0 23.74  40.00 160.56 8 0 0
B2MC 772.64 0 0 2374 40.00 160.56 10 78.5 1
B3MC 772.64 0 23.74  40.00 160.56 12 1178 15
B4MC @ 257.52 515.11 23.74  40.00 160.56 8 0 0
B5MC é 250 250  909.36 257.52 515.11 66.67 23.74 40.00 12  160.56 30 9 393 1
B6MC = 257.52 515.11 23.74  40.00 160.56 12 117.8 15
B7MC 0 772.64 23.74  40.00 160.56 8 0 0
BSMC 0 772.64 100 23.74 40.00 160.56 10 78.5 1
BIMC 0 772.64 23.74  40.00 160.56 12 1178 1.5
BIAC 772.64 0 23.74  40.00 160.56 8 0 0
B2AC 772.64 0 0 2374 40.00 160.56 10 78.5 1
B3AC 772.64 0 23.74 40.00 160.56 12 117.8 1.5
B4AC 257.52 515.11 23.74  40.00 160.56 8 0 0

=
BSAC '-:é 250 250  909.36 257.52 515.11 66.67 23.74 40.00 12  160.56 30 9 393 1
B6AC < 257.52 515.11 23.74  40.00 160.56 12 1178 15
B7AC 0 772.64 23.74  40.00 160.56 8 0 0
BSAC 0 772.64 100 23.74 40.00 160.56 10 78.5 1
B9AC 0 772.64 23.74  40.00 160.56 12 1178 1.5
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2.3. Curing

Mixes BIMC- BOIMC were stored by placing them
into microwave curing condition MC at 350 Watt for 10
minutes, until the test 24 hours in the moulds and 10 min-
utes in the MW . Mixtures BIAC- B9AC were left to cure
in a normal environment (25 + 30C) for 28 days prior to
the test. The work technique flow chart is displayed in
Figure 4.

Material
Selection

v

Dry Mixing

v

Casting

¥

Results &
Findings

Figure 4. Process diagram of process technique.

2.4. Testing of SCGC

Fresh Properties of SCGC

The fresh values of SCGC mixtures were determined
in accordance with EFNARC, as shown in Table 5§ ©'.
Calculations were made to determine the SCGC, includ-
ing filling capacity V-Funnel, slump flow and flowing
abilities L-box.

Table 5. Test findings of fresh SCGS characteristics.

Mix.  Slump Flow T,  V-funnel Flow L.box
No. mm mm Second %
B1 630 1.43 6.09 0.832
B2 600 1.84 6.85 0.835
B3 520 16.91 7.46 0.913
B4 590 2.38 8.25 0.815
B5 460 3.95 8.69 0.901
B6 395 4.28 9.48 0.982
B7 580 1.41 6.35 0.844
B8 530 6.3 7.45 0.892
B9 490 6.86 10.92 0.984

Slump Flow Test

Before setting up, the SCGC slump flow diameter
(SFD) is used to assess the uniformity of the fresh SCGC.
It is done to evaluate the workability and, in turn, the flow-
ability of the newly created SCGC. It may also indicate
that a batch was not well combined. The popularity of the
test can be ascribed to its simple equipment requirements
and technique. The slump test is used in the field to ensure
homogeneity for different SCGC loads ',

V-funnel Test

The V-funnel analysis can be used to measure the SC-
GC's filling ability, also known as flow ability. The funnel
is filled with SCGC, and the time it takes for the SCGC to
flow through the apparatus is noted .

L-box Test

This test assesses the flow of the SCGC. The appara-
tus consists of a box that is rectangular box with a sliding
door that slides which divides its vertical and horizontal
portions.. The reinforcement bar is positioned vertically in
front of the door. The shape of the box is an “L”. The door
is lifted to let the SCGC move into the horizontal place
once the flow stops. It displays the resting-state slope of
the SCGC. This indicates the amount of concrete that can-

[51]

not pass through the bars or passing ability

2.5. Mechanical Characteristics of SCGC

2.5.1. Compressive Strength Test

The SCGC were characterised and evaluated by mea-
suring CS. The CS is used as a measure of other mechan-
ical properties of concrete, as it usually correlates well
with other measurements of the material. Cubes with
100x100x100 mm were produced from various mixture
designs and put through a 3000 KN universal compression
analysis instrument in accordance with BS EN 12390-3
BU_Three tests and duplicates of each SCGC mixture were
conducted. Results demonstrated that SCGC can attain
notably high CS when cured at room temperature or by
microwave curing. The use of microwave activation, as
opposed to a natural cure, resulted in a greater CS since it
accelerates the geopolymerisation process. Slag and fly ash
added to the matrix significantly raise the CS of the SCGC
when cured at room temperature °*'. Figure 5 shows the

compressive strength test machine.
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Compression testing machine Failure of specimen
u - —s

Figure 5. Compressive strength test.

2.5.2. Tensile Strength Test lindrical samples, each measuring 100 x 200 mm, were
averaged to determine SCGC'’s tensile strength (Figure 6).

The TS of concrete and its outcomes are more reli- The cylindrical sample is loaded horizontally between two
able than those of other tests. The TS was run according plates of the provided testing equipment until the failure

to ASTM C496M “*. For All SCGC mixtures, three cy- manifests as separating throughout the diameter *°.

Cylindrical specimen

Figure 6. Splitting tensile strength test.

2.5.3. Flexural Strength Test applied to the FS. Foure-point loading is applied to the
specimen, whose dimensions are 100x100x500 mm until

Flexural strength (FS) is the measurement of bend- it breaks (Figure 7). The testing was done in compliance

ing resistance. The term “modulus of rupture” might be with ASTM C78-04 .

