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Abstract. The main binder in concrete, which is extensively employed in building, Portland cement, is condemned for having
a major negative environmental impact. In the field of civil engineering, engineered geopolymer composites (EGC) are a very
promising substitute that offers improved sustainability while utilizing comparable special material features to ECC.
Environmentally friendly EGC have mechanical properties like traditional Portland cement, however they are susceptible to
cracks during tensile and flexural loadings. In this study, polypropylene (PP) fibers and functionalized multi-walled carbon
nanotubes (f-MWCNTSs) were employed to enhance the ductility of ground granulated blast furnace slag (GGBS)-based EGC
(GGBS-EGC). The effect of employing f-MWCNTSs and PP fibers was examined by mechanical tests, which comprised single-
crack tension assessments, three-point bending, uniaxial tension, and compression tests. The GGBS-based engineering
geopolymer showed a peak tensile strength of 3.65 MPa, an elongation of 5.48%, an initial tensile fracture strength of 2.42 MPa,
and a compressive strength of 38.03 MPa after 28 days of curing. Having crack widths of 74.56 wm and crack spacings up to
1.43 mm, the classical PSH index for GGBS-EGC2 was 32.67, demonstrating the attainment of saturation multiple cracking and
excellent ductility. The production of an amorphous aluminosilicate gel with prominent phases of quartz and calcite was
confirmed by Fourier Transform Infrared (FTIR) (FTIR) and X-ray diffraction (XRD) studies, and strong bonding between PP
fibers and the matrix was shown by FESEM data. Supplementaryly, -MWCNTs enhanced the pore structure by lowering
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detrimental voids.
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1. Introduction

Because Portland cement works so well as a hydraulic
binder, it is widely used. However, the process of producing
it uses a lot of resources and releases nitrogen oxides,
sulfides, and carbides into the environment, which greatly
increases carbon emissions. Davidovits introduced the
cementitious substance geopolymer in 1978 (Davidovits
1989). This material does not rely on Portland cement. As
an eco-friendly substance, geopolymer has generated a lot
of controversy these days (Alvee et al. 2022, El Ouni et al.
2022, Raza et al. 2022a, b, 2024a, EI Ouni et al. 2023).
Geopolymers can reduce CO, releases by 80% and energy
utilization by 60% when equated to cement (Oderji et al.
2019). With elongations of up to 6%, engineered
cementitious composites (ECC) are well-known for their
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high tensile strain capacity and strain-hardening tendency
(Kamble et al. 2014, Khater and Abd El Gawwad 2015,
Khater 2016, Farazin and Mohammadimehr 2020, Huang et
al. 2022, Sokhandani et al. 2022). Although ECC meets
excellent ductility during tensile stress, cement is the
primary raw material employed in the process (Nematollahi
et al. 2015). Despite maintaining a tensile strength 600
times greater than engineered geopolymer composites
(EGC), which use industrial waste as a principal constituent,
EGC has mechanical qualities that are equal to those of
ECC, according to further research (Artyk et al. 2024, Ling
et al. 2024, Wang et al. 2024). There has been a proposal to
create improved engineered geopolymers with increased
ductility because of the significant vulnerability of EGC to
cracking under tensile and flexural loads. The goal of
current research has been to develop geopolymers that
combine the advantages of EGC and ECC while maintaining
ultra-high tensile performance. The ultimate goal is to use
these high-tensile geopolymers in place of regular Portland
cement.

The main raw materials employed to make geopolymers
are industrial wastes, such as fly ash, metakaolin (MK),
aluminosilicates like GGBS, and silica fume (SF) (Bayrak
et al. 2024, Irum and Shabbir 2024, Lao et al. 2024, Singh
et al. 2024). A yearly manufacture of almost 12 million tons
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of acidic GGBS is produced by the high-temperature
melting of lithium mica (He et al. 2018). Amorphous
aluminosilicate, which makes up the majority of GGBS and
is comparable to fly ash and nano SiO,, suggests that it may
be employed as a cementitious material (Liu et al. 2019) In
geopolymers, GGBS functions as a bridging agent to stop
fracture formation, improving the efficacy of supplementary
binders (Karrech et al. 2019, Raza et al. 2025a). Despite
this potential, very little GGBS is employed in construction
materials, which leads to serious disposal problems and
degradation of the surrounding soil, water supplies, and
agriculture. Fortunately, fly ash—one of the most prevalent
industrial waste products in China—can be employed as a
primary raw material for geopolymers as well as an additive
in cement. Fly ash’s aluminum oxide and silicon dioxide
contents affect its reactivity; the latter is particularly
important for the mechanical characteristics and micro-
structure of geopolymers. Another industrial waste product
is silica fume, which is derived from exhaust gases that are
emitted during the refinement of industrial silicon and has a
significant concentration of tiny particles. The active
ingredient of metakaolin (MK), aluminum silicate, combines
with calcium hydroxide in geopolymers to generate C-S-H
gel (Alawi Al-Naghi et al. 2025a, b, ¢, Alashker et al. 2025,
Ahmed et al. 2025, Elhadi et al. 2024). MK is commonly
utilized as a highly reactive mineral additive in geopolymers.
Similar to the effects of silica fume, this gel increases the
strength and tensile qualities of geopolymers, and over time,
its hydration products continue to improve the strength of
geopolymers.

