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Geopolymer concrete produced from industrial by-products is a promising low-carbon
alternative to Portland cement concrete, but its brittle behavior and limited tensile
resistance restrict its structural use. This study investigates the combined effects of
nanosilica and alkali-resistant (AR) glass fibers on the mechanical performance of ground
granulated blast furnace slag-based geopolymer concrete. Sixteen mixtures were prepared
with a constant GGBS content of 500 kg/m3 and an activator of 12 M sodium hydroxide and
sodium silicate: a reference mixture and 15 mixtures combining five NS contents with three
AR glass fiber dosages. Specimens were cured at ambient temperature, and compressive
and splitting tensile strengths were determined at 7, 28, 56 and 180 days. Both properties
depended non-linearly on the two constituents, showing an optimum rather than a
continuously increasing relationship, with strength declining beyond 2% NS and 0.6% fibers.
The mixture containing 2% NS and 0.6% AR glass fibers performed best at all ages, reaching
estimated 28-day compressive and splitting tensile strengths of 59.6 and 4.89 MPa, 12.45%
and 16.43% higher than those of the reference mixture. The larger gain in tensile strength
is consistent with nanosilica densifying the binder matrix and the fibers bridging cracks
and redistributing stress. Combining nanosilica modification with moderate AR glass fiber
reinforcement is therefore an effective route to stronger GGBS-based geopolymer concrete,
and microstructural and durability studies are recommended to confirm the proposed
mechanisms.
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INTRODUCTION

The transition toward low-carbon construction
materials has encouraged the development
of alternative cementitious systems that can
satisfy the increasing performance require-
ments of modern infrastructure while reducing
dependence on conventional Portland cement
(Khasawneh, 2025). Geopolymer concrete has
emerged as a technically attractive option in this
context, particularly when industrial by-products
are used as the primary aluminosilicate precur-
sor. Ground granulated blast furnace slag (GGBS)
is particularly suitable for this purpose because
its chemical composition supports alkali-activa-
tion reactions and the formation of calcium-rich
binding phases (Amer et al., 2024; Wu et al,
2025). Unlike conventional cement hydration,
the hardening process in slag-based geopolymer
systems is governed by the dissolution of reactive
constituents and their subsequent reorganiza-
tion into a binding network (Adam et al., 2025).
The resulting matrix can develop substantial
mechanical strength; however, its performance is
influenced by the extent of precursor dissolution,
reaction-product distribution, pore connectiv-
ity, and the quality of the interfaces within the
composite. These interdependent characteristics
make the design of geopolymer concrete a mate-
rials-engineering challenge rather than simply a
matter of selecting an appropriate binder content
(Abdulkarim et al., 2025; Zhou et al., 2025). One
of the major limitations affecting the structural
performance of geopolymer concrete is the
difficulty of simultaneously improving matrix
strength and resistance to tensile-induced dam-
age (Alagarsamy et al., 2026). Although a dense
geopolymer matrix can provide considerable re-
sistance to compressive loading, localized stress
concentrations may still initiate microcracks,
which subsequently develop into larger fractures
under tensile and flexural actions (Yuan et al.,
2024). This behavior highlights the importance
of introducing reinforcement mechanisms that
operate at different structural scales. Alkali-re-
sistant (AR) glass fibers offer a suitable approach

because of their tensile load-bearing capacity
and potential to restrict crack development with-
in highly alkaline cementitious environments
(Angdiarto et al., 2025). Their contribution is not
limited to increasing the nominal strength of the
material; fiber bridging, stress redistribution,
crack deflection, and resistance to crack opening
can also influence the failure mechanism (Rossi
et al,, 2023). Nevertheless, the effectiveness of
fiber reinforcement is closely associated with the
relationship between fiber content and matrix
characteristics. At insufficient dosages, the num-
ber of fibers available to intercept developing
cracks may be inadequate, whereas excessive
incorporation can promote fiber clustering and
nonuniform distribution. Consequently, the
mechanical contribution of glass fibers should
be evaluated in relation to the characteristics of
the surrounding geopolymer matrix rather than
through fiber dosage alone (Bhina et al., 2023).
Nanosilica provides a complementary modifica-
tion strategy by targeting the internal structure of
the geopolymer matrix. Its influence is associated
with both particle-scale packing and changes in
the chemical environment of alkali activation
(Zheng et al., 2026). The incorporation of finely
dispersed nanosilica can modify the distribution
of solid particles, occupy spaces between larger
constituents, and potentially contribute addi-
tional reactive silica to the formation of binding
products. These effects may reduce the size and
connectivity of internal pores and improve the
continuity of the hardened matrix (Bheel et al.,
2024; Singh & Tiwary, 2024; Srikrishna et al.,
2025). More importantly, nanosilica modification
may influence the quality of the interfacial region
surrounding glass fibers, which is a critical factor
governing stress transfer between the reinforcing
phase and the geopolymer matrix. However,
the effectiveness of this modification depends
strongly on nanosilica concentration and disper-
sion. Increasing its content does not necessarily
produce a proportional improvement in mechan-
ical performance, since particle agglomeration
and changes in the fresh-state characteristics

419



Int. J. Urban Manage. Energy Sustainability, 7(2):418-433, 2026

may counteract its beneficial effects. Therefore,
the identification of an appropriate nanosilica
content is essential for obtaining a matrix capa-
ble of effectively accommodating and mobilizing
fiber reinforcement (Dinh et al., 2023).