Failure of prism

Figure 7. Flexural strength test.
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3. Results and Discussions

3.1. Fresh Properties of SCGS

Table 5 displays the SCGS characteristics. The re-
sults show remarkable variations in SCGS fresh charac-
teristics. Slump Flow ranged from 395 mm (B6) to 630
mm (B1), indicating differing workability. B3’s high Tj,
(16.91 mm) suggests cohesion issues, while the increasing
V-funnel times (6.09—10.92 second) reflect lower viscosity.
Increased L-box ratios (e.g., 0.984 for BY) indicate better
filling but potentially higher fines. Optimising mix charac-
teristics is crucial to balance fluidity and stability for struc-
tural applications.

The maximum SFD 630mm was achieved with a mix-
ture of 100% NCA and 0% SF. When SF was added at 1%
and 1.5%, respectively, SFD dropped from 630 mm 100%
NCA to 600 and 520 mm.

When 0% of SF and 100% of NCA were mixed, the
biggest SFD, 630mm, was recorded. SFD degraded from
630 mm with 100% of NCA to 600 and 520 mm, respec-
tively, with the addition of SF by 1% and 1.5%.

The replacement NCA of 100% by LWCA and the ad-
dition of 1.5 % of SF led to SFD of 490 mm, and SFD was
raised from 490 mm to 580 mm and 530 mm when SF
was mixed by 0% and 1.0%, respectively.

SFD dropped from 630 mm with 100% NCA to 600
and 520 mm when SF combined by 1% and 1.5%, re-
spectively. This result is consistent with the findings of
Al-Jumaili, who reported that the incorporation of steel
fibers leads to a noticeable reduction in workability due to
increased internal friction and reduced flowability "

The mixing of 33.33 % of NCA and 66.67 % from
LWCA with 1.5% of SF has a minimum SFD of 395 mm.
SFD raised with the addition of 33.33 % NCA and 66.67%
of LWCA from 395 mm to 590 mm and 460 mm when SF
mixed by 0.0 % and 1.0 %, respectively.

The substitution of 100% of NCA by LWCA and the
addition of 1.5 % of SF has an SFD of 490 mm. This led
to raising SFD from 490 mm to 580 mm and 530 mm, as
the SF was mixed by 0.0 % and 1.0 %, respectively.

According to EFNARC requirements, all the SFD
findings met the SF2 group, which is acceptable for a wide
range of reinforced sections slab, columns and beams.

The improved V-funnel flow time and Ty, time in-

creased as a result of SF and LWCA, which is comparable
to the SFD outcomes.

However, based on EFNARC criteria, both T, and
V-funnel values in the study were deemed satisfactory ©*.
The percentage of SF and LWCA have an adverse impact
on the SCGC'’s flowability, based on the T, time period
data. Mixtures with have 100% LWCA and 1.5% of SF
have the maximum T, time duration. SFD values were
dropped by adding SF and LWC, although the T, time,
L-Box ratio and V-funnel flow time were increased.

A larger quantity of SF and LWCA in mixtures leads
to being more viscous and cohesive, but the fluidity and
flowability of SCGC mixes decreased. Furthermore, all
SCGC mixtures meet the SCGC standards based on the
EFNARC.

Nonetheless, it became evident that the combinations
with higher SF and LWCA were more cohesive than those
with lower SF, and that the addition of GGBFS enhanced

both segregation and bleeding resistance "),

3.2. Hardened Characteristics of SCGS

3.2.1. Compressive Strength

This paper examines the SCGC by applying fly Ash/
slag as a binder. The SCGC is cured with normal air lab
temperature AC and microwave curing (MC) forl0 min-
utes at 350 watt conditions listed in Figure 8. The speci-
mens cured into AC had lower CS than those of MC. The
CS of specimens cured with MC, in contrast to the AC
ones raised about 37.76%, 25.50%, 18.71.% , 27.56%,
28.17%, 28.31%, 39.01%, 31.55%, and 29.13%, respec-
tively . The Maximum CS value was 52.13 MPa for B3
when the SF ratio was 1.5%. The Max CS increment was
for B7; this demonstrates microwave’s enhanced activa-
tion of geopolymerisation via Dielectric heating for polar
molecules (H20, OH"), improved dissolution of alumino-
silicate precursors and improved polycondensation kinet-
ics, as well as indicated that the CS dropped when raising
LWCA. The unreacted fly ash component caused the CS to
drop, which led to severe dehydration . The maximum
result of CS for each AC and MC was for B3 mixes, which
were 42.37 MPa and 52.13 MPa, respectively. The min-
imum CS result was for the B7 mixture for both AC and
MC, which were 12.02 MPa and 19.84 MPa, respective-
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ly. Raising the LWCA quantities lead to decrease the CS
of SCGC due to the minimum activity of fly ash (FA) ©*’’.
The improvement of CS values was due to the durable and
extremely robust linkage between the fibers and matrix
during microwave curing conditions, which made the mix-
ing of SF in the SCGC mixture more successful than with

standard binders "%,

60.00

B Ambient

50.00

B Microwave

40.00

30.00

Bl B2 B3 B4 B5 B6 B7 B8 B9

Figure 8. CS valus of spiecmans.

3.2.2. Flexural Strength

The performance of SCGC cured with AC and MC for
10 minutes at 350 watt conditions indicated in Figure 9.
The specimens subjected to AC had lower FS than those of
MC. The FS of specimens subjected to MC compared with
AC ones raised about 24.41%, 18.84%, 26.24%, 27.36%,
24.49%, 28.02%, 20.09%, 17.89%, and 16.40%, respec-
tively. FS increase for B3, B6, and B9 once SF quanti-
ty was increased. However, FS dropped after the raising
LWCA ratio, and it also dropped as a result of uncombined
fly ash, leading to a maximum level of dehydration **.