According to research, combining the right proportions
of CaO and Ca(OH). can enhance the compressive strength
(CS) of geopolymer composites. After seven days, the CS
of the geopolymer with 3% calcium hydroxide increased
from 11.80 MPa to 29.20 MPa (Temuujin et al. 2009),
indicating a notable improvement brought about by the
amalgamation of calcium ions. Furthermore, the fabrication
and curing times of geopolymers at ambient temperature
can be shortened by the amalgamation of calcium ions. It
has been discovered that employing water glass (Na2SiOs)
in the alkaline solution raises the Si/Al ratio in EGC and
decreases the permeability of the EGC structure (He et al.
2012). The amount of Si-O-Si bonds in the geopolymer gel
is increased by the application of alkaline activators. Al-O-
Si and AI-O-Al bonds are weaker than Si-O-Si bonds.
Therefore, more Si-O-Si bonds result from a greater Si/Al
ratio, which improves the CS of geopolymers. Furthermore,
gas contamination during the curing stage can be avoided
by employing potent alkaline activators to the raw ingredients
employed to make geopolymers.

By employing different kinds and quantities of fibers,
geopolymers can improve their mechanical qualities,
including ductility, tensile elongation, durability, compressive
strength, tensile strength, and flexural strength (Khater and
Abd El Gawwad 2015, Khater 2016, Jegan et al. 2023,
Zhang et al. 2023, 2024, Chen et al. 2024). Long fibers,
however, can make geopolymer mixing more difficult since
the fibers might not completely dissolve in the alumino-
silicate raw ingredients throughout the mixing. Lin et al.
(2008)’s research indicate that incorporating short fibers

into geopolymers is a useful way to enhance their ductility
(Lin et al. 2008). Building on this, mechanical experiments
have been employed to find the ideal fiber blending ratios.
Researchers have shown that incorporating fibers with a
reduced modulus of elasticity to EGCs results in a decrease
in tensile strength but an enhancement in ductility. These
hybrid fibers can be PP, steel, PP, or other types of fibers
(Raza et al. 2024b, c). Researchers discovered that basalt
and polypropylene (PP) fibers incorporated into geopolymers
resulted in a denser structure as well as a decrease in the
amount of free water. The initial reticular structure of
geopolymers was not affected by the amalgamation of steel
and polypropylene (PP) fibers. These fibers improved the
tensile strength of geopolymers in amalgamation to not
react with the matrix to create new products. PP fibers have
also been discovered to have a reduced modulus of
elasticity and high ductility; as a result, samples containing
PP fibers in geopolymers show many cracks and great
ductility (Lin et al. 2008, 2010). Researchers discovered
that oxygen, silicon, and aluminum elements combine to
form amorphous semi-crystalline materials in both the
geopolymers (EGC) and hybrid fibers using energy
dispersive X-ray spectroscopy (EDS) study. In the meantime,
multi-walled carbon nanotubes have strong CS and Young’s
modulus. The toughness and mechanical qualities of EGC
can be improved by employing nanoparticles, such as
carbon nanotubes, nano-silica, nano alumina, etc., according
to later research (Aghamohammadi et al. 2020, Alomayri et
al. 2021, Ghazouani et al. 2025a, b). The fundamental
reason for this enhancement is the advantageous function
that functionalized carbon nanotubes have in the geopolymer
matrix’s micropore structures and interfaces (Abbasi et al.
2016). According to Khate, employing multiwalled carbon
nanotubes in amounts higher than 0.10% would cause them
to become insufficiently dispersed within the geopolymer
matrix, which would cause agglomeration and change the
micro-structure of the polymers (Khater and Abd el Gawaad
2016).

This study presents a novel approach to enhancing the
mechanical performance and durability of GGBS-based
engineered geopolymer composites (GGBS-EGC) by
optimizing the incorporation of polypropylene (PP) fibers
and functionalized multi-walled carbon nanotubes (f-
MWCNTSs). Unlike previous studies that primarily focus on
either mechanical testing or microstructural analysis, this
research integrates extensive mechanical evaluations—
including uniaxial tensile testing, single-edge notched
tensile testing, three-point bending, and compression tests—
with advanced microstructural investigations using SEM,
XRD, and FTIR. This comprehensive approach provides a
detailed understanding of crack-bridging mechanisms and
fiber-matrix interactions, establishing a clear correlation
between mechanical properties and microstructural evolution.
To optimize fiber dosage, an orthogonal experimental design
was employed, followed by sample preparation and curing.
CS was assessed through uniaxial compression tests, while
the impact of Ca? and f-MWCNTs on strength variation
trends was examined. The tensile properties—with strain at
break, initial cracking stress, and ultimate tensile strength—
were evaluated using uniaxial tensile tests. Fracture energy
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Table 1 XRF analysis of raw materials

