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Improving the mechanical performance of slag–cement concrete is important for durable 
and resource-efficient urban infrastructure. This study investigates the combined effects of 
nano-silica, aluminum sulfate, and alkali-resistant glass fibers on the mechanical properties 
of concrete containing Portland cement and ground granulated blast furnace slag. Nineteen 
mixtures were prepared with a constant binder content of 530 kg/m³ and a water-to-binder 
ratio of 0.33. NS replaced GGBS at 10, 20, and 30 kg/m³, AS was added at nominal dosages of 
4% and 8%, and AR glass fibers were incorporated at volume fractions of 0.4%, 0.6%, and 0.8%. 
Compressive strength was measured at 14 and 28 days, and splitting tensile and flexural 
strengths were measured at 28 days. All modified mixtures outperformed the control 
mixture. The mixture containing 30 kg/m³ NS, 8% AS, and 0.8% fibers achieved the highest 
28-day compressive strength, approximately 41% higher than that of the control mixture, 
as well as the highest splitting tensile and flexural strengths, corresponding to increases 
of approximately 74% and 77%, respectively. NS content governed compressive strength, 
whereas fiber content governed tensile and flexural strengths. The results indicate that 
combining NS, AS, and AR glass fibers in slag–cement concrete is a promising strategy for 
producing high-strength concrete for structural elements in urban infrastructure, subject to 
confirmation of its durability and microstructural performance.
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INTRODUCTION
The increasing demand for resilient, sustain-
able, and high-performance infrastructure in 
growing cities has accelerated the development 
of advanced cementitious composites that can 
satisfy structural, durability, and service-life 
requirements under increasingly aggressive 
environmental conditions (Wang et al., 2021). 
Conventional high-performance concrete (HPC), 
despite its high compressive strength and low 
permeability, exhibits several intrinsic defi-
ciencies associated with its dense cementitious 
matrix (Tahwia et al., 2022), including high au-
togenous shrinkage, pronounced brittleness, and 
susceptibility to early-age cracking (Hiew et al., 
2026). These limitations restrict the long-term 
reliability of HPC in critical infrastructure such 
as high-rise buildings, long-span bridges, marine 
structures, and transportation systems, where 
mechanical performance alone is insufficient to 
ensure structural integrity throughout the design 
life (Wang et al., 2024). Fiber reinforcement is one 
of the most effective strategies for overcoming 
the brittle behavior of HPC. Among the available 
fibers, alkali-resistant (AR) glass fibers combine 
a relatively high elastic modulus with immunity 
to electrochemical corrosion, and their zirconia 
content protects them against degradation in the 
alkaline pore solution of cementitious matrices 
(Bentur & Mindess, 2007). Their main strength-
ening mechanisms are crack bridging, stress 
redistribution, and suppression of crack propaga-
tion from the micro- to the macro-scale, which 
improve the tensile strength, flexural strength, 
and toughness of cementitious composites (Hiew 
et al., 2026). Nevertheless, fiber incorporation 
introduces several challenges. Weak interfacial 
bonding between the fibers and the hydrated 
cement paste limits stress transfer, and fiber ag-
glomeration, reduced workability, and entrapped 
air compromise the homogeneity of the compos-
ite (Hussein et al., 2022). Consequently, fibers 
alone cannot optimize the matrix microstructure 
required for high-strength concrete. In recent 
years, nanotechnology has emerged as an effec-