The maximum increment result of FS was for M6 mix-
ture MC conditions with 28.02%, which corresponded to
3.19 MPa. The lowest FS increment result for B9 mixture
MC conditions was 16.04%, corresponding to 1.92 MPa-
significant strength augmentation results from the micro-
wave curing condition. In a similar vein, this indicates mi-
crowave’s improved the FS at 4.24 MPa (26.2% increase)
owing to the synergistic combination of these factors.
Increased geopolymerisation rate, enhanced fiber-matrix
connection, efficient fiber dispersion, uniform gel devel-

opment and decreased microcrack development as well as

longer cure time improved the geopolymerisation process-

es and produced stronger results Y.

B Ambinet
B Microwave 4

Bl

B2

B3 B4 B5 B6 B7 B8 B9

Figure 9. FS valus of spiecmans.

3.2.3. Tensile Strength

The performance of the SCGC subjected to AC and
MC for 10 minutes at 350 watts is displayed in Figure 10.
The specimens cured with AC had low tensile strength
(TS) compared to MC ones. The tensile strength of sam-
ples cured to MC compared to the AC ones, increased by
about 27.20%, 15.3%, 27.09%, 25.43%, 15.66%, 27.60%,
12.22%, 13.86%, and 14.18%, respectively. The maximum
TS values were raised for B3, B6, and B9 when the quan-
tity of SF increased due to balanced chemistry and superior
fiber-matrix bonding. The TS dropped when increasing the
LWCA. The TS values dropped because of uncombined fly
ash FA due to a high level of dehydration ****. These en-
hancements were achieved through microstructural modifi-
cation, which consists the homogeneous formation of a gel
and fewer microcracks, with B6 demonstrating the largest
improvement (27.6%), showing microwave curing effec-

tiveness and improved matrix density.

6.00
B Ambient

B Microwave

5.00
4.00

3.00

2.00
~1.00

~0.00

B1

B2 B3 B4 B5 B6 B7 B8 B9

Figure 10. Splitting tensile strength.

The highest increment value of the TS for MC con-

ditions was for M6 mixture, which was 27.6% with 3.37

90



Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

MPa. The low increment TS result for MC conditions was
12.22% with 1.11 MPa for the B7 mixture. This was due to
an incomplete moisturising process and increased blanks
in SCGC mixes "%,

Fiber-reinforced self-compact geopolymer concrete
SCGC has shown significant improvements in mechan-
ical properties, including compressive strength, flexural
strength, and fracture toughness. The addition of steel
fibers can reduce brittleness and increase the material’s
resistance to cracking, making SCGC more suitable for

structural applications.

3.3. Microwave Mechanism

Dissolution, speciation equilibrium, gelation, reor-
ganisation, polymerisation, and hardening are all steps
in the production of geopolymers, also known as geo-
polymerization ‘. During the entire geopolymerisation
process, microwave radiation may facilitate the synthe-
sis of geopolymers (Figure 11). Initially, aluminate and
silicate monomers are produced through the hydrolysis
and alkali degradation of aluminosilicate parent materi-
als /). This action causes resistance and inner heat in the
geopolymer as the polarity of water molecules absorbs

microwaves and modifies their dipolar orientation in a

Mw

o u

Alkali activator

Dehydration
l.e

rapidly changing electric field """, Therefore, it acceler-
ated the decomposition of the geopolymer’s basic ingre-
dients. Si*" and AI’" compounds are then coverted into
oligomers, and condensation results in the formation of
a gel with a more expansive network structure. By poly-
condensation, the expanding gel continues to recombine,
creating an amorphous aluminosilicate structure *. The
water in the geopolymerization dehydration cycle can
evaporate more quickly when geopolymer blocks are mi-
crowave-processed. Following the completion of the ini-
tial dissolution reaction, the growing gel can be continu-
ously reorganised in a short period using the microwave
process. The dehydration process of the polycondensa-
tion reaction forms the three-dimensional aluminosilicate
network structure, which speeds up the densification of
geopolymers and improves their mechanical properties.
Microwave curing has been demonstrated to acceler-
ate the curing process of geopolymer concrete, reduc-
ing the time required for strength development. This is
highly beneficial in industrial-scale production, where
faster curing can lead to increased throughput and low-
er production costs. Additionally, microwave curing has
been found to improve the homogeneity of the material,
resulting in more consistent strength and performance

across different batches.

Dehydration

.LLH‘Q

l.e

iy »

> S

Figure 11. Mechanisms of MW irradiation to geopolymer production [*,
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4. Conclusion

The conclusion of this research includes:

1- SF and LWCA inclusion dropped the SFD value and
L-box ratios of SCGC mixtures. The mixtures had a
higher ratio of SF and LWCA were more viscous and
stronger; as the ratios of the GGBFS developed, the li-
quidity and flow-ability of SCGC blends dropped and
their resistance to bleeding and segregation enhanced.
All mixtures of SCGC satisfied the EFNARC criteria
and standard for passing-ability and flow-ability.
The compressive strength CS of the SCGC placed un-
der microwave curing MC conditions was higher than
that of the ambient curing AC conditions. The CS re-
sults for the B3 mixture were enhanced by 52.13%.
The SF limits the fresh parameters, but it improves the
SCGC’s mechanical parameters. The improved be-
haviour of mechanical parameters is evident, with CS
being 52.13 MPa at 1.5% SF under MC conditions.
The LWCA had a clear impact with fresh characteris-
tics. The LWCA has little impact on performance and
minimised the mechanical characteristics; LWCA min-
imized the FS; the FS was 3.11 MPa and 1.88 MPa
for a partial substitute of 66.67% and 0.0% respective-
ly under MC condition.
The tensile strength of SCGC placed into microwave
curing MC had a low Tensile Strength than of MC
ones, The better TS result was 4.67 MPa for the M3
mixtures with an SF ratio of 1.5%. While the TS indi-
cated increasing about 27.6% and 14.18% when us-
ing the LWCA as partial replacement under MC condi-
tion of 66.67% and 100%, respectively.
Sustainability Benefits: The combination of steel fiber
and microwave curing in SCGC offers a more sustain-
able solution for the construction industry. SCGC con-
tributes to reducing the environmental impact of con-
struction activities. Moreover, the energy efficiency of
microwave curing can further enhance the sustainabil-
ity of this approach, providing both economic and eco-
logical advantages over traditional cement-based prod-
ucts.
8- According to the results, microwaves speed up the hy-
dration process due to thermodynamic effects. This

finding highlights the potential for controlling reac-

tions with microwaves.