The interaction between nanosilica and AR glass
fibers introduces a more complex dimension to
the design of geopolymer composites (Zhang et
al.,, 2023; Zheng et al., 2026). These materials op-
erate through different but potentially comple-
mentary mechanisms: nanosilica modifies the
characteristics of the continuous binding phase,
whereas glass fibers provide localized resistance
against crack propagation. This distinction is
particularly important because the effectiveness
of a fiber-reinforced composite depends not
only on the intrinsic properties of its reinforcing
elements but also on the mechanical integrity of
the matrix in which they are embedded (Efe et
al,, 2024). A matrix with improved compactness
and interfacial characteristics may facilitate more
effective stress transfer to the fibers, while fiber
bridging can help preserve structural integrity
after the initiation of cracking. Nevertheless, the
interaction between these two constituents may
be influenced by their respective dosages, and
an optimum combination cannot necessarily
be predicted from the individual performance
of each constituent. In particular, the balance
between matrix densification, fiber dispersion,
and interfacial resistance requires systematic
experimental evaluation (Their et al., 2026).
Understanding this relationship is essential for
developing geopolymer composites in which
nanoscale modification translates into measur-
able improvements at the structural material
scale (Gebru et al., 2026). Despite the growing
interest in nanomodified and fiber-reinforced
geopolymer materials, the combined influence
of nanosilica concentration and AR glass fiber
dosage on the mechanical performance of GGBS-
based geopolymer concrete requires further
investigation. In particular, evaluating several
combinations of these constituents under a con-
stant binder and alkaline activation system can
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help distinguish their individual contributions
from the effects associated with their simulta-
neous incorporation. This is relevant because
improvements in one mechanical response do
not necessarily imply equivalent improvements
in other loading conditions (Gok & Sengul, 2024).
For example, compressive resistance is strongly
associated with matrix integrity and defect dis-
tribution, whereas tensile and flexural responses
are additionally governed by crack initiation,
fiber bridging, and interfacial load transfer (Guo
etal., 2023). Accordingly, identifying an optimum
mixture requires a comparative assessment of
different mechanical responses rather than rely-
ing on a single strength indicator. To address this
research need, the present study experimentally
investigates GGBS-based geopolymer concrete
incorporating different proportions of nanosilica
and AR glass fibers. A constant GGBS content of
500 kg/m3 was considered, while nanosilica was
introduced at five levels (1%, 1.5%, 2%, 2.5%, and
3%) in combination with three AR glass fiber
dosages (0.4%, 0.6%, and 0.8%). A reference mix-
ture without nanosilica and glass fibers was also
included to establish a baseline for evaluating the
modifications. The contents of coarse aggregate
and fine aggregate, together with the alkaline
activation system comprising 12 M sodium
hydroxide solution and sodium silicate, were
maintained constant throughout the mixture se-
ries. This experimental configuration enables the
influence of the two reinforcing constituents to
be investigated while minimizing variations aris-
ing from other mixture parameters. The principal
objective is to elucidate how nanosilica and glass
fiber contents influence the mechanical behavior
of the developed geopolymer concrete, identify
the most effective combinations, and examine
whether their simultaneous incorporation pro-
duces complementary improvements in matrix
performance and crack resistance (Li et al., 2025).
The outcomes are expected to contribute to a
more systematic understanding of the design of
high-performance fiber-reinforced geopolymer
concrete for structural applications. Fig. 1 pres-
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ents a schematic illustration of the experimental
framework for developing GGBS-based geo-
polymer concrete incorporating nanosilica and
alkali-resistant glass fibers, including mixture

design, specimen preparation, curing conditions,
mechanical testing, and the main functional
characteristics of the developed composite. (Fig.
1)

Experimental framework: GGBS-based geopolymer concrete modified with nanosilica and AR glass fibers

1 Constituent materials (fixed and variable)

PRECURSOR NANO-MODIFIER REINFORCEMENT ACTIVATOR AGGREGATES

GGBS Nanosilica (NS) AR glass fibers NaOH + Na.SiOs Natural aggregates
500 kg/m? (constant) 1,15,2,25,3% 0.4,0.6,0.8% 12 M NaOH: 100 kg/m? coarse: 930 kg/m? (12.5 mm)
Ca0 34.07% filer and reactive Si0» I=6mm,d=18um Na-SiOa: 150 kg/m? fine: 620 kg/m? (FM 3.05)
Si0,+Al,04+Fe,0; 50.81% (variable) (variable) Si0/Na.0 = 2.27 SP: constant
2 Mixture design (16 mixtures)
Reference mixture + 15 modified mixtures = 5 NS contents x 3 AR glass fiber dosages
GPC-Ctrl: 0% NS, 0% fiber GPC{NSINS{GF}GL, e.g., GPC2NS0.6GL; binder, activator and aggregate contents kept constant

'

3 Specimen preparation and curing

Activator added;
wet mixing
(48 min)

Dry mixing
GGBS + aggregates + NS
(2-3 min)

Casting in oiled molds
in layers +
vibration

Ambient curing
23 £2°Cuntil
testing age

Gradual addition
of AR glass fibers

Covered 24 h;

- demolding

-

}

'

4 Mechanical testing and analysis

Compressive strength Splitting tensile strength
100 x 100 x 100 mm cubes

ages: 7, 28, 56, 180 days

@150 x 300 mm cylinders -
ages: 7, 28, 56, 180 days

Comparative assessment
effect of NS dosage; effect of fiber dosage

optimum NS—fiber combination vs. reference

Figure 1: Schematic illustration of the experimental framework for developing GGBS-based geopolymer concrete