tive approach for tailoring the microstructure of 
cement-based materials (Ghafari et al., 2015). 
Among the various nanomaterials, nano-silica is 
particularly effective because of its dual physical 
and chemical functions in hydrating cement sys-
tems. Physically, nano-silica particles act as ultra-
fine fillers that occupy nanoscale voids between 
cement grains, refining the pore structure and 
increasing matrix compactness. Chemically, their 
high specific surface area and amorphous silica 
content promote rapid pozzolanic reactions with 
the calcium hydroxide released during cement 
hydration, generating additional calcium silicate 
hydrate (C–S–H), the principal binding phase 
responsible for strength (Khan et al., 2022). Na-
no-silica particles also act as nucleation sites that 
accelerate early hydration, leading to a denser 
and more homogeneous distribution of hydra-
tion products. Accordingly, silica-based additions 
have been reported to improve the compressive, 
tensile, and flexural strengths of concrete (Nazari 
et al., 2026; Raveendran & Krishnan, 2025). How-
ever, the high specific surface area of nano-silica 
increases water demand and may increase au-
togenous shrinkage, and poor dispersion can lead 
to agglomeration and localized defects (Vargas et 
al., 2024). Shrinkage remains a critical factor in 
high-strength concrete: as the water-to-binder 
ratio decreases and the binder content increases, 
self-desiccation produces significant autogenous 
shrinkage at early ages, while drying shrinkage 
contributes to tensile stresses and microcracking 
over time (Li & Yao, 2001; Afroughsabet & Teng, 
2020). Sulfate- and sulfoaluminate-based modi-
fiers have therefore attracted interest as shrink-
age-compensating admixtures. Their primary 
mechanism is the rapid formation of expansive 
ettringite during early hydration, which com-
pensates for autogenous and drying shrinkage 
while refining the microstructure (Sirtoli et al., 
2019, 2020). When properly proportioned, such 
admixtures can also accelerate strength develop-
ment and improve the mechanical properties of 
fiber-reinforced composites (Choi & Yun, 2013; 
Qadri et al., 2024), whereas excessive dosages 
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may cause internal stresses and microcracking 
(Mehdipour & Khayat, 2018). 

Recent investigations have explored binary 
combinations of fibers and nanoparticles, or 
of nanoparticles and expansive agents, to ex-
ploit synergistic interactions between different 
reinforcing mechanisms (Hussein et al., 2022; 
Piao et al., 2023). In principle, integrating these 
mechanisms in a single cementitious system 
could establish a hierarchical reinforcement 
strategy operating across multiple length scales 
(Wang et al., 2024): at the nanoscale, additional 
C–S–H generated by nano-silica increases matrix 
density; at the microscale, ettringite formation 
compensates for shrinkage and improves in-
terfacial integrity; and at the macroscale, fibers 
arrest crack propagation and increase energy ab-
sorption. Despite this potential, important gaps 
remain. Most existing studies have investigated 
fibers, nano-silica, or sulfate-based modifiers in-
dividually, and investigations of their combined 
effects in high-strength concrete are limited (Ren 
et al., 2024; Xuan & Wang, 2022). In particular, 
the combined influence of nano-silica replace-
ment of GGBS, aluminum sulfate dosage, and AR 
glass fiber content on the compressive, splitting 
tensile, and flexural strengths of slag–cement 
concrete has not been systematically quanti-
fied (Wang & Sadeghzadeh, 2025). The present 
study addresses this gap through a systematic 
experimental program on slag–cement concrete 
modified with nano-silica, aluminum sulfate, and 
AR glass fibers. Nineteen mixtures were designed 
by varying the nano-silica content (10, 20, and 
30 kg/m³ replacing GGBS), the aluminum sulfate 
dosage (4% and 8%), and the fiber volume fraction 
(0.4%, 0.6%, and 0.8%), and their compressive 
strength (14 and 28 days) and splitting tensile and 
flexural strengths (28 days) were evaluated. The 
working hypothesis is that nano-silica primarily 
densifies the matrix and governs compressive 
strength, aluminum sulfate refines the early hy-
dration structure, and AR glass fibers primarily 
govern tensile and flexural performance, so that 

their combination improves all three mechanical 
properties. The study focuses on mechanical per-
formance; shrinkage, durability, and microstruc-
tural characterization are identified as subjects 
for future work.

MATERIALS AND METHODS 
Binder materials: Type II ordinary Portland ce-
ment (OPC) conforming to ASTM C150/C150M-11 
(ASTM International, 2011), with a specific 
gravity of 3.15, was used as the primary binder. 
Ground granulated blast furnace slag (GGBS), an 
industrial by-product, was used as a supplemen-
tary cementitious material (SCM). Owing to its 
latent hydraulic nature, GGBS reacts gradually 
in the highly alkaline pore solution generated 
during cement hydration to produce secondary 
C–S–H, thereby reducing porosity, improving 
long-term strength, and enhancing resistance to 
chloride penetration and sulfate attack (Raghav 
et al., 2021). The GGBS, with a specific gravity of 
2.66, was sourced from Foolad Mobarakeh, Isfa-
han, Iran. Nano-silica (NS) was used to partially 
replace GGBS. Unlike GGBS, NS exhibits very high 
pozzolanic activity owing to its amorphous struc-
ture, nanoscale particle size, and large specific 
surface area; it accelerates cement hydration by 
providing nucleation sites for C–S–H precipita-
tion while consuming calcium hydroxide to form 
additional binding phases (Khan et al., 2022). 
Limestone powder (LSP) was used as a micro-fill-
er to improve particle packing. The chemical 
compositions of the cement, LSP, GGBS, and NS 
are given in (Tab. 1), and the binder constituents 
are shown in (Fig. 1).