As a result, it is recommended to use the microwave
curing condition with industrial scale to produce the
SCGC and reuse scrapes like steel and valuable mate-
rials such as LWCA in SCGC as a cost-effective, eco-

nomical and environmentally beneficial resource.

5. Limitations and Future Research
Directions

5.1. Limitations

There are some limitations facing the research; the

challenges include :

* Energy Usage: Microwave curing consumes 30% more
energy than other procedures.

» Mixing Sensitivity: Effectiveness changes greatly by for-
mulation.

» Scalability: Present findings are confined to lab-scale

specimens.

5.2. Future Research Directions

There are some future research directions and recom-

mendation:

1. Hybrid Curing Methods (microwave/ambient).

2. Nanoscale Modification - Use nano-SiO: to improve
low-performing blends.

3. Industrial Up-scaling: Pilot experiments using full-

scale components of the structure.

Author Contributions

Author Contributions: Conceptualization, A.S.N.;
Methodology, A.S.N.; Writing—original draft preparation,
A.S.N.; Supervision, S.B. and Z.1.; Writing—review and
editing, S.B. and Z.I. All authors have read and agreed to

the published version of the manuscript.

Funding

This work received no external funding.

Institutional Review Board State-
ment

92



Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

Ethical review and approval were waived for this stu-
dy due to the nature of the research which did not involve

human participants or animals.

Informed Consent Statement

Not applicable.

Data Availability Statement

No new datasets were generated or analyzed during
the current study. Data sharing is not applicable due to the

nature of the research.

Conflicts of Interest

The authors declare no conflict of interest.

References

[1] Dal Pozzo, A., Carabba, L., Bignozzi, M.C., et al.,
2019. Life cycle assessment of a geopolymer mixture
for fireproofing applications. International Journal of
Life Cycle Assessment. 24, 1743—1757. DOI: https://
doi.org/10.1007/s11367-019-01603-z

Hassan, A., Arif, M., Shariq, M., 2020. A review of
properties and behaviour of reinforced geopolymer
concrete structural elements — A clean technology
option for sustainable development. Journal of
Cleaner Production. 245, 118762. DOI: https://doi.
org/10.1016/j.jclepro.2019.118762

[3] Najim, A.S., Beddu, S., Itam, Z., 2024. Enhancing
mechanical properties of fiber-reinforced self-
compacting geopolymer concrete using lightweight
aggregate. Annales de Chimie - Science des
Matériaux. 48(5), 699-707. DOI: https://doi.
org/10.18280/acsm.480511

Al Zand, A.W., Hosseinpour, E., Badaruzzaman,
W.H.W., et al., 2021. Performance of the novel
C-purlin tubular beams filled with recycled-
lightweight concrete strengthened with CFRP sheet.
Journal of Building Engineering. 43, 102532. DOI:
https://doi.org/10.1016/j.jobe.2021.102532
Davidovits, J., 2015. False values on CO2 emission
for geopolymer cement/concrete published in
scientific papers. Geopolymer Institute Library
Technical Paper. 24, 1-9.

Kastiukas, G., Ruan, S., Liang, S., et al., 2020.
Development of precast geopolymer concrete

(2]

(4]

[3]

(6]

93

via oven and microwave radiation curing with

an environmental assessment. Journal of Cleaner

Production. 255, 120290. DOI: https://doi.

org/10.1016/j.jclepro.2020.120290

Semache, S., Bouteldja, F., Belachia, M., et al., 2024.

Local materials in geopolymer mortar: a case study on

metakaolin and blast-furnace slag. Annales de Chimie

- Science des Matériaux. 48(1), 27-36. DOI: https://

doi.org/10.18280/acsm.480104

Zhang, Z., Provis, J.L., Reid, A., et al., 2014.

Geopolymer foam concrete: an emerging material for

sustainable construction. Construction and Building

Materials. 56, 113—127. DOI: https://doi.org/10.1016/

j-.conbuildmat.2014.01.081

Juenger, M.C.G., Winnefeld, F., Provis, J.L., et

al., 2011. Advances in alternative cementitious

binders. Cement and Concrete Research. 41(12),

1232-1243. DOI: https://doi.org/10.1016/

j.cemconres.2010.11.012

[10] Turkey, F.A., Beddu, S.B.T., Al-Hubboubi, S.K., et al.,
2023. Elevated temperature effects on geo-polymer
concrete: an experimental and numerical-review
study. Annales de Chimie - Science des Matériaux.
47(5), 325-340. DOI: https://doi.org/10.18280/
acsm.470507

[11] Wang, L., Cho, D.W., Tsang, D.C.W., et al., 2019.
Green remediation of As and Pb contaminated
soil using cement-free clay-based stabilization/
solidification. Environment International.
126, 336-345. DOI: https://doi.org/10.1016/
j.envint.2019.02.057

[12] Lei, H., Gao, H., Feng, R., et al., 2024. Effect of
calcination temperature on the activity of basalt
tailings for the lightweight geopolymer from
microwave curing. Materials Chemistry and
Physics. 328, 129991. DOI: https://doi.org/10.1016/
j.matchemphys.2024.129991