Chemical composition  SF MK FA GGBS
SiO2 3543 5145 44.09 24.24
CaO 3021 143 7.32 34.67
Al2O3 20.54 43.18 26.54 14.32
K20 0.54 - - 2.19
Na.0 1.54 - 1.54 0.28
Fe203 0.92 0.8 - 3.87
MgO 7.7 - 2.65 453
TiO2 0.25 1 - -
SOs 0.11 - 2.43 7.34
LOI 2.76 2.14 15.43 8.56
Table 2 Features of PP fiber
Property Value
Length 12 mm
Elongation 4.9%
Aspect ratio 553
Diameter 21.7 um
Young’s modulus 115 GPa
Density 0.97 g/cm3
Nominal tensile strength >500 MPa
Table 3 Features of -MWCNTS
Property Value
Length 5-20pum
Young’s modulus 120 GPa
Surface area 160-210 m3g
Purity Greater than 95
Outside diameter 10-30 nm
Density 0.06-0.10 g/cm3
Resistivity <2100 pQ.m
Carboxyl content >0.5 mmol/g

and the contribution of fiber-matrix bridging to ductility
were analyzed through bending and notched tensile tests.
Finally, microstructural insights obtained from XRD, FTIR,
and electron microscopy elucidated the mechanisms
responsible for the improved mechanical performance of
GGBS-EGC. The findings contribute to the development of
highly ductile and environmentally sustainable EGC
materials with enhanced load-bearing capacity and fracture
resistance, making them promising candidates for advanced
structural applications.

2. Materials and methods
2.1 Materials

The chemical composition of four distinct kinds of
aluminosilicate raw materials is shown in Table 1. The
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distribution of particle sizes for these materials is shown in
Fig. 1. Fly ash (FA), which has a high silicon and aluminum
content, was used in this investigation. The FA was partially
replaced with GGBS. Fig. 2 shows the images of raw
materials (SF, GGBS, MK, and PP fiber). GGBS is yellow-
brown in color and composed of small particles of sand.
Table 2 presents the characteristics of PP fibers. In order to
improve their suitability and dispersion in solvents, the
selected f-MWCNTSs were treated with sulfuric acid to add
carboxyl groups. The -MWCNTSs are visible as a powdered
black material. Instead of being entirely linear, these
nanotubes have a fibrous, extended shape with a small
curvature, as shown in Fig. 3 of the SEM analysis utilizing
EFSM. Instead of being conical, their ends are usually flat
and sealed. The f-MWCNTSs have a Young’s modulus of 120
GPa and a CS between 60 and 90 GPa. Their main physical
characteristics are listed in Table 3. The chosen sodium
hydroxide is composed of 8.75% NaO, 27.7% SiO, and
63.55% water and has a white, spherical appearance. With a
water-to-solid ratio of 1:5 and a modulus ratio of 3.24, it
operates as a sodium silicate solution.
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Table 4 Variables in orthogonal experiments
PP fiber f-MWCNTs GGBS substitution

Sample ID (vol %)  (mass %) (mass %)
GGBS-EGC1 0.15 0.05 10
GGBS-EGC2 0.15 0.10 20
GGBS-EGC3 0.15 0.15 30
GGBS-EGC4 0.2 0.05 20
GGBS-EGC5 0.2 0.10 30
GGBS-EGC6 0.2 0.15 10
GGBS-EGC7 0.25 0.05 30
GGBS-EGC8 0.25 0.10 10
GGBS-EGC9 0.25 0.15 20

Table 5 Percentages of ingredients

Ingredient FA SF MK NaOH Na:SiOs Quartz sand Water
Percentage 41% 4% 4% 4% 15% 20% 12%

2.2 Preparation and testing of specimens

To make the alkaline activator, solid, spherical sodium
hydroxide with a purity of 99% is first mixed with a
NazSiO4 solution having a modulus of 3.24. Using a glass
rod, stir this mixture for eight minutes to completely
dissolve the sodium hydroxide. After that, the mixture is
allowed to reach room temperature and turn clear. By
employing a suitable quantity of alkaline activator, the
geopolymer’s resistance to cracking can be improved. After
that, f-MWCNTs and SDS are incorporated into water and
properly stirred for a duration of five to six minutes. After
that, this mixture is treated with ultrasonication for 30
minutes at 60°C to guarantee that the f-MWCNTs are
properly dispersed and functionalized. Next, to create a
homogeneous mixture, SF, FA, quartz sand, GGBS, and
metakaolin (MK) are incorporated into a mixer and
stimulated at a low speed for 3 to 5 minutes. After that, add
the prepared alkali to the mixer and stir for a further three
minutes. The MWCNTSs solution that has been sonicated
and functionalized is then incorporated, and it is vigorously
agitated for five minutes. Finally, PP fibers are
incorporated. After the geopolymer and PP fibers have
combined uniformly, the material is put into molds. The
room temperature curing was done for the next 28 days.