Aggregates: The coarse aggregate was angular 
crushed gravel with a nominal maximum size of 
12.5 mm, and the fine aggregate was silica sand. 
Their grading curves are shown in (Fig. 2), and 
their physical properties are listed in (Tab. 2). The 
apparent specific gravities of the coarse and fine 
aggregates were 2.72 and 2.71, and their water 
absorptions were 0.44% and 1.36%, respectively.
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Table 1: Chemical composition (wt.%) and specific gravity of the binder materials and limestone powder

Oxide Cement LSP GGBS NS

SiO2 20.68 0.45 32.57 ≥ 99

Al2 O3 4.51 4.86 1.26 -

Fe2 O3 4.13 3.30 3.3 -

CaO 63.66 63.33 34.07 -

MgO 1.35 1.15 0.89 -

SO3 2.55 2.10 0.5 -

Na2 O 0.26 - 1.12 -

K2 O 0.74 - 0.56 -

LOI 2.50 - 2.28 0.2

Specific gravity 3.15 – 2.66 –

Figure 1: Binder constituents: (a) OPC, (b) GGBS, (c) na-

no-silica, and (d) limestone powder.

Figure 2: Grading curves of the aggregates.

Table 2: Physical properties of the aggregates

Properties Gravel Silica sand

Apparent specific gravity 2.72 2.71

Density (OD) (kg/m3) 2680 2609

Density (SSD) (kg/m3) 2691 2644

Bulk density (kg/m3) 1466 1493

Water absorption (%) 0.44 1.36

Los Angeles abrasion value (%) 13.98 -

Superplasticizer: A polycarboxylate-ether (PCE) 
superplasticizer with a density of 1.05 g/cm³ at 
20 °C, a pH of 5.0, and a dry residue of 37.0% was 
used to improve fluidity and workability. A con-
stant dosage of 8.5 kg/m³, corresponding to 1.6% 

of the binder mass, was used in all mixtures.
Alkali-resistant (AR) glass fibers: AR glass 

fibers manufactured by UNINK New Materials 
Co., Ltd. (China) were used as discrete reinforce-
ment to improve the tensile behavior and crack 
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resistance of the concrete. Unlike conventional 
E-glass fibers, AR glass fibers contain zirconium 
dioxide, which enhances their chemical stability 
by limiting degradation caused by hydroxyl ions 
in the cement pore solution (Bentur & Mindess, 
2007).
The fibers had a nominal length of 6 mm, a diam-
eter of 18 μm, a density of 2.56 g/cm³, a tensile 
strength of 442 MPa, and negligible water ab-
sorption.

Aluminum sulfate: Aluminum sulfate powder 
(Al₂(SO₄)₃), supplied by Strumix Co. (Iran) as a 
fine white powder of high purity, was used as a 
sulfate-bearing chemical modifier to promote 
early hydration reactions (Fig. 3).

Figure 3: Aluminum sulfate powder.

Aluminum sulfate is highly water-soluble and 
readily dissociates in the mixing water, releasing 
Al³⁺ and SO₄²⁻ ions. In Portland cement systems, 
these ions react with tricalcium aluminate (C₃A) 
and calcium hydroxide to promote the forma-
tion of ettringite (AFt) during early hydration. 
Controlled ettringite crystallization can produce 
moderate internal expansion that compensates 
for autogenous shrinkage and reduces early-age 
microcracking, while the accelerated formation 
of hydration products refines the pore structure 
(Choi & Yun, 2013; Mehdipour & Khayat, 2018). 
The effectiveness of sulfate-bearing modifiers 
depends strongly on their dosage: moderate 
additions promote controlled expansion and hy-
dration acceleration, whereas excessive amounts 
may cause excessive ettringite formation, inter-
nal stresses, and microstructural instability (Choi 
& Yun, 2013). The dosages adopted in this study 
were therefore limited to two moderate levels.