[13] Li, D., Shi, Z., Pan, Y., et al., 2024. Temporal effects
on the micro- and nano-structural cement-slag pastes
subjected to microwave curing over 7 years. Case
Studies in Construction Materials. 21, e03611. DOI:
https://doi.org/10.1016/j.cscm.2024.e03611

[14] Youssf, O., Mills, J., Elchalakani, M., et al., 2022.
Geopolymer concrete with lightweight fine aggregate:
material performance and structural application.
Polymers. 2023(17), 10171. DOI: https://doi.
org/10.3390/polym15010171

[15] Rashad, A.M., Mohamed, R.A.E., Zeedan, S.R., et
al., 2024. Basalt powder as a promising candidate
material for improving the properties of fly ash
geopolymer cement. Construction and Building

(8]


https://doi.org/10.1007/s11367-019-01603-z
https://doi.org/10.1007/s11367-019-01603-z
https://doi.org/10.1016/j.jclepro.2019.118762
https://doi.org/10.1016/j.jclepro.2019.118762
https://doi.org/10.18280/acsm.480511
https://doi.org/10.18280/acsm.480511
https://doi.org/10.1016/j.jobe.2021.102532
https://doi.org/10.1016/j.jclepro.2020.120290
https://doi.org/10.1016/j.jclepro.2020.120290
https://doi.org/10.18280/acsm.480104
https://doi.org/10.18280/acsm.480104
https://doi.org/10.1016/j.conbuildmat.2014.01.081
https://doi.org/10.1016/j.conbuildmat.2014.01.081
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.18280/acsm.470507
https://doi.org/10.18280/acsm.470507
https://doi.org/10.1016/j.envint.2019.02.057
https://doi.org/10.1016/j.envint.2019.02.057
https://doi.org/10.1016/j.matchemphys.2024.129991
https://doi.org/10.1016/j.matchemphys.2024.129991
https://doi.org/10.1016/j.cscm.2024.e03611
https://doi.org/10.3390/polym15010171
https://doi.org/10.3390/polym15010171

Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

Materials. 435, 136805. DOI: https://doi.org/10.1016/
j.conbuildmat.2024.136805

[16] Nadesan, M.S., Dinakar, P., 2017. Structural concrete
using sintered fly ash lightweight aggregate: a
review. Construction and Building Materials.
154, 928-944. DOI: https://doi.org/10.1016/
j.conbuildmat.2017.08.005

[17] Zhang, J., Duan, Y., Wang, B., et al., 2020. Interfacial
enhancement for carbon fibre reinforced electron
beam cured polymer composite by microwave
irradiation. Polymer. 192, 122327. DOI: https://doi.
org/10.1016/j.polymer.2020.122327

[18] Sidhu, A.S., Siddique, R., 2024. Review on
effect of curing methods on high strength
concrete. Construction and Building Materials.
438, 136858. DOI: https://doi.org/10.1016/
j-conbuildmat.2024.136858

[19] Mohammed, Z., Al-Attar, T., Al-Shathr, B., 2021.
Effect of steel fiber content on properties of fresh self-
compacting geopolymer concrete. Engineering and
Technology Journal. 39(12), 1875-1881. DOI: http://
dx.doi.org/10.30684/etj.v39112.2295

[20] Al Bakri Abdullah, M.M., Tahir, M.F.M., Hussin,
K., et al., 2016. Effect of microwave curing to the
compressive strength of fly ash based geopolymer
mortar. Materials Science Forum. 841, 193-199.
DOI: https://doi.org/10.4028/www.scientific.net/
msf.841.193

[21] Graytee, A., Sanjayan, J.G., Nazari, A., 2018.
Development of a high strength fly ash-based
geopolymer in short time by using microwave curing.
Ceramics International. 44, 8216-8222. DOI: https://
doi.org/10.1016/j.ceramint.2018.02.001

[22] Nurruddin, M., Haruna, S., Mohammed, B., et al.,
2018. Methods of curing geopolymer concrete:
a review. International Journal of Advanced and
Applied Sciences. 5, 31-36. DOI: http://dx.doi.
org/10.21833/ijaas.2018.01.005

[23] Dong, M., Feng, W., Elchalakani, M., et al., 2017.
Development of a high strength geopolymer by
novel solar curing. Ceramics International. 43,
11233-11243. DOI: https://doi.org/10.1016/
j.ceramint.2017.05.173

[24] Liu, C., Huang, X., Wu, Y.Y., et al., 2020. Review
on the research progress of cement-based and
geopolymer materials modified by graphene and
graphene oxide. Nanotechnology Reviews. 9(1), 155—
169. DOI: https://doi.org/10.1515/ntrev-2020-0014

[25] Kumar, C., Karim, M.A., 2019. Microwave-
convective drying of food materials: a critical review.
Critical Reviews in Food Science and Nutrition. 59,

379-394. DOL: https://doi.org/10.1080/10408398.201
7.1373269

[26] Fuad, M.A .H.M., Hasan, M.F., Ani, F.N., 2019.
Microwave torrefaction for viable fuel production:
a review on theory, affecting factors, potential and
challenges. Fuel. 253, 512-526. DOI: https://doi.
org/10.1016/j.fuel.2019.04.151

[27] Das, S., Mukhopadhyay, A.K., Datta, S., et al., 2009.
Prospects of microwave processing: an overview.
Bulletin of Materials Science. 32, 1-13. DOI: https://
doi.org/10.1007/s12034-009-0001-4

[28] Colangelo, F., Russo, P., Cimino, F., et al., 2017.
Epoxy/glass fibres composites for civil applications:
Comparison between thermal and microwave
crosslinking routes. Composites Part B: Engineering.
126, 100-107. DOI: https://doi.org/10.1016/
j.compositesb.2017.06.003

[29] Kim, B.J., Yi, C., Kang, K.I., 2015. Microwave
curing of alkali-activated binder using hwangtoh
without calcination. Construction and Building
Materials. 98, 465-475. DOI: https://doi.org/10.1016/
j.conbuildmat.2015.08.119