Orthogonal experiments are conducted using the three
dependent variables listed in Table 4 in order to determine
the ideal ratio of FA-to-GGBS replacement as well as the
ideal ratios of f-MWCNTs and PP fibers for the final
geopolymer composition. Three parallel experimental
groups are used to assess CS. Six mixes are used for each
single-edge notched stress and uniaxial tension test, and
four parallel experimental groups are used for the three-
point bending tests. Table 5 provides the geopolymer’s
basic material proportions.

To guarantee correct molding, the slurry is vibrated on a
vibrating table at a frequency of 2800 to 3000 cycles per
minute after being put into the mold. The compression area
of the mold is 40 mm by 40 mm. A CS test is conducted in

compliance with national standard GB/T 017671 after a 28-
day curing period. The national standard JC/T683 must be
followed by the fixture employed in this procedure. Execute
uniaxial tensile tests according to JC/T 2641. Fix the dog-
bone specimens’ ends with fittings, and then install two
displacement sensors to track changes in displacement
inside the tensile zone with a +0.001lmm measurement
precision. Keep the loading rate constant for the test at 0.5
mm/min. A 354 x 75 x 40 mm sample was ready for the
three-point bending test. Using a diamond electric drill, a
16.0 mm deep cut was made in the center of the sample’s
bottom, with the incision pointing down. Using a universal
testing machine, which applied a load at a rate of 0.50
mm/min until the sample broke, the matrix fracture energy
was ascertained. A saw blade less than 0.6 mm thick was
employed to cut a 2 mm deep opening at the middle of the
dog-bone specimen’s tensile region. In amalgamation, a
side incision 6.5 mm deep was made. The experiment was
planned with the idea that, throughout the tensile test, only
one fracture would occur in order to assess residual energy
and peak stress. During the cutting procedure, extra care
was taken to ensure that no new cracks developed inside or
on the surface of the specimen.

Using a crack measurement tool, ascertain the number
and average breadth of cracks in the dog-bone specimen’s
center 80 mm portion. An optical microscope must be used
to inspect the fracture area at a magnification of 150x. To
examine the microstructure of GGBS-EGC alumino-silicate
raw materials and determine how PP fibers and f-MWCNTSs
affect tensile performance, use field emission scanning
electron microscopy (FESM). Small samples should be
taken from the specimens’ fracture sites after the tensile
tests are completed. These samples should then be placed in
a vacuum chamber and dried for 48 hours at 60°C. Next,
coat the samples’ surfaces with a conductive material, and
ninety seconds later, do electron microscopy measurements.

The reaction products of mixes were subjected to X-ray
Diffraction (XRD) examination. This involved measuring
the angle 20, which represents the angle formed by the
incident and reflected X-ray beams within the material.
Crystalline materials have a regular internal molecular
structure, with stable structures usually displaying great
intensity. Using the KBr pellet method, FTIR spectroscopy
was employed to examine the functional groups and
chemical bonds existing in the binders as well as the
reaction products of GGBS-EGC. Dried KBr powder (100-
200 mg) was carefully mixed with a 0.5 mg sample. In a
ball mill, the mixture was processed for one to two minutes.
After that, the sample-KBr combination was formed into
transparent pellets by pressing it. Ultimately, an infrared
spectrometer operating within the designated wavenumber
range of 400-4000 cm™ was employed to conduct spectral
testing.

3. Results and discussion
3.1 Compressive strength

The best mix of materials—0.15% PP fiber, 0.10% f-
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Table 6 Uniaxial tensile test results

Density Crack Average Crapk First crack Ultimate tensile Tensile strain
Sample ID (ka/m3 number  crack width  spacing strength strength (MPa)  capacity (%) CS (MPa)
(80 mm) (mm) (mm) (MPa)