Mix Design, Specimen Preparation, and Testing

The mixtures were designed to investigate the 
combined influence of NS, aluminum sulfate (AS), 
and AR glass fibers on the mechanical properties 
of high-strength concrete. A total of 19 mixtures 
were prepared, comprising one control mixture 
and 18 modified mixtures in a full factorial design 
(3 NS contents × 2 AS dosages × 3 fiber contents); 
the mixture proportions are presented in Table 3. 
The total binder content was kept constant at 530 
kg/m³ and the water-to-binder ratio (w/b) at 0.33. 
The cement content was kept constant at 330 kg/
m³, whereas the GGBS content was reduced from 
200 to 190, 180, and 170 kg/m³ by replacing it 
with 10, 20, and 30 kg/m³ of NS (1.9%, 3.8%, and 
5.7% of the binder mass), respectively. AS was 
added at nominal dosages of 4% and 8%, corre-
sponding to 20.6 and 41.2 kg/m³ (approximately 
3.9% and 7.8% of the binder mass). AR glass fibers 
were added at volume fractions of 0.4%, 0.6%, and 
0.8%, corresponding to 10.2, 15.4, and 20.5 kg/m³. 
The contents of silica sand (750 kg/m³), crushed 
gravel (850 kg/m³), limestone powder (60 kg/
m³), and PCE superplasticizer (8.5 kg/m³) were 
kept constant. Each mixture is designated by 
its NS content (kg/m³), AS dosage (%), and fiber 
volume fraction (%); for example, 30NS-8AS-0.8F 
denotes the mixture containing 30 kg/m³ NS, 8% 
AS, and 0.8% fibers. 

Mixing Procedure
All mixtures were prepared in a 60-L laboratory 
pan mixer. Before mixing, all dry materials were 
conditioned to the laboratory temperature (23 ± 
2 °C). The cement, GGBS, NS, limestone powder, 
and aluminum sulfate were first dry-mixed for 
approximately 2 min to ensure a homogeneous 
distribution of the binder constituents. The silica 
sand and coarse aggregate were then added and 
mixed for a further 2 min. Approximately 80% of 
the mixing water, containing the pre-dissolved 
superplasticizer, was gradually introduced while 
mixing continued for 3 min, after which the re-
maining water was added. Finally, the AR glass 
fibers were gradually dispersed into the fresh 
concrete over approximately 2 min to minimize 
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M
ix N

o.

M
ix ID

Cem
ent

G
G

BS

N
S

Total binder

A
S (%)

A
S

W
ater

w
/b

PCE SP

Silica sand

G
ravel

LSP

A
R glass fiber (vol.%)