[30] Nayak, S.N., Bhasin, C.P., Nayak, M.G., 2019. A
review on microwave-assisted transesterification
processes using various catalytic and non-catalytic
systems. Renewable Energy. 143, 1366—1387. DOI:
https://doi.org/10.1016/j.renene.2019.05.056

[31] Rattanadecho, P., Suwannapum, N., Chatveera, B.,
et al., 2008. Development of compressive strength
of cement paste under accelerated curing by using a
continuous microwave thermal processor. Materials
Science and Engineering A. 472, 299-307. DOI:
https://doi.org/10.1016/j.msea.2007.03.035

[32] Shubbar, A.A., Sadique, M., Kot, P., et al., 2019.
Future of clay-based construction materials —
a review. Construction and Building Materials.
210, 172—-187. DOI: https://doi.org/10.1016/
j.conbuildmat.2019.03.206

[33] Zlotorzynski, A., 1995. The application of microwave
radiation to analytical and environmental chemistry.
Critical Reviews in Analytical Chemistry. 25(1), 43—
76. DOL: https://doi.org/10.1080/10408349508050557

[34] El-Feky, M.S., Kohail, M., El-Tair, A.M., et al.,
2020. Effect of microwave curing as compared with
conventional regimes on the performance of alkali
activated slag pastes. Construction and Building
Materials. 233, 117268. DOI: https://doi.org/10.1016/
j.conbuildmat.2019.117268

[35] Itaya, Y., Uchiyama, S., Hatano, S., et al., 2005.
Drying enhancement of clay slab by microwave
heating. Drying Technology. 23, 1243-1255. DOI:

94


https://doi.org/10.1016/j.conbuildmat.2024.136805
https://doi.org/10.1016/j.conbuildmat.2024.136805
https://doi.org/10.1016/j.conbuildmat.2017.08.005
https://doi.org/10.1016/j.conbuildmat.2017.08.005
https://doi.org/10.1016/j.polymer.2020.122327
https://doi.org/10.1016/j.polymer.2020.122327
https://doi.org/10.1016/j.conbuildmat.2024.136858
https://doi.org/10.1016/j.conbuildmat.2024.136858
http://dx.doi.org/10.30684/etj.v39i12.2295
http://dx.doi.org/10.30684/etj.v39i12.2295
https://doi.org/10.4028/www.scientific.net/msf.841.193
https://doi.org/10.4028/www.scientific.net/msf.841.193
https://doi.org/10.1016/j.ceramint.2018.02.001
https://doi.org/10.1016/j.ceramint.2018.02.001
http://dx.doi.org/10.21833/ijaas.2018.01.005
http://dx.doi.org/10.21833/ijaas.2018.01.005
https://doi.org/10.1016/j.ceramint.2017.05.173
https://doi.org/10.1016/j.ceramint.2017.05.173
https://doi.org/10.1515/ntrev-2020-0014
https://doi.org/10.1080/10408398.2017.1373269
https://doi.org/10.1080/10408398.2017.1373269
https://doi.org/10.1016/j.fuel.2019.04.151
https://doi.org/10.1016/j.fuel.2019.04.151
https://doi.org/10.1007/s12034-009-0001-4
https://doi.org/10.1007/s12034-009-0001-4
https://doi.org/10.1016/j.compositesb.2017.06.003
https://doi.org/10.1016/j.compositesb.2017.06.003
https://doi.org/10.1016/j.conbuildmat.2015.08.119
https://doi.org/10.1016/j.conbuildmat.2015.08.119
https://doi.org/10.1016/j.renene.2019.05.056
https://doi.org/10.1016/j.msea.2007.03.035
https://doi.org/10.1016/j.conbuildmat.2019.03.206
https://doi.org/10.1016/j.conbuildmat.2019.03.206
https://doi.org/10.1080/10408349508050557
https://doi.org/10.1016/j.conbuildmat.2019.117268
https://doi.org/10.1016/j.conbuildmat.2019.117268

Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

https://doi.org/10.1081/DRT-200059487

[36] Venkatesh, M.S., Raghavan, G.S.V., 2004. An
overview of microwave processing and dielectric
properties of agri-food materials. Biosystems
Engineering. 88, 1-18. DOI: https://doi.org/10.1016/
j.biosystemseng.2004.01.007

[37] Thostenson, E.T., Chou, T.W., 1999. Microwave
processing: fundamentals and applications.
Composites Part A: Applied Science and
Manufacturing. 30, 1055-1071. DOI: https://doi.
org/10.1016/S1359-835X99)00020-2

[38] Sun, Y., Zhang, P., Hu, J., et al., 2021. A review
on microwave irradiation to the properties of
geopolymers: mechanisms and challenges.
Construction and Building Materials. 294,
123491. DOI: https://doi.org/10.1016/
j-conbuildmat.2021.123491

[39] Hammadi, A.A., Mohammed, A.M., Ramal, M.M.,
2022. Enhancing of concrete properties by using
aluminium and iron residues as a partial replacement
of fine aggregate. Annales de Chimie - Science
des Matériaux. 46(4), 207-211. DOI: https://doi.
org/10.18280/acsm.460406

[40] Gude, V.G., Patil, P., Deng, S., 2012. Microwave
energy potential for large scale biodiesel production.
Proceedings of The World Renewable Energy Forum,
WREF 2012, Including World Renewable Energy
Congress XII and Colorado Renewable Energy
Society (CRES) Annual Conference; May 13-17,
2012; Denver, CO, USA.pp. 751-759.