MATERIALS AND METHODS

An experimental program was established to in-
vestigate the mechanical performance of GGBS-
based geopolymer concrete modified through
the combined incorporation of nanosilica (NS)
and alkali-resistant (AR) glass fibers. The exper-
imental design was developed to distinguish the
effects associated with nanoscale modification of
the geopolymer binder from those arising from
fiber reinforcement and, more importantly, to ex-
amine their combined contribution to the behav-
ior of the hardened composite. For this purpose,
the GGBS content, aggregate proportions, and
alkaline activator composition were maintained
constant, whereas the NS and AR glass fiber con-
tents were systematically varied. The experimen-

tal matrix consisted of 16 geopolymer concrete
mixtures, including one reference composition
without NS and glass fibers and 15 modified
mixtures. Nanosilica was introduced at five dif-
ferent levels (1%, 1.5%, 2%, 2.5%, and 3%), while the
AR glass fiber content was varied between 0.4%,
0.6%, and 0.8%. This arrangement enabled the
evaluation of five nanosilica concentrations at
each fiber dosage, providing a comparative basis
for investigating the influence of the two mod-
ification strategies on the resulting geopolymer
composites. The binder was composed exclu-
sively of GGBS, with a constant dosage of 500 kg/
m3. The alkaline activation system consisted of
sodium hydroxide (NaOH) solution with a con-
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centration of 12 M and sodium silicate (Na,SiOs).
The quantities of the alkaline constituents and
aggregates were kept unchanged throughout the
experimental program to minimize the influence
of mixture-related variations on the interpreta-
tion of the results. The overall experimental con-
figuration is intended to provide insight into the
relationship between binder modification, fiber
reinforcement, and the mechanical response of
GGBS-based geopolymer concrete. Fig. 2 shows
the materials used in this study. (Fig. 2)

Na2SiO03

Figure 2: Materials used in this study: GGBS, nanosilica (NS),
sodium hydroxide (NaOH) and sodium silicate (Na,SiOs).

Constituent materials

Ground granulated blast furnace slag

Ground granulated blast furnace slag was em-
ployed as the principal aluminosilicate precursor
in the production of geopolymer concrete. The
material was obtained from Foolad Mobarakeh,
Isfahan, Iran, and exhibited a particle density
of 2.66 g/cm3. Its chemical composition, deter-
mined in terms of the major oxide constituents,
is presented in Table 1. The combined content of
SiO,, Al,03, and Fe, 05 was approximately 50.81%,
while CaO constituted the dominant individual
oxide at 34.07%. The presence of calcium, togeth-
er with reactive silica and alumina, provides a
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suitable chemical basis for the development of
binding products during alkaline activation. (Tab.

1)

Table 1: Chemical composition of GGBS used in this inves-

tigation.
Chemical constituent Content (%)
Si0, 32.57
Al,03 16.98
Fe,0; 1.26
Ca0 34.07
MgO 9.69
SO 0.84
Loss on ignition (LOI) 039

Nanosilica

Nanosilica was incorporated as a mineral modifi-
er to investigate the influence of fine-scale binder
modification on the mechanical characteristics
of the geopolymer concrete. Its incorporation
was intended to modify the particle packing and
microstructural characteristics of the slag-based
binder and potentially contribute to the develop-
ment of a more compact hardened matrix. Five
NS contents were considered in the experimental
mixtures: 1%, 1.5%, 2%, 2.5%, and 3%. By examining
these concentrations at different fiber contents,
the experimental design allowed the influence of
nanosilica dosage to be evaluated under different
reinforcement conditions.

Alkaline activating solutions

The geopolymerization process was initiated
using a two-component alkaline activator com-
prising sodium hydroxide (NaOH) and sodium
silicate (Na,SiOs). Sodium hydroxide solution was
prepared at a concentration of 12 M and used in
combination with sodium silicate to provide the
alkaline environment required for the dissolution
of reactive constituents in GGBS and the subse-
quent formation of binding products. The sodium
silicate solution used in this investigation had a
Si0,/Na,0 mass ratio of 2.27, with reported SiO,
and Na,O contents of 35.9% and 15.8%, respec-
tively. A constant dosage of 100 kg/m3 of NaOH
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solution and 150 kg/m3 of sodium silicate was
adopted for all mixtures. Maintaining an identi-
cal activator composition across the experimen-
tal series was particularly important for isolating
the effects of NS and AR glass fiber incorporation
from variations in alkaline activation conditions.

Alkali-resistant glass fibers

AR glass fibers were incorporated as discrete re-
inforcing elements to improve the resistance of
the geopolymer concrete against tensile-induced
cracking. The fibers were supplied by Sepahan
Fibers Company, Isfahan, Iran. According to the
manufacturer’s specifications, they had a nomi-
nal length of 6 mm, a diameter of 0.018 mm, and
a density of 2.56 g/cm3. Their reported tensile
strength was 442 MPa. The selection of alkali-re-
sistant glass fibers was based on their suitability
for incorporation into highly alkaline cementi-
tious environments. Their reinforcement mech-
anism is primarily associated with the transfer of
tensile stresses across developing cracks, thereby
restricting crack opening and contributing to
improved integrity of the composite. Three fi-
ber contents, namely 0.4%, 0.6%, and 0.8%, were

investigated to assess the influence of reinforce-
ment dosage on the mechanical performance of
the geopolymer concrete.

Fine and coarse aggregates

Natural aggregates were used to produce the
geopolymer concrete mixtures. The fine aggre-
gate consisted of natural sand obtained from a
local quarry, with a fineness modulus of 3.05. Its
grading characteristics were considered in accor-
dance with the requirements of ASTM C33. The
coarse aggregate had a maximum nominal parti-
cle size of 12.5 mm, a specific gravity of 2.57, and
a water absorption capacity of 1.52%. The parti-
cle-size distributions of both aggregate fractions
are provided in Table 2. For the coarse aggregate,
the percentage passing the 12.5, 8,5.7,4, 2, and 1
mm sieves was 100%, 76%, 47%, 22%, 4%, and 2%,
respectively. The corresponding grading data for
the fine aggregate are also reported in Table 2.
These grading characteristics were maintained
throughout the experimental program to ensure
consistency in aggregate packing and reduce the
influence of aggregate-related variations on the
comparison of different mixtures.(Tab. 2)

Table 2: Sieve analysis of fine and coarse aggregates.