GGBS-EGC1  1823.78 28.28 94.36 2.89 0.88 2.38 33 26.27
GGBS-EGC2  1664.41 57.57 77.68 141 2.44 3.68 5.53 38.41
GGBS-EGC3  1726.16 49.49 84.6 1.65 2.38 351 5.18 30.46
GGBS-EGC4  1802.37 34.34 107.41 2.37 0.97 2.81 4.57 35.64
GGBS-EGC5  1750.56 45.45 88.7 1.8 2.16 3.22 4.99 34.18
GGBS-EGC6 1719.19 31.31 92.79 2.61 1.76 3.29 3.6 26.1
GGBS-EGC7  1755.55 48.48 85.52 1.69 1.29 3.15 5.13 24.99
GGBS-EGC8 1803.37 36.36 93.14 2.24 1.33 2.95 4.19 22.59
GGBS-EGC9  1811.32 35.35 89.34 231 0.73 2.18 3.91 222
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MWCNTs, and 20% GGBS substitution rate—provides
1.16 times the CS of regular Portland cement, with a
maximum value of 38.03 MPa. This implies that CS is
significantly impacted by substituting GGBS for FA. When
applied at a 20% replacement rate, the CaO, silica, and
alumina chemicals found in GGBS can decrease the
porosity of GGBS-EGC and advance its matrix. Higher
material density and strength are a result of this structural
enhancement. The reaction of Ca?* in GGBS with alumino-
silicates, which forms stable compounds like calcium
aluminosilicate and calcium silicate and strengthens GGBS-
EGC, is partially responsible for the enhanced CS.
Moreover, the alkaline environment’s interaction between
Ca?* and OH-forms cementitious materials containing
calcium and speeds up the nucleation and setting processes.
The change of the amorphous N-A-S-H gel into the C-A-S-
H and C-S-H gels, which have greater CS than N-A-S-H gel
in GGBS-EGC, is also made easier by the presence of Ca?*
(Garcia-Lodeiro et al. 2011). Fig. 4 shows the values of CS
of different mixes. GGBS replacement affects GGBS-
EGC’s compressive performance more than PP fibers and f-
MWCNTs. The CS starts to decrease when the GGBS
substitution is more than 20%. This is probably because
there is too much Ca?* present, which widens the gap
between silica and alumina while also enhancing the

synchronization of Ca and O elements. As a result, the
interior structure becomes less dense and the chemical
stability decreases. When -MWCNTSs are present in ideal
numbers, they can scatter uniformly throughout the GGBS-
EGC matrix, filling pores and serving as bridges to compact
the structure. This results in the most effective compressive
performance of GGBS-EGC. On the other hand, too many
f-MWCNTSs tend to congregate instead of scatter uniformly,
which enhances the surface area of the structure and
reduces its strength. The fraction of fibers in the GGBS-
EGC solution enhances the PP fiber concentration, resulting
in a higher specific surface area that improves the bond
between the fibers and the matrix and shear flow resistance.
Nevertheless, supplementary PP fiber content increases may
impede fiber dispersion in the matrix and lead to clumping.
This raises the chance of structural failure and the surface
area of GGBS-EGC. Consequently, GGBS-EGC obtains its
greatest CS augmentation at 0.15% PP fiber content, 0.10%
f-MWCNTSs content, and 20% GGBS substitution.

3.2 Tensile strength

Stress-strain curves were produced by uniaxial tensile
testing of GGBS-based geopolymer that included f-
MWCNTSs and PP fibers during a 28-day curing period. The
stress-strain curve from these tensile tests shows regular
changes, as seen in Fig. 5. These variations result from the
periodic fluctuations in the stress brought on by the
formation of new cracks. Measurements were taken during
testing at the point at which the crack first formed and at the
point at which the stress and strain reached their ultimate
failure. Table 6 provides specifics on the gathered
information, such as the number of cracks, average crack
width, and maximum elongation. The table shows that
GGBS-EGC2 and GGBS-EGC3 have 49 and 57 cracks,
individually, with average crack widths of 83.76 um and
74.56 um, elongations of 5.13% and 5.48%, and crack
spacings of 1.41 mm and 1.62 mm. For every sample, the
crack width is less than 110 um. In GGBS-EGC, smaller
cracks signify improved durability. The main ingredient of
GGBS-EGC, aluminum silicate, is essential for preventing
cracks and supporting external stresses (Lepech and Li
2009). GGBS-EGC2 exhibits greater elongation, initial
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cracking stress, and ultimate cracking stress in comparison
to PP-EGC, indicating that f-MWCNTs enhance GGBS-
EGC’s tensile strength. Nonetheless, GGBS-EGC2 generally
has lower compressive and tensile strengths compared to
UHEGC, which is due to the lower reactivity of GGBS (Li
et al. 2021).

3.3 Bending test and single-crack tensile test

We performed single-edge notched tensile tests and
three-point bending tests to ascertain the residual energy
from fiber bridging (J,) and the matrix fracture energy
(Jtip ), which helped to further clarify the remarkable
ductility of GGBS-EGC. The stress (o) at the first crack
onset must be smaller than the peak tensile stress (az) in the
strength requirement for the stress-strain graph of the
tensioned matrix to follow both the energy and strength
conditions (Leung 1992). The fundamental fiber bridging
energy (J,) in the energy criterion ought to be larger than
the fracture energy (J; ). In geopolymer composite
materials, the saturation level of numerous fractures is
commonly evaluated through the use of the strain hardening
exponent (PSH = J, /) (Kanda and Li 1998). A larger
saturation level of cracks is indicated by higher PSH values,
which support strain hardening and multiple cracks that are

stable (Xu and Reinhardt 1999). According to experimental
findings, fiber-reinforced materials can develop saturated
multiple cracks if their PSH value is more than 3 (Kanda
and Li 2006).