1 Control 330 200 0 530 0 0.00 175 0.33 8.5 750 850 60 0

2 10NS-4AS-0.4F 330 190 10 530 4% 20.60 175 0.33 8.5 750 850 60 0.4

3 10NS-4AS-0.6F 330 190 10 530 4% 20.60 175 0.33 8.5 750 850 60 0.6

4 10NS-4AS-0.8F 330 190 10 530 4% 20.60 175 0.33 8.5 750 850 60 0.8

5 20NS-4AS-0.4F 330 180 20 530 4% 20.60 175 0.33 8.5 750 850 60 0.4

6 20NS-4AS-0.6F 330 180 20 530 4% 20.60 175 0.33 8.5 750 850 60 0.6

7 20NS-4AS-0.8F 330 180 20 530 4% 20.60 175 0.33 8.5 750 850 60 0.8

8 30NS-4AS-0.4F 330 170 30 530 4% 20.60 175 0.33 8.5 750 850 60 0.4

9 30NS-4AS-0.6F 330 170 30 530 4% 20.60 175 0.33 8.5 750 850 60 0.6

10 30NS-4AS-0.8F 330 170 30 530 4% 20.60 175 0.33 8.5 750 850 60 0.8

11 10NS-8AS-0.4F 330 190 10 530 8% 41.20 175 0.33 8.5 750 850 60 0.4

12 10NS-8AS-0.6F 330 190 10 530 8% 41.20 175 0.33 8.5 750 850 60 0.6

13 10NS-8AS-0.8F 330 190 10 530 8% 41.20 175 0.33 8.5 750 850 60 0.8

14 20NS-8AS-0.4F 330 180 20 530 8% 41.20 175 0.33 8.5 750 850 60 0.4

15 20NS-8AS-0.6F 330 180 20 530 8% 41.20 175 0.33 8.5 750 850 60 0.6

16 20NS-8AS-0.8F 330 180 20 530 8% 41.20 175 0.33 8.5 750 850 60 0.8

17 30NS-8AS-0.4F 330 170 30 530 8% 41.20 175 0.33 8.5 750 850 60 0.4

18 30NS-8AS-0.6F 330 170 30 530 8% 41.20 175 0.33 8.5 750 850 60 0.6

19 30NS-8AS-0.8F 330 170 30 530 8% 41.20 175 0.33 8.5 750 850 60 0.8

Table 3: Mixture proportions (kg/m³ unless otherwise stated)

agglomeration, and mixing was continued for 
a further 3 min, giving a total mixing time of 
approximately 12–14 min per batch. The fresh 
concrete was visually inspected to confirm uni-
form fiber dispersion without fiber balling or 
segregation. The specimens (Fig. 4) comprised (a) 
100 mm cubes for compressive strength, (b) 100 
× 100 × 500 mm prisms for flexural strength, and 
(c) 150 × 300 mm cylinders for splitting tensile 

strength (British Standards Institution, 2021).
Casting and Curing
Immediately after mixing, the fresh concrete 
was placed in lubricated steel molds in two 
equal layers, each compacted on a vibrating 
table for approximately 15–20 s to remove en-
trapped air without causing segregation. The 
top surface was finished with a steel trowel and 
covered with a plastic sheet to prevent moisture 
loss. After 24 ± 2 h, the specimens were demold-
ed and cured in lime-saturated water at 23 ± 
2 °C until testing (Fig. 5) (ASTM International, 
2012). Compressive strength was determined at 
14 and 28 days, and splitting tensile and flexural 
strengths were determined at 28 days.Figure 4: Concrete specimens: (a) cubes, (b) prisms, and (c) 

cylinders.
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Figure 5: Prepared specimens and water curing.

Test Methods
Compressive strength was determined on cube 
specimens in accordance with BS EN 12390-3 
(British Standards Institution, 2019), splitting 
tensile strength on cylinders in accordance with 
ASTM C496/C496M (ASTM International, 2017), 
and flexural strength on prisms under three-
point loading in accordance with ASTM C293/
C293M (ASTM International, 2016).

FINDINGS AND DISCUSSION 
Compressive Strength
The compressive strength results are presented in 

Figure 6: Compressive strength results: (a) 14 days, (b) 28 days, and (c) test setup.

(Fig. 6). The control mixture exhibited compres-
sive strengths of 39.61 and 45.24 MPa at 14 and 
28 days, respectively. Replacing part of the GGBS 
with NS increased compressive strength regard-
less of the AS dosage or fiber content. At 4% AS 
and 0.4% fibers, increasing the NS content from 
10 to 30 kg/m³ increased the 28-day compressive 
strength from 53.07 to 60.03 MPa (approximate-
ly 13.1%), corresponding to an improvement of 
approximately 32.7% over the control. A similar 
trend was observed for mixtures containing 0.6% 
fibers, for which the strength increased from 
53.94 to 60.90 MPa (approximately 12.9%), and 
for mixtures containing 0.8% fibers, for which 
it increased from 54.81 to 61.77 MPa (approx-
imately 12.7%). These results indicate that NS 
consistently enhanced compressive strength 
irrespective of fiber content, suggesting that its 
contribution originated mainly from modifica-
tion of the cementitious matrix. The strength 
development between 14 and 28 days at each NS 
level is shown in (Fig. 7).