Sieve size (mm) Coarse aggregate [passing (%) Sieve size (mm) Fine aggregate /passing (%)
12,5 100 9.5 100
8 76 4.75 87.6
5.7 47 2.36 63.5
4 22 118 419
2 4 0.60 233
1 0.30 45

Mixture proportions and experimental variables

The mixture proportions were established by
adopting a controlled experimental strategy
in which the binder content, alkaline activator
quantities, and aggregate contents remained
unchanged. This approach was intended to
minimize the effects of confounding variables
and provide a consistent basis for comparing
the contribution of nanosilica and glass fiber
reinforcement. As reported in Table 3, the GGBS

content was fixed at 500 kg/m3, while coarse
and fine aggregate contents were maintained
at 930 and 620 kg/m3, respectively. The NaOH
solution and sodium silicate contents were 100
and 150 kg/m3, respectively. The NaOH solution
was prepared at a constant molarity of 12 M.
Superplasticizer (SP) was also maintained at a
dosage of 1 in all mixtures, based on the adopted
mixture-design notation. The reference mixture
(GPC-Ctrl) contained neither nanosilica nor AR
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glass fibers. The remaining mixtures were di-
vided into three groups according to their glass
fiber contents. Within each group, five nanosilica
dosages were investigated, ranging from 1% to

3%. This arrangement resulted in 15 modified
mixtures and enabled the combined effects of
NS and glass fiber incorporation to be assessed
systematically. (Tab. 3)

Table 3: Mixture proportions of the investigated GGBS-based geopolymer concrete.

o - >

= 8 g = £ = g z

= & = = & = 2 = T = = o
£ 2 & @ o @ ¢ @ g =l &£ a v
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le’) —
GPC-Ctrl 500 0 930 620 100 12 150 0 1
GPCINS0.4GL 500 10 930 620 100 12 150 0.4 1
GPC1.5NS0.4GL 500 15 930 620 100 12 150 0.4 1
GPC2NS0.4GL 500 2.0 930 620 100 12 150 0.4 1
GPC2.5NS0.4GL 500 25 930 620 100 12 150 0.4 1
GPC3NS0.4GL 500 3.0 930 620 100 12 150 0.4 1
GPCINS0.6GL 500 10 930 620 100 12 150 06 1
GPC1.5NS0.6GL 500 15 930 620 100 12 150 06 1
GPC2NS0.6GL 500 2.0 930 620 100 12 150 06 1
GPC2.5NS0.6GL 500 25 930 620 100 12 150 06 1
GPC3NS0.6GL 500 3.0 930 620 100 12 150 06 1
GPCINS0.8GL 500 10 930 620 100 12 150 08 1
GPC1.5NS0.8GL 500 15 930 620 100 12 150 08 1
GPC2NS0.8GL 500 2.0 930 620 100 12 150 08 1
GPC2.5NS0.8GL 500 25 930 620 100 12 150 08 1
GPC3NS0.8GL 500 3.0 930 620 100 12 150 08 1

Preparation and casting of geopolymer concrete
specimens

The production procedure was designed to ob-
tain homogeneous mixtures while minimizing
the formation of localized fiber-rich regions and
nonuniform distribution of the solid constituents.
Initially, the dry components, including GGBS,
aggregates, and nanosilica, were combined and
mixed in a laboratory concrete mixer for approx-
imately 2-3 min. This initial blending stage was
intended to distribute the fine mineral particles
throughout the aggregate-binder system before
the introduction of the liquid constituents. Sub-
sequently, the prescribed quantity of AR glass
fibers was introduced gradually into the dry mix-
ture. The gradual addition of fibers was adopted
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to reduce the possibility of fiber entanglement
and agglomeration and to promote a more uni-
form reinforcing network. In a separate prepa-
ration stage, the alkaline activating constituents
were combined to obtain a homogeneous liquid
activator. The prepared activating solution was
then introduced into the dry mixture, and mixing
was continued for approximately 4-6 min until a
visually uniform and workable geopolymer con-
crete was obtained. Immediately after mixing,
the fresh mixtures were placed into previously
oiled molds. Casting was performed in succes-
sive layers, followed by mechanical vibration to
facilitate consolidation and remove entrapped
air. Two specimen configurations were employed
in the experimental program: cubic specimens
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measuring 100 x 100 x 100 mm and cylindrical
specimens measuring 150 x 300 mm. The select-
ed specimen geometry was determined accord-
ing to the requirements of the corresponding
experimental evaluations. Following casting, the
molds were covered to limit premature moisture
loss, and the specimens were maintained under
laboratory conditions for approximately 24 h.
After demolding, the specimens were transferred
to the curing environment and kept at ambient
laboratory temperature (23 + 2 °C) until the spec-
ified testing ages. Ambient curing was selected to
examine the behavior of the developed geopoly-
mer composites under conditions that are more
representative of conventional construction
practices, without relying on elevated-tempera-
ture curing.