Formulas (1) and (2) can be employed to calculate the
matrix’s fracture toughness (K,,) (Ohno 2017). It is
calculated based on the specimen’s mass and dimensions
when the three-point bending test reaches its highest load.
From uniaxial tensile testing, F, stands for the ultimate
load, m for the specimen’s weight, a for the notch depth, |
for the span, t and h for the thickness, and Em for the elastic
modulus. The matrix’s fracture energy (Jip) iS determined
by Eqg. (3). Eq. (4) computes the residual energy (J,) from
fiber connecting based on stress data, deflection values, and
stress-deflection curves acquired from single-crack tension
testing. Fig. 6 illustrates crack widening deflection (&5) and
tensile strength (o) during single crack tension tests.
Notably, GGBS-EGC2 and GGBS-EGC3 show similar
curves for crack-widening deflection and tensile strength.
The value of gz for GGBS-EGC2 and GGBS-EGC3 were
3.41 MPa and 3.17 MPa, respectively. While the value of
6 for the specimens GGBS-EGC2 and GGBS-EGC3 were
0.306 mm and 0.378 mm, respectively. Table 7 presents
Fom, and K,, values from the three-point bending test.
GGBS-EGC2 exhibits a higher Jp/Jiip/€tmax Value than
FA-EGC (Ohno 2017), MFA-EGC (Li et al. 2021), and
UHEGC2 (Li et al. 2021). However, both FA-EGC (Yang et
al. 2008) and FA-ECC (Yu et al. 2015) surpass GGBS-
EGC2 in Jp/Jtip/€max Values, indicating potential for
improvement in GGBS-EGC2.

However, in tensile testing, GGBS-EGC2 satisfies the
strength and energy requirements for strain hardening. Both
GGBS-EGC2 and GGBS-EGC3 SHP indices—32.67 and
30.82, respectively—exceed 3, which suggests matrix
saturation of multiple cracks. As opposed to GGBS-EGC2
and GGBS-EGC3, the PSH index for MFA-EGC (Li et al.
2021) with 1% volume of PP fibers is lower. Reactive sites
are incorporated to the matrix by carboxylated multiwalled
carbon nanotubes, which encourages the development of
polymerization products. Furthermore, in GGBS-based
polymers, PP fibers and f-MWCNTs improve bridging
capacities at fracture sites under tension, greatly enhancing
tensile performance. To sum up, employing PP fibers and f-
MWCNTs in polymers based on GGBS significantly
improves their ductility (Wu et al. 2024).

_ (0.5mg x 1072) x a®s x 1
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Table 7 Fracture toughness of GGBS-EGC

Fracture toughness PSH index and tension

Sample ID Specimen Peak load (kN) Mass (kg)

(MPa/m3 strain capacity
1 2.792 1.834 1.189 Jeip(J/m?®) =31.22
2 2.762 1.904 1.176 Jp,(J/m?) =1017.76
GGBS-EGC2 3 2.642 1.854 1.126 PSH = 32.65
4 2.732 1.815 1.156 €emax (%) =538
Average 2.732 1.854 1.162 To/Jtip/ €tmax = 5.94
1 2.493 1.864 1.063 Jep(J/m?) =27.11
2 2.423 1.825 1.033 J,(J/m?) =835.61
GGBS-EGC3 3 2.363 1.854 1.007 PSH =30.79
4 2.413 1.815 1.028 Eemax (%) =512
Average 2.423 1.844 1.033 Jo/Jtin/ € max =6.11
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3.4 Scanning Electron Microscopy (SEM) indicates that there is a strong link between them. Because

of their great extensibility, the PP fibers play a positive role

The PP fibers and their interaction with the surrounding
matrix were examined using the FESEM. When the applied
load exceeded the PP fibers’ tensile strength, fractures
resulted. The extracted PP fibers showed elongated grooves
at one end, as shown in Fig. 16(a) and (b), with the other
end remaining locked in the matrix. The geological polymer
matrix that is still present on the PP fibers in Fig. 7(c)

during tensile stress, as seen in Fig. 7(d), which illustrates
how they bridge the matrix. They are able to shift loads and
efficiently stop the spread of cracks as a result. Fiber-matrix
adhesion is improved and the curing time is shortened when
PP fibers are incorporated into the geological polymer
solution.