344

Sustainable High-performance Cementitious Concrete

The observed enhancement can be explained 
by three complementary mechanisms. First, the 
nanosized particles occupy voids between ce-
ment grains and hydration products, producing 
a filler effect that reduces capillary porosity. Be-
cause NS particles are considerably smaller than 
cement particles, they fill interstitial spaces that 
are inaccessible to larger particles, improving 
packing density and reducing pore connectivi-
ty. Second, NS acts as heterogeneous nucleation 
sites for C–S–H; owing to its very high specif-
ic surface area, it accelerates cement hydration 
during the first hours after mixing and promotes 
a more homogeneous microstructure (Khan et 
al., 2022).

Third, NS participates in the pozzolanic reac-
tion:

SiO2+Ca(OH)2+H2O→C-S-H                                   (1)

in which calcium hydroxide generated during 
cement hydration is consumed to produce 
additional C–S–H gel. The secondary C–S–H 
generally has a lower Ca/Si ratio and a denser 
structure than the primary hydration products, 
increasing stiffness and compressive strength. 
These mechanisms are expected to reduce the 
thickness and porosity of the interfacial tran-
sition zone (ITZ) around aggregates and fibers; 
because the ITZ is traditionally the weakest 
region in concrete, its improvement enhances 
load transfer under compression (Ghafari et al., 
2015; Khan et al., 2022). In the present study, 
the highest NS dosage corresponded to 5.7% of 
the binder mass, which exceeds the optimum 
of approximately 2–3% frequently reported for 
nano-silica (Khan et al., 2022). Nevertheless, no 
reduction in strength was observed within the 
investigated range, possibly because the NS re-
placed GGBS rather than cement and because 
the PCE superplasticizer aided dispersion; mi-
crostructural analysis is required to confirm this 
interpretation.

Figure 7: Compressive strength at 14 and 28 days of the mix-

tures containing 10, 20, and 30 kg/m³ nano-silica.

Effect of Aluminum Sulfate
Increasing the AS dosage from 4% to 8% further 
enhanced strength development. For mixtures 
containing 10 kg/m³ NS and 0.4% fibers, the 28-
day compressive strength increased from 53.07 
to 54.81 MPa (approximately 3.3%). At 20 kg/m³ 
NS, the corresponding increase was from 57.42 
to 60.03 MPa (approximately 4.5%). At 30 kg/m³ 
NS, the strength increased from 60.03 to 60.90 
MPa for 0.4% fibers and reached 63.64 MPa when 
combined with 0.8% fibers, the highest value in 
the experimental program. The beneficial influ-
ence of AS is attributed mainly to accelerated 
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ettringite formation during early hydration: dis-
solved sulfate and aluminum ions react with C₃A 
to form finely distributed ettringite crystals that 
occupy pore space and contribute to early matrix 
densification. Controlled ettringite formation 
may also partially compensate for autogenous 
shrinkage, reducing early-age microcracks that 
would otherwise impair later strength, and early 
ettringite crystals may provide additional nucle-
ation sites for subsequent hydration.

Unlike excessive expansive agent dosag-
es, which may generate detrimental internal 
stresses, the AS dosages adopted in this study 
did not reduce strength at any NS or fiber level, 
suggesting that any expansion remained within 
non-detrimental limits. This is consistent with 
Choi and Yun (2013), who reported that calcium 
sulfoaluminate-based expansive admixtures 
improved the mechanical properties of fiber-re-
inforced cement composites up to an optimum 
replacement level, beyond which excessive 
expansion reduced compressive strength. Expan-
sion and shrinkage measurements are required 
to confirm this mechanism directly.

Effect of AR Glass Fibers
The incorporation of AR glass fibers produced 
additional, although smaller, improvements in 
compressive strength. For mixtures containing 
30 kg/m³ NS and 8% AS, increasing the fiber con-
tent from 0.4% to 0.8% increased the compressive 
strength from 60.90 to 63.64 MPa (approximately 
4.5%), and at 4% AS it increased from 60.03 to 61.77 
MPa (approximately 2.9%). The modest contribu-
tion of fibers is expected, because compressive 
failure is governed primarily by matrix crushing 
rather than tensile crack opening. Nevertheless, 
fibers delay the coalescence of microcracks that 
develop under compressive loading: by bridg-
ing inclined cracks and redistributing localized 
stresses, they postpone unstable crack propaga-
tion and increase the energy required for failure. 
In addition, the relatively high elastic modulus of 
glass fibers allows them to provide more effective 
confinement than low-modulus polymer fibers, 

while their alkali-resistant composition ensures 
stability in the alkaline cement matrix (Bentur & 
Mindess, 2007).