[41] Xu, J., 2015. Microwave Pretreatment. In: Pandey,
A., Negi, S., Binod, P., et al. (eds.). Pretreatment of
Biomass - Processes and Technologies. Elsevier:
Cambridge, MA, USA. pp. 157-172. DOL: https://doi.
org/10.1016/B978-0-12-800080-9.00009-8

[42] Arpia, A.A., Chen, W., Lam, S.S., et al., 2020.
Sustainable biofuel and bioenergy production
from biomass waste residues using microwave-
assisted heating: A comprehensive review. Chemical
Engineering Journal. DOI: https://doi.org/10.1016/
j-ej.2020.126233

[43] Niichter, M., Miiller, U., Ondruschka, B., et al., 2003.
Microwave-assisted chemical reactions. Chemical
Engineering and Technology. 26, 1207-1216. DOI:
https://doi.org/10.1002/ceat.200301836

[44] Chemat-Djenni, Z., Hamada, B., Chemat, F.,
2007. Atmospheric pressure microwave assisted
heterogeneous catalytic reactions. Molecules. 12,
1399-1409. DOI: https://doi.org/10.3390/12071399

[45]Gao, D., Zhang, W., Tang, J., et al., 2024. Effect
of steel fiber on the compressive performance and

microstructure of ultra-high performance concrete
at elevated temperatures. Construction and Building
Materials. 435, 136830. DOI: https://doi.org/10.1016/
j.conbuildmat.2024.136830

[46] Philip, S., Nidhi, M., 2023. A review on the material
performance of geopolymer concrete as green build-
ing materials. Materials Today: Proceedings. vol.
90, pp. 123-130. DOI: https://doi.org/10.1016/j.mat-
pr.2023.04.110

[47]1 ASTM C618, 2003. Standard specification for coal
fly ash and raw or calcined natural pozzolan for
use in concrete. West Conshohocken, PA, USA:
ASTM International. Available from: https://cdn.
standards.iteh.ai/samples/60127/7d460e41e9¢646f-
88471ae28948469db/ASTM-C618-08.pdf (cited 1
May 2025).

[48] ASTM C330, 2003. Standard specification for con-
crete aggregates. Philadelphia, PA: American So-
ciety for Testing and Materials. Available from:
https://www.intertekinform.com/en-au/standards/
astm-c33-03-835487/ (cited 5 May 2025(.

[49] Memon, F.A., Nuruddin, M.F., Khan, S., et al., 2013.
Effect of sodium hydroxide concentration on fresh
properties and compressive strength of self-compact-
ing geopolymer concrete. Journal of Engineering Sci-
ence and Technology. 8(1), 44-56.

[50] Aljumaili, M.W., Beddu, S.B., Itam, Z., et al., 2024.
Investigating the influence of recycled coarse aggre-
gate and steel fiber on the rheological and mechanical
properties of self-compacting geopolymer concrete.
Annales de Chimie - Science des Matériaux. 48(2), 6.
DOI: https://doi.org/10.18280/acsm.480206

[51] ASTM C494-05, 2005. Standard specification for
chemical admixtures for concrete. West Consho-
hocken, PA: ASTM International. Available from:
https://cdn.standards.iteh.ai/samples/44829/863a-
1¢71354046aab200a735e5fe37¢0/ASTM-C94-
C94M-05.pdf (cited 5 August 2025.

[521 EFNARC, 2005. The European guidelines
for self-compacting concrete: specification,
production and use. European Guidelines for Self-
Compacting Concrete. Available from: https:/www.
theconcreteinitiative.eu/images/ECP_Documents/
EuropeanGuidelinesSelfCompactingConcrete.pdf
(cited 8 August 2025.

[53] B.S. EN 12390-3, 2002. Testing hardened concrete.
Compressive strength of test specimens. British
Standards Institution: London, United Kingdom.

[54] Aleem, M.I.A., Arumairaj, P.D., 2012. Geopolymer
concrete — a review. International Journal of
Engineering Sciences & Emerging Technologies.

95


https://doi.org/10.1081/DRT-200059487
https://doi.org/10.1016/j.biosystemseng.2004.01.007
https://doi.org/10.1016/j.biosystemseng.2004.01.007
https://doi.org/10.1016/S1359-835X99)00020-2
https://doi.org/10.1016/S1359-835X99)00020-2
https://doi.org/10.1016/j.conbuildmat.2021.123491
https://doi.org/10.1016/j.conbuildmat.2021.123491
https://doi.org/10.18280/acsm.460406
https://doi.org/10.18280/acsm.460406
http://USA.pp
https://doi.org/10.1016/B978-0-12-800080-9.00009-8
https://doi.org/10.1016/B978-0-12-800080-9.00009-8
https://doi.org/10.1016/j.cej.2020.126233
https://doi.org/10.1016/j.cej.2020.126233
https://doi.org/10.1002/ceat.200301836
https://doi.org/10.3390/12071399
https://doi.org/10.1016/j.conbuildmat.2024.136830
https://doi.org/10.1016/j.conbuildmat.2024.136830
https://doi.org/10.1016/j.matpr.2023.04.110
https://doi.org/10.1016/j.matpr.2023.04.110
https://cdn.standards.iteh.ai/samples/60127/7d460e41e9e646f8847fae28948469db/ASTM-C618-08.pdf
https://cdn.standards.iteh.ai/samples/60127/7d460e41e9e646f8847fae28948469db/ASTM-C618-08.pdf
https://cdn.standards.iteh.ai/samples/60127/7d460e41e9e646f8847fae28948469db/ASTM-C618-08.pdf
https://www.intertekinform.com/en-au/standards/astm-c33-03-835487/
https://www.intertekinform.com/en-au/standards/astm-c33-03-835487/
https://doi.org/10.18280/acsm.480206
https://cdn.standards.iteh.ai/samples/44829/863a1c71354046aab200a735e5fe37e0/ASTM-C94-C94M-05.pdf
https://cdn.standards.iteh.ai/samples/44829/863a1c71354046aab200a735e5fe37e0/ASTM-C94-C94M-05.pdf
https://cdn.standards.iteh.ai/samples/44829/863a1c71354046aab200a735e5fe37e0/ASTM-C94-C94M-05.pdf
https://www.theconcreteinitiative.eu/images/ECP_Documents/EuropeanGuidelinesSelfCompactingConcrete.pdf
https://www.theconcreteinitiative.eu/images/ECP_Documents/EuropeanGuidelinesSelfCompactingConcrete.pdf
https://www.theconcreteinitiative.eu/images/ECP_Documents/EuropeanGuidelinesSelfCompactingConcrete.pdf

Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

1(2), 118-122. DOI: http://dx.doi.org/10.7323/ijeset/
vl i2 14

[55] ASTM International Committee C496M, 2017.
Standard test method for splitting tensile strength of
cylindrical concrete specimens. ASTM International:
West Conshohocken, PA, USA.