By filling and strengthening the micropores in GGBS-
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Fig. 9 XRD spectra of GGBS-EGC mixes

EGC, functionalized multi-walled carbon nanotubes (f-
MWCNTS) help to enhance the material’s CS. On the other
hand, an excess of f-MWCNTs could result in matrix
clumping, which would reduce the filling effect and perhaps
obstruct the entire interaction between the alkaline activator
and the aluminosilicate precursors. From a microscopic
perspective, f-MWCNTs maximize the pore structure of

GGBS-EGC by serving as a bridging and filling agent,
minimizing harmful interfaces and lowering the likelihood
of fracture development. According to Fig. 8(a), f-
MWCNTSs work similarly to wires by bridging and drawing
GGBS-EGC at microcrack locations to stop the formation
of new cracks. By increasing pore density in GGBS-EGC
through a nano-filling effect, carboxylated multi-walled
carbon nanotubes (f-MWCNTSs) improve compressive and
tensile strength. With one end remaining implanted in the
matrix, several f-MWCNTSs are pulled out of crack areas as
seen in Fig. 8(b), demonstrating their bridging function
within the matrix and their capacity to prevent crack
propagation. To sum up, f-MWCNTSs and PP fibers play a
crucial role in controlling the formation of cracks and
enhancing ductility in GGBS-EGC under tensile stress.

3.5 X-ray Diffraction (XRD)

Fig. 9 shows the XRD patterns of some GGBS-EGC
mixes. Superior mechanical and crystallinity qualities of the
binders and their reaction products are indicated by a
greater peak. The main crystalline component in GGBS is
gypsum, which has been identified as calcium sulfate. This
suggests that GGBS has a high Ca?* concentration. The
strength and structure of geological polymers are influenced
by the binder material’s crystalline phase. The diffraction
curves for GGBS-EGC2 and GGBS-EGC3 are primarily
flat, indicating a negligible formation of crystalline phases.
The quartz crystalline phase, obtained from FA, is
represented by the peaks in the 25-30° 20 range of GGBS-
EGC. The GGBS-EGC sample’s diffraction peak heights
correspond to silica and calcite, with quartz and calcite
being the two most common phases. The airborne CO;
interacts with the alkaline base liquid in GGBS-EGC to
produce COs%, which then reacts with the Ca?* in GGBS to
form the crystalline phase of calcite. Nevertheless, the
amount of calcite crystalline phase in the GGBS-EGC
sample is negligible because of the presence of Ca?*, which
speeds up the GGBS-EGC setting time, and the alkaline
base liquid’s quick reaction time with CO,. By reacting with
the binders to generate compounds like sodium silicate and
sodium aluminosilicate, the amalgamation of alkali endorses
the development of binders (Duxson et al. 2006).

3.6 Fourier Transform Infrared Spectroscopy (FTIR)

The use of Fourier-transform infrared (FTIR) spectroscopy
is crucial in comprehending the alterations that take place
when raw materials are polymerized into geopolymers. The
FTIR spectra of some GGBS-EGC mixes are shown in Fig.
10. The main peaks of GGBS-EGC2 and GGBS-EGC3
clearly show a great deal of similarity. The raw materials
exhibit vibration frequencies in the 440-490 cm™ range,
which are linked to O-Si-O and Si—O-Si bonds. These
wavelengths, however, become less pronounced in the
reaction products, indicating that the amalgamation of alkali
may induce the raw materials to dissolve more gradually,
transferring the stretching vibrations to reduced wave-
numbers. This change indicates that the raw materials’
vibration frequencies under activation have decreased
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(Garci-Lodeiro et al. 2011). The vibrations mostly correlate
to the bending movements of Si-O-Si or Si-O-Al bonds in
the range of 570 to 800 cm™, suggesting the emergence of
novel cementitious elements in the geopolymer (Shah et al.
2021). This change could indicate that the alkaline activator
breaks the O-Si and O-Al bonds on the raw materials’
aluminosilicate surface, releasing the ions AI** and Si**. As
a result, oxygen atoms are shared to form silicon-oxygen
and aluminum-silicon tetrahedra, forming AI-O-Si and Si-
O-Si connections. Aluminum-silicate oligomers, which
might have -Al-O-Si-Si-bonds or -Al-O-Si-Si-Si-bonds, are
produced by supplementary interaction between these
tetrahedra (Zhuang et al. 2016). Amorphous gels such as N-
A-S-H, C-A-S-H, and C-S-H develop in the presence of
Ca** and Na* (Zhao et al. 2019). Higher calcium
concentrations, however, may change the distance between
silicon- and aluminum-oxygen tetrahedra, which could
affect polymerization and produce a variety of complicated
products (Li et al. 2021). It is believed that the asymmetric
stretching of the Al-O-Si and Si-O-Si bonds is responsible
for the vibrations in the 950-1100 cm™ range (Vempati et
al. 1994). The absorption peak for GGBS in the spectrum is
located between 1589 and 1625 cm™, suggesting the
existence of the C=0 group, whereas the bending vibration
of the H-O-H bond is represented by the peak between 1630
and 1650 cm™ (Li et al. 2020). This implies that the GGBS-
EGC matrix is where hydration takes place. The infrared
wavelength band spanning from 3000 to 3505 cm™ is
linked with intensified vibrations of H-O-H bonds, -OH, or
moisture present in the surface and pores of the sample
(Villa et al. 2010). Stronger O-C-O bond vibrations are
correlated with absorption in the 1410-1430 cm™ range,
which mostly reflects the O—-C-O stretching vibrations of
the CO3>” group (Panias et al. 2007). The primary cause of
these spectrum vibrations in GGBS-EGC is the production
of Na,CO3 and CaCOs. The O-C-O bond’s vibrations match
the findings of the XRD research. Different vibrational
modes can be employed to uniquely identify the 3D
networked matrix that was generated under alkaline
circumstances, according to FTIR research (Genge et al.
1995). This suggests that the amorphous gel that is
produced is an EGC gel that is created when aluminum
silicate oligomers copolymerize with Na* and Ca?* ions.