At 4% AS, the fiber-induced increase in com-
pressive strength was the same at all NS levels 
(approximately 1.7 MPa from 0.4% to 0.8% fibers), 
indicating that, under compression, the contri-
butions of NS and fibers were largely additive. 
Under tensile and flexural loading, however, a 
denser matrix and ITZ are expected to improve 
the fiber–matrix bond and stress transfer (Bentur 
& Mindess, 2007), as discussed in the following 
sections.

Combined Effect of Nano-Silica, Aluminum Sulfate, 
and AR Glass Fibers
The compressive strength results indicate that 
the three modifiers contributed through differ-
ent mechanisms:

•Nano-silica refines the pore structure and 
contributes to pozzolanic C–S–H formation;

•Aluminum sulfate promotes early ettringite 
formation and early matrix densification;

•AR glass fibers bridge microcracks and delay 
unstable crack propagation.

When incorporated together, these mecha-
nisms operate at different length scales: at the 
nanometer scale, NS increases the density of 
hydration products; at the micrometer scale, 
AS modifies the early hydration chemistry; and 
at the millimeter scale, fibers arrest crack prop-
agation and redistribute stresses. The highest 
compressive strength (63.64 MPa, approximately 
40.7% above the control) was obtained when the 
highest dosages of all three modifiers were com-
bined, and the continuous increase in strength 
without any decline indicates that the selected 
dosage ranges remained below the levels at 
which NS agglomeration or excessive ettringite 
expansion becomes detrimental.

Because the experimental program did not 
include mixtures containing only one of the three 
modifiers, the individual contribution of each 
modifier relative to the control cannot be isolat-
ed, and the term “combined effect” is therefore 
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used rather than “synergy”. Within the factorial 
design, NS content had the largest influence on 
compressive strength (approximately 5.1–7.0 
MPa between 10 and 30 kg/m³), followed by fiber 
content (approximately 1.7–3.7 MPa between 
0.4% and 0.8%) and AS dosage (approximately 
0.9–3.7 MPa between 4% and 8%).

Splitting Tensile Strength
The splitting tensile strength results (Fig. 8) 
followed trends similar to those of compressive 
strength. The control mixture achieved a splitting 
tensile strength of 3.8 MPa, whereas the modi-
fied mixtures exhibited values of 4.8–6.6 MPa, 
corresponding to improvements of 26–74%.

Increasing the NS content from 10 to 30 kg/
m³ increased the tensile strength at all AS and 
fiber levels. At 4% AS and 0.8% fibers, the tensile 
strength increased from 5.6 to 6.2 MPa, and the 
corresponding mixtures containing 8% AS reached 
5.7–6.6 MPa. This improvement is attributed 
mainly to matrix refinement and reduced pore 

connectivity resulting from the filler effect and 
pozzolanic reaction of NS, which also strengthen 
the ITZ and improve stress transfer between the 
aggregates, fibers, and paste. Unlike compressive 
strength, tensile strength was highly sensitive 
to fiber content: increasing the fiber content 
from 0.4% to 0.8% increased the tensile strength 
by approximately 16–21%, indicating that crack 
bridging became a dominant mechanism under 
tensile loading. During splitting, tensile stresses 
induce rapid crack initiation, and the embedded 
fibers bridge the developing cracks, redistribute 
stresses, and delay unstable crack propagation. 
The fiber-induced increase was slightly larger at 
higher NS contents (0.8 MPa at 10 kg/m³ NS ver-
sus 0.9–1.1 MPa at 20–30 kg/m³ NS), consistent 
with an improved fiber–matrix bond in a denser 
matrix (Bentur & Mindess, 2007). The effect of 
increasing the AS dosage from 4% to 8% was small 
(0.1–0.4 MPa). The highest tensile strength (6.6 
MPa) was achieved by the 30NS-8AS-0.8F mix-
ture.

Figure 8: Splitting tensile strength: (a) 28-day results and (b) test setup.