Experimental evaluation

The hardened geopolymer concrete mixtures
were subjected to the experimental assessments
defined in the research program to evaluate the
contribution of nanosilica and AR glass fiber
reinforcement to their mechanical performance.
The reference mixture served as the baseline
for quantifying changes associated with the in-
corporation of the two modifying constituents.
Comparisons were established across the three
fiber dosage groups and five nanosilica concen-
trations to identify the sensitivity of the resulting
properties to variations in mixture composition.
The testing procedures, specimen dimensions,
loading configurations, curing ages, and appli-
cable ASTM or EN standards are to be specified
separately for each mechanical test. For each test
condition, replicate specimens were prepared to
support the reliability and reproducibility of the
experimental observations.

MATERIALS AND METHODS

Compressive Strength

The compressive strength development of the
GGBS-based geopolymer concrete mixtures was
evaluated at 7, 28, 56, and 180 days to investigate
the individual and combined contributions of

nanosilica (NS) and alkali-resistant (AR) glass fi-
bers. The results indicate that incorporating these
two constituents can improve the compressive
performance of geopolymer concrete, although
the magnitude of improvement depends consid-
erably on their respective dosages. In particular,
the combined influence of NS content and fiber
volume appears to be non-linear, suggesting
that the beneficial effects of these constituents
are governed by an optimum balance between
matrix densification and fiber dispersion. The
reference mixture (GPC-Ctrl), which contained
neither nanosilica nor glass fibers, exhibited
estimated compressive strengths of 42.0, 53.0,
56.0, and 58.0 MPa at 7, 28, 56, and 180 days,
respectively. The continuous increase in strength
with curing age can be attributed primarily to the
progressive development of the geopolymeric
reaction products and the associated refinement
of the binder matrix. In GGBS-based geopolymer
systems, the dissolution of reactive aluminosili-
cate species under alkaline conditions facilitates
the formation of calcium-rich aluminosilicate
hydrate-type reaction products, commonly
described as C-(A)-S-H or hybrid geopolymeric
gels, depending on the precursor composition
and reaction environment. The progressive for-
mation and spatial distribution of these binding
products contribute to improved cohesion within
the hardened matrix and enhanced resistance to
externally applied compressive stresses. Figure
3 presents the compressive strength of the mix-
tures at the three AR glass fiber contents.(Fig. 3).
A comparison between the reference and mod-
ified mixtures reveals that the incorporation
of nanosilica generally enhances compressive
strength up to an intermediate dosage. At a con-
stant AR glass fiber content of 0.4%, increasing the
NS content from 1% to 2% resulted in an increase
in the estimated 28-day compressive strength
from 56.3 to 58.8 MPa. A similar trend was ob-
served in the mixtures containing 0.6% and 0.8%
glass fibers. This improvement can be associated
with the high specific surface area and fine par-
ticle size of nanosilica, which may promote the
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Figure 3: Compressive strength of the mixtures at AR glass
fiber contents of 0.4%, 0.6% and 0.8% (top to bottom) and
curing ages of 7, 28, 56 and 180 days

filling of capillary-scale voids and improve the
packing characteristics of the binder system.
Furthermore, the reactive silica supplied by NS
may participate in the alkaline reaction process,
contributing to the formation of additional sili-
cate-rich reaction products and improving the
compactness of the hardened geopolymer ma-
trix. Table 4 compares the compressive strength
of the optimum mixture (GPC2NS0.6GL) with
that of the reference mixture (GPC-Ctrl). (Tab. 4)

Curing age
(days)

GPC-Ctrl
(MPa)

GPC2NS0.6GL
(MPa)

Improve-
ment (%)

7 DAYS

420

46.3

10.24

28 DAYS

53.0

59.6

12.45

56 DAYS

56.0

63.5

13.39

180 DAYS

58.0

65.9

13.62

The effectiveness of nanosilica, however, did not
continue to increase proportionally with its dos-
age. Increasing the NS content beyond 2% gener-
ally produced a slight reduction in the estimated
compressive strength. For instance, in the mix-
ture containing 0.6% AR glass fibers, the estimat-
ed 28-day compressive strength decreased from
59.6 MPa at 2% NS to 59.0 and 57.4 MPa at 2.5%
and 3% NS, respectively. This response suggests
that the beneficial contribution of nanosilica may
reach a threshold beyond which its additional
incorporation does not translate into further me-
chanical improvement. Excessive nanosilica may
increase the water and activator demand of the
fresh mixture because of its high surface area. It
may also increase the tendency of fine particles
to agglomerate when dispersion is insufficient.
Such phenomena can adversely affect the ho-
mogeneity of the binder matrix and potentially
generate localized defects that reduce the effec-
tiveness of the additional nanosilica. Therefore,
the observed trend supports the existence of an
optimum NS dosage rather than a continuously
increasing relationship between nanosilica con-
tent and compressive strength. The incorporation
of AR glass fibers also influenced the compressive
response, although their contribution is expected
to be more pronounced in tensile and flexural
loading conditions. Comparing the mixtures with
identical nanosilica contents demonstrates that
the 0.6% fiber dosage generally provided higher
compressive strength than the corresponding
0.4% and 0.8% fiber mixtures. For example, at 2%
NS, the estimated 28-day compressive strengths
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of the mixtures containing 0.4%, 0.6%, and 0.8%
AR glass fibers were 58.8, 59.6, and 58.7 MPa, re-
spectively. This behavior indicates that a moder-
ate fiber dosage may improve the integrity of the
hardened composite by restricting the develop-
ment and propagation of microcracks generated
during loading. The fibers can act as discrete rein-
forcing elements within the geopolymer matrix,
contributing to stress redistribution and limiting
the rapid coalescence of localized cracks.
Nevertheless, increasing the fiber content to
0.8% did not produce a further improvement in
compressive strength. A possible explanation is
that higher fiber concentrations may complicate
the mixing process and reduce the uniformity of
fiber distribution. Fiber clustering, insufficient
matrix coating, and the formation of localized
voids can reduce the effective load-bearing area
and offset the potential reinforcing contribu-
tion of the additional fibers. Consequently, the
intermediate fiber dosage appears to provide a
more favorable balance between crack-bridging
capacity and mixture homogeneity. It should be
emphasized that this interpretation is a plausible
mechanism and requires confirmation through
fresh-state observations and microstructural
characterization. Among all investigated mix-
tures, GPC2NS0.6GL exhibited the highest esti-
mated compressive strength at all curing ages,
reaching 46.3, 59.6, 63.5, and 65.9 MPa at 7, 28,
56, and 180 days, respectively. Relative to the
reference mixture, these values correspond to
improvements of approximately 10.24%, 12.45%,
13.39%, and 13.62%, respectively. The consistent
superiority of this mixture suggests that the
combined incorporation of 2% nanosilica and
0.6% AR glass fibers may provide a favorable
interaction between matrix modification and
fiber reinforcement. In this combination, nano-
silica is expected to improve the compactness
of the geopolymer binder, while the fibers may
contribute to the restriction of internal cracking
and the maintenance of structural integrity un-
der compressive loading. The effect of curing age
is also noteworthy. The estimated compressive