4. Critical discussion

In order to improve mechanical and microstructural
qualities, this study emphasizes the possibility of employing
PP fibers and f-MWCNTs in GGBS-based engineered
geopolymer composites (GGBS-EGC). There were notable
gains in compressive resistance, tensile strength, and
ductility; however, a few important points need more
explanation. The interaction of f-MWCNTSs and PP fibers is
essential for mechanical performance. Through pore structure
refinement, nanoscale load transfer, and improved crack
resistance, functionalized MWCNTs enhance strength.
However, aggregation makes their dispersion difficult.
Although ultrasonic dispersion worked well, for more
uniformity, future studies should investigate surfactant-
assisted or chemically modified dispersion methods.

Because of its calcium oxide concentration, which
encouraged geopolymerization and increased matrix density,
GGBS substitution had a considerable impact on CS.
However, rheology and workability may be impacted by an
excessive amount of GGBS, requiring optimization of the
binder proportion. Although changes may be necessary due
to variances in raw materials, the 20% replacement level
employed in this investigation proved to be ideal. PP fibers’
capacity to bridge cracks was essential in improving ductility.
Multiple microcracking and strain-hardening behaviors
were validated by experimental data. The measured fracture
width of 74.56 um, however, indicates that there is potential
for improvement through hybrid fiber combinations or fiber
content optimization. Strong interfacial adhesion between
PP fibers and the geopolymer matrix was demonstrated by
FESEM images; however, more characterization by pull-out
tests or nanoindentation is required to measure interfacial
strength.

The production of an amorphous aluminosilicate gel
with quartz and calcite phases was verified by microstructural
investigation using XRD and FTIR. However, endurance
issues in harsh conditions are brought up by the matrix’s
comparatively low crystallinity. To assess long-term
performance, future studies should include accelerated
durability tests such as freeze-thaw cycles and sulfate
resistance. Even though this study offers insightful
information on the behavior of GGBS-EGC, more
predictive model improvement is necessary to improve the
relationship between experimental results and theoretical
frameworks. Advanced analytical or numerical modeling
methods, including finite element analysis (FEA) or micro-
mechanical models, could enhance comprehension of
failure processes, stress distribution, and material design
optimization.

5. Conclusions

This work successfully combined PP fibers and f-
MWCNTs to create a highly ductile GGBS-EGC. Four
mechanical tests were employed to evaluate the engineering
geopolymer with GGBS. It was discovered that the ideal
ratios for f-MWCNTSs and PP fibers were 0.1% and 0.15%,
respectively. GGBS-EGC was subjected to FTIR and XRD
analysis, and field-emission scanning electron microscopy
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(FESEM) was employed to look at the matrix surface
microstructure. The key findings are as follows:

 After 28 days, GGBS-EGC exhibited a CS of 38.03
MPa, initial tensile fracture strength of 2.42 MPa, peak
tensile strength of 3.65 MPa, and 5.48% elongation. The
uniaxial tensile test confirmed plastic behavior, with crack
spacing up to 1.43 mm and an average crack width of 74.56
pum, staying below 110 um across all samples.

» The SHP index of 32.67, obtained via SENT and three-
point bending tests, confirmed multiple cracking and strain-
hardening behavior. f-MWCNTs and PP fibers effectively
bridged cracks, enhancing tensile strength.

« An amorphous aluminosilicate gel was produced
because of the polymerization of aluminum silicate
oligomers with Na* and Ca?* ions, according to FTIR
analysis. This process produced the geopolymer. The
diffraction peaks of the GGBS-EGC mix were compatible
with quartz and calcite, and the XRD data indicated that
minerals such as quartz and illite were not involved in the
reaction. The two highlighted phases in the sample were
calcite and quartz.

« A strong connection between PP fibers and the EGC
matrix was shown by the FESEM investigation. PP fibers
made a substantial contribution to ductility, load
transmission, and crack management during tensile testing.
The pore structure of GGBS-EGC was enhanced by
functionalized multi-walled carbon nanotubes, which acted
as fillers and bridges and shrunk the size of potentially
hazardous spaces.
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