[56] Akcay, B., Agar-Ozbek, A.S., Bayramov, F., et al.,
2012. Interpretation of aggregate volume fraction
effects on fracture behavior of concrete. Construction
and Building Materials. 28(1), 437-443. DOI: https://
doi.org/10.1016/j.conbuildmat.2011.08.080

[57] ASTM International, n.d. Standard test method for
flexural strength of concrete using simple beam with
third-point loading. ASTM C100. Michigan, United
States. pp. 19428-12959. Available from: cited
12August 2025.

[58] Nath, P., Sarker, P.K., 2014. Effect of GGBFS on
setting, workability and early strength properties
of fly ash geopolymer concrete cured in ambient
condition. Construction and Building Materials.
66, 163—171. DOI: https://doi.org/10.1016/
j-conbuildmat.2014.05.080

[59] Deir, E., Gebregziabiher, B.S., Peethamparan, S.,
2014. Influence of starting material on the early age
hydration kinetics, microstructure and composition of
binding gel in alkali activated binder systems. Cement
and Concrete Composites. 48, 108—117. DOI: https://
doi.org/10.1016/j.cemconcomp.2013.11.010

[60] Hellal, N.N., Al-Dullayme, M.M., Abdulla, A.H.,
2012. The effect of use silica sand on some properties
of mechanical properties of concrete. Tikrit Journal of
Engineering Science. 19(4), 48—62. DOI: https://doi.
org/10.25130/tjes.19.4.10

[61] Belkowitz, J.S., Belkowitz, W.B., Nawrocki, K., et
al., 2015. Impact of nanosilica size and surface area
on concrete properties. ACI Materials Journal. 112(3),
419.

[62] Ambily, P.S., Umarani, R., Dattatreya, J.K., et al.,

2014. Development of ultra-high-performance
geopolymer concrete. Magazine of Concrete
Research. 66(2), 82—89. DOI: https://doi.org/10.1680/
macr.13.00057

[63] Shaikh, F.U.A., 2013. Deflection hardening behaviour
of short fibre reinforced fly ash based geopolymer
composites. Materials and Design. 50, 674—-682. DOI:
https://doi.org/10.1016/j.matdes.2013.03.063

[64] Ganesan, N., Raj, J.B., Shashikala, A.P., 2013.
Flexural fatigue behavior of self-compacting
rubberized concrete. Construction and Building
Materials. 44, 7-14. DOI: https://doi.org/10.1016/
j.conbuildmat.2013.02.077

[65] Keshtegar, B., Bagheri, M., Yaseen, Z.M., 2019. Shear
strength of steel fiber-unconfined reinforced concrete
beam simulation: application of novel intelligent
model. Composite Structures. 212, 230-242.

[66] Aljumaili, M.W., Beddu, S., Itam, Z., et al., 2024.
Mechanical characteristics and durability of
metakaolin-based self-compacting geopolymer
concrete as a function of recycled aggregate and
steel fiber contents. Journal of Composite &
Advanced Materials/Revue des Composites et des
Matériaux Avancés. 34(4), 465—480. DOI: https://doi.
org/10.18280/rcma.340408

[67] Vu, T.H., Gowripalan, N., 2018. Mechanisms of
heavy metal immobilisation using geopolymerisation
techniques — a review. Journal of Advanced
Concrete Technology. 16, 124—135. DOI: https://doi.
org/10.3151/jact.16.124

[68] Favier, A., Habert, G., Roussel, N., et al., 2015. A
multinuclear static NMR study of geopolymerisation.
Cement and Concrete Research. 75, 104-109. DOI:
https://doi.org/10.1016/j.cemconres.2015.03.003

[69] Steins, P., Poulesquen, A., Diat, O., et al., 2012.

Structural evolution during geopolymerization from
an early age to consolidated material. Langmuir. 28,
8502-8510. DOL: https://doi.org/10.1021/1a300868v

96


http://dx.doi.org/10.7323/ijeset/v1_i2_14
http://dx.doi.org/10.7323/ijeset/v1_i2_14
https://doi.org/10.1016/j.conbuildmat.2011.08.080
https://doi.org/10.1016/j.conbuildmat.2011.08.080
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.cemconcomp.2013.11.010
https://doi.org/10.1016/j.cemconcomp.2013.11.010
https://doi.org/10.25130/tjes.19.4.10
https://doi.org/10.25130/tjes.19.4.10
https://doi.org/10.1680/macr.13.00057
https://doi.org/10.1680/macr.13.00057
https://doi.org/10.1016/j.matdes.2013.03.063
https://doi.org/10.1016/j.conbuildmat.2013.02.077
https://doi.org/10.1016/j.conbuildmat.2013.02.077
https://doi.org/10.18280/rcma.340408
https://doi.org/10.18280/rcma.340408
https://doi.org/10.3151/jact.16.124
https://doi.org/10.3151/jact.16.124
https://doi.org/10.1016/j.cemconres.2015.03.003
https://doi.org/10.1021/la300868v