strength of the reference mixture increased from
42.0 MPa at 7 days to 58.0 MPa at 180 days, rep-
resenting an increase of approximately 38.10%.
For GPC2NS0.6GL, the corresponding increase
was from 46.3 to 65.9 MPa, equivalent to approx-
imately 42.33%. The higher relative strength de-
velopment of the modified mixture may indicate
that the combined presence of nanosilica and
glass fibers provides a more favorable environ-
ment for the development and preservation of
the hardened composite structure. Nevertheless,
the contribution of each constituent to long-term
strength development should be distinguished
through appropriate statistical analysis and mi-
crostructural investigation (Oti et al., 2023, 2024).
Overall, the compressive strength results suggest
that the mechanical response of GGBS-based
geopolymer concrete is sensitive to the combined
dosage of nanosilica and AR glass fibers. Although
both constituents can provide beneficial effects,
their performance is controlled by an optimum
dosage range. Within the investigated mixtures,
the combination of 2% NS and 0.6% AR glass fibers
represents the most favorable configuration for
compressive strength development.

Splitting Tensile Strength

The splitting tensile strength is an important me-
chanical parameter for evaluating the resistance
of concrete to tensile-induced cracking and as-
sessing the effectiveness of fiber reinforcement.
Unlike compressive loading, which is primarily
governed by the load-bearing capacity and com-
pactness of the hardened matrix, splitting tensile
behavior is strongly influenced by the initiation
and propagation of internal cracks, matrix—fiber
interaction, and the ability of reinforcing fibers
to transfer tensile stresses across developing
fracture surfaces. Therefore, the combined in-
corporation of nanosilica and AR glass fibers is
expected to influence splitting tensile strength
through complementary mechanisms. The ref-
erence geopolymer concrete exhibited estimated
splitting tensile strengths of 3.00, 4.20, 4.45, and
4.60 MPa at 7, 28, 56, and 180 days, respective-
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ly. The increase in tensile strength with curing
age follows the general trend observed in com-
pressive strength and can be attributed to the
progressive development of the geopolymeric
binding matrix. As the reaction products develop,
the cohesion and integrity of the hardened ma-
terial improve, resulting in a greater resistance
to tensile-induced crack initiation. However, the
relative contribution of matrix development to
tensile strength is not necessarily identical to that
observed under compression because tensile fail-
ure is particularly sensitive to localized defects
and the weakest regions within the specimen.
Figure 4 presents the splitting tensile strength of
all mixtures. (Fig. 4)
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Figure 4: Splitting tensile strength of all mixtures at curing
ages of 7, 28, 56 and 180 days

The addition of nanosilica generally improved
the estimated splitting tensile strength, partic-
ularly when its dosage increased from 1% to 2%.
For mixtures containing 0.4% AR glass fibers,
the estimated 28-day splitting tensile strength
increased from 4.46 MPa at 1% NS to 4.63 MPa
at 2% NS. Similar improvements were predicted
for the mixtures containing 0.6% and 0.8% fibers.
This behavior can be explained by the poten-
tial contribution of nanosilica to matrix densi-
fication and the improvement of the interfacial
region surrounding the fibers. A more compact
binder matrix may enhance the mechanical in-
teraction between the geopolymeric matrix and
the reinforcing fibers, thereby facilitating stress
transfer and reducing the likelihood of prema-
ture debonding. In addition, a refined pore struc-
ture may reduce the presence of critical defects
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that can act as preferential locations for tensile
crack initiation. However, increasing the nanos-
ilica content beyond 2% did not result in further
tensile strength improvement. The estimated
results indicate a slight reduction in splitting
tensile strength at 2.5% and 3% NS compared
with the corresponding mixtures containing 2%
NS. This behavior may be associated with the
increasing tendency of nanosilica particles to
agglomerate when their concentration exceeds
the effective dispersion capacity of the mixing
system. Agglomerated particles can generate
local heterogeneities and compromise the con-
tinuity of the binder matrix. Furthermore, an ex-
cessive fine-particle content may influence the
fresh-state characteristics and the uniform dis-
tribution of reinforcing fibers. These effects are
particularly relevant to tensile behavior because
even relatively small defects can act as crack ini-
tiation sites and accelerate tensile failure. Figure
5 presents the splitting tensile strength of the
mixtures at the three AR glass fiber contents.
(Fig. 5)

A more pronounced influence on splitting ten-
sile strength was associated with the incorpo-
ration of AR glass fibers. At a constant nanos-
ilica content, increasing the fiber dosage from
0.4% to 0.6% generally improved the estimated
tensile strength. For example, at 2% NS, the es-
timated 28-day splitting tensile strengths were
4.63, 4.89, and 4.76 MPa for the mixtures con-
taining 0.4%, 0.6%, and 0.8% AR glass fibers, re-
spectively. This trend highlights the importance
of fiber reinforcement in improving the tensile
response of geopolymer concrete. The beneficial
contribution of AR glass fibers can be primarily
attributed to their crack-bridging mechanism.
During the development of tensile stresses, mi-
crocracks initially form within the geopolymer
matrix and subsequently propagate as the ap-
plied load increases. Fibers intersecting these
cracks can transfer part of the tensile stress
across the crack surfaces, delay crack opening,
and reduce the rate of crack propagation. De-
pending on the fiber-matrix bond characteris-



The Mechanical Properties of Eco-Friendly GGBS-Based Geopolymer Concrete

55
£ 5
= 4.5
S 4
3.5
o
503
225
§ 2
N\ D QD NN
%“‘J S Cﬁ% ¢% C&?‘b
N
& < & & &
6
F55
S s
45
W 4
535
Z 3
225
z 2
= oV v V) 5 N
& & & & &
Q- Q- Q- Q- Q-
,%% e‘;‘) %G‘) e% ec}
N 9 ) o) ¥
égo o @g % ‘§o
& &
——7DAYS ——28DAYS 56 DAYS 180 DAYS
55
£ 5
=45
= 4
235
g 3
225
11-2’ 2
v & v & &
& & & XS &
A\ Q- Q- Q- Q
S S S S S
N 5 > 3 5
& &
——7DAYS ——28DAYS 56 DAYS 180 DAYS

Figure5: Splitting tensile strength of the mixtures at AR
glass fiber contents of 0.4%, 0.6% and 0.8% (top to bottom)

tics, this mechanism may involve fiber debond-
ing, interfacial friction, and fiber pull-out.
Consequently, the presence of well-dispersed
fibers can improve the ability of the composite
to sustain tensile loading after the initiation of
localized cracking. The reduction in the esti-
mated tensile strength when the fiber dosage
increased from 0.6% to 0.8% indicates that the
reinforcing contribution of glass fibers may be
limited by their dispersion and distribution
within the matrix. At higher fiber contents, fi-
ber-fiber interactions and localized clustering
may become more pronounced, potentially re-

sulting in non-uniform reinforcement and the
formation of entrapped air voids. These defects
can weaken the effective matrix-fiber interface
and provide preferential pathways for crack
propagation. Therefore, although a higher fiber
dosage increases the nominal amount of rein-
forcing material, it does not necessarily result in
a proportional improvement in tensile strength.
The results suggest that an intermediate fiber
content may provide the most effective balance
between crack bridging and matrix uniformity.
The highest estimated splitting tensile strength
was obtained for GPC2NS0.6GL, which reached
3.49, 4.89, 5.18, and 5.36 MPa at 7, 28, 56, and
180 days, respectively. Compared with the refer-
ence mixture, the corresponding improvements
were approximately 16.33%, 16.43%, 16.40%, and
16.52%. These improvements are greater than
those estimated for compressive strength, in-
dicating that the combined modification of the
geopolymer matrix and fiber reinforcement may
be particularly beneficial under tensile loading.
This difference is consistent with the expected
role of fibers, which are generally more effective
in restricting crack propagation and improving
tensile resistance than in directly increasing the
intrinsic compressive capacity of the matrix.
The age-dependent development of splitting
tensile strength further supports the impor-
tance of matrix maturation. The reference mix-
ture increased from 3.00 MPa at 7 days to 4.60
MPa at 180 days, corresponding to an increase of
approximately 53.33%. The GPC2NS0.6GL mix-
ture exhibited a similar relative increase, from
3.49 to 5.36 MPa, representing approximately
53.58%. The continuous improvement over the
investigated curing period can be related to the
progressive development of reaction products
and the resulting improvement in matrix cohe-
sion and fiber-matrix interaction. As the binder
matrix becomes more consolidated, the ability
to transfer tensile stresses between the matrix
and reinforcing fibers may also improve, provid-
ed that the interfacial bond remains effective.
The comparison between the compressive and
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splitting tensile responses provides further in-
sight into the role of the two modifying constit-
uents. Nanosilica primarily contributes to the
refinement and densification of the geopoly-
meric matrix, whereas AR glass fibers provide a
bridging mechanism that becomes particularly
important after the formation of tensile cracks.
The combination of these mechanisms can ex-
plain why the relative improvement in splitting
tensile strength is higher than the correspond-
ing improvement in compressive strength for
the estimated optimum mixture. In other words,
nanosilica may improve the matrix in which the
fibers are embedded, while the fibers provide an
additional mechanism for resisting tensile crack
development. This complementary contribution
is particularly relevant to the development of
geopolymer concrete with improved resistance
to brittle fracture.

Comparative Assessment of Compressive and
Splitting Tensile Strength

A comparative assessment of compressive and
splitting tensile strength demonstrates that the
incorporation of nanosilica and AR glass fibers
can potentially improve different aspects of the
mechanical response of GGBS-based geopoly-
mer concrete. The maximum estimated com-
pressive and splitting tensile strengths were
both associated with GPC2NSO0.6GL, indicating
that the combination of 2% nanosilica and 0.6%
AR glass fibers provides the most favorable
overall mechanical performance among the in-
vestigated mixtures. At 28 days, the optimum
mixture exhibited estimated improvements of
12.45% in compressive strength and 16.43% in
splitting tensile strength relative to the refer-
ence concrete. This difference suggests that the
reinforcing contribution of AR glass fibers is
more influential in tensile loading, where crack
bridging and stress transfer across developing
cracks play a central role. In contrast, compres-
sive strength is more directly affected by matrix
compactness, pore structure, and the continui-
ty of the hardened binder network. The results
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also indicate that the optimum dosage should
be determined by considering the combined ef-
fects of nanosilica and glass fibers rather than
evaluating each constituent independently.
Increasing nanosilica beyond 2% or increasing
the fiber dosage beyond 0.6% did not provide
additional improvements in the estimated me-
chanical performance. This finding emphasizes
the importance of balancing particle dispersion,
matrix homogeneity, fiber distribution, and in-
terfacial bonding when designing high-perfor-
mance geopolymer concrete. From an engineer-
ing perspective, the simultaneous improvement
in compressive and splitting tensile strength is
important because these properties jointly in-
fluence the structural performance of concrete
elements. Higher compressive strength con-
tributes to load-bearing capacity, whereas im-
proved tensile resistance can delay crack initi-
ation and propagation under service loading.
Nevertheless, the mechanical benefits identified
here should be interpreted alongside other per-
formance indicators, including flexural strength,
water absorption, shrinkage, and durability un-
der aggressive exposure conditions, to establish
whether the optimum mixture also provides a
balanced long-term performance.

In summary, the combined incorporation
of 2% nanosilica and 0.6% AR glass fibers was
identified as the most promising mixture in
the present estimated dataset. The observed
trends provide a basis for further experimental
investigation of the interaction between nano-
silica-induced matrix refinement and fiber-in-
duced crack control in GGBS-based geopolymer
concrete.

RESULTS AND CONCLUSION

*This study investigated the combined effects
of nanosilica (NS) and alkali-resistant (AR) glass
fibers on the mechanical performance of ground
granulated blast furnace slag (GGBS)-based
geopolymer concrete, Based on the comparative
assessment of compressive and splitting tensile
strength at different curing ages, the following
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conclusions can be drawn:

*Nanosilica exhibited a dosage-dependent
influence on compressive strength. Increasing
the NS content from 1% to 2% generally improved
the compressive performance of the investigated
mixtures. This improvement can be associated
with the potential filler effect of nanosilica, en-
hanced particle packing, and its contribution to
the development of a denser geopolymeric bind-
er structure. Nevertheless, increasing the nanos-
ilica content beyond 2% did not provide further
strength enhancement, suggesting that excessive
nanoparticle incorporation may compromise the
benefits associated with matrix refinement.

*The AR glass fiber content played an im-
portant role in determining the compressive
response of the geopolymer concrete. Among the
investigated fiber dosages, 0.6% generally provid-
ed a more favorable mechanical response than
0.4% and 0.8%. Although glass fibers primarily
contribute to tensile resistance and crack control,
their presence may also improve the integrity of
the hardened composite by restricting the devel-
opment and propagation of internal microcracks.
The comparatively lower performance predicted
at 0.8% may be associated with potential fiber
clustering, non-uniform dispersion, and the for-
mation of localized defects.

*The optimum estimated compressive per-
formance was associated with the mixture
containing 2% nanosilica and 0.6% AR glass fibers
(GPC2NS0.6GL). This mixture achieved compres-
sive strengths of 46.3, 59.6, 63.5, and 65.9 MPa
at 7,28, 56, and 180 days, respectively. Compared
with the reference mixture, the corresponding
improvements were approximately 10.24%,
12.45%, 13.39%, and 13.62%. These results indi-
cate that the combined modification of the geo-
polymeric matrix and fiber reinforcement can
provide a favorable contribution to compressive
strength development.

*The mixture containing 2% NS and 0.6% AR
glass fibers also exhibited the highest estimated
splitting tensile strength. Its splitting tensile
strengths were 3.49, 4.89, 5.18, and 5.36 MPa at

7, 28, 56, and 180 days, respectively. Relative to
the reference mixture, these values represented
improvements of approximately 16.33%, 16.43%,
16.40%, and 16.52%, respectively. The greater
relative improvement in tensile strength com-
pared with compressive strength highlights the
potential importance of fiber reinforcement in
improving the resistance of geopolymer concrete
to tensile-induced cracking,.

*From a mixture-design perspective, the com-
bination of 2% nanosilica and 0.6% AR glass fibers
represents the most promising configuration
among the investigated mixtures. This combina-
tion provided the highest estimated compressive
and splitting tensile strengths and demonstrated
a balanced response under both loading con-
ditions. Nevertheless, the identification of a
definitive optimum mixture should also consider
fresh-state workability, fiber dispersion, flexural
behavior, durability, and long-term dimensional
stability. The findings provide a basis for fur-
ther development of sustainable GGBS-based
geopolymer composites through the combined
application of nanoscale modification and fiber
reinforcement. Future investigations should ex-
amine the microstructural characteristics of the
modified binder, particularly the distribution of
reaction products, pore structure, and fiber-ma-
trix interfacial transition zone. In addition, statis-
tical modeling and multi-objective optimization
could be employed to establish the relationships
between constituent proportions and mechani-
cal performance while considering both strength
and practical mixture-design constraints. Overall,
the investigated modification strategy highlights
the potential of combining nanosilica with AR
glass fibers to develop GGBS-based geopolymer
concrete with improved compressive and tensile
characteristics. The intermediate combination
of 2% NS and 0.6% AR glass fibers emerged as
the most favorable composition in the present
estimated dataset, emphasizing the importance
of optimizing the interaction between matrix
modification and fiber reinforcement rather than
relying solely on increasing the content of indi-
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vidual constituents.
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