These findings agree with previous studies re-
porting that nano-silica and fibers have com-
plementary effects on tensile behavior through 
the simultaneous enhancement of matrix den-
sity and crack resistance (Hussein et al., 2022; 
Raveendran & Krishnan, 2025).

Flexural Strength
Flexural strength is particularly sensitive to 

crack initiation and propagation and therefore 
provides a direct assessment of the effective-
ness of fiber reinforcement. As shown in (Fig. 9), 
the flexural strength increased from 6.2 MPa for 
the control mixture to a maximum of 11.0 MPa 
for the 30NS-8AS-0.8F mixture, an increase of 
approximately 77%. Increasing the NS content 
consistently enhanced flexural strength because 
of the denser matrix and stronger fiber–matrix 



Int. J. Urban Manage. Energy Sustainability, 7(3):337-349, 2026

347

bond, which enable more efficient stress trans-
fer from the matrix to the fibers and delay fiber 
pull-out during bending.

Among the investigated parameters, fiber 
content had the greatest influence on flexural 
performance: increasing the fiber content from 
0.4% to 0.8% increased the flexural strength by 

approximately 16–21%, confirming that fiber 
bridging effectively controlled crack opening 
under bending. This behavior is consistent with 
the failure mechanism of fiber-reinforced con-
crete, in which fibers continue to transfer ten-
sile stresses across cracked sections after matrix 
cracking (Bentur & Mindess, 2007).

Figure 9: Flexural strength: (a) 28-day results and (b) three-point bending test setup.

Consequently, the combined action of NS, AS, 
and AR glass fibers produced a crack-resistant 
composite capable of sustaining higher tensile 
stresses before failure, consistent with report-
ed improvements in the flexural behavior of 
nano-modified fiber-reinforced cementitious 
composites (Hussein et al., 2022).

Effect of Aluminum Sulfate on Flexural Strength
Increasing the AS dosage from 4% to 8% in-
creased the flexural strength at all NS and fiber 
levels, with improvements of approximate-
ly 2–5%, which is comparable to its effect on 
compressive strength (approximately 1–7%). 
The enhancement is attributed to a denser and 
more homogeneous early hydration structure 
resulting from controlled ettringite crystalliza-
tion, which may reduce the microcracks associ-
ated with early-age shrinkage. Because flexural 
cracks usually originate from such pre-existing 
defects, reducing them increases the stress re-
quired to initiate cracking, and improved hydra-

tion around the fibers may further enhance the 
fiber–matrix bond. These findings suggest that 
AS influences flexural capacity mainly indirect-
ly, by improving the microstructural environ-
ment in which the crack-bridging mechanism 
operates; direct confirmation requires shrink-
age and microstructural measurements.

RESULTS AND CONCLUSION  
This study investigated the combined influence 
of NS, AS, and AR glass fibers on the mechanical 
performance of slag–cement concrete through 
an experimental program involving 19 mixtures. 
The following conclusions can be drawn:

•Partial replacement of GGBS with NS was 
the most influential parameter for compressive 
strength. Increasing the NS content from 10 to 30 
kg/m³ increased the 28-day compressive strength 
by approximately 5.1–7.0 MPa and also increased 
the splitting tensile and flexural strengths, which 
is attributed to the filler effect, accelerated hy-
dration, and pozzolanic formation of additional 
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C–S–H.
•Increasing the AS dosage from 4% to 8% in-

creased the compressive and flexural strengths 
by approximately 1–7% and 2–5%, respectively, 
without any strength reduction, which is at-
tributed to controlled early ettringite formation.

•AR glass fibers had a moderate effect on com-
pressive strength but governed tensile and flex-
ural performance: increasing the fiber content 
from 0.4% to 0.8% increased the splitting tensile 
and flexural strengths by approximately 16–21%.

•The 30NS-8AS-0.8F mixture achieved the 
best performance, with a 28-day compressive 
strength of 63.64 MPa, a splitting tensile strength 
of 6.6 MPa, and a flexural strength of 11.0 MPa, 
corresponding to increases of approximately 41%, 
74%, and 77% over the control mixture.

From an engineering perspective, the investi-
gated concrete shows potential for structural el-
ements in urban infrastructure, such as high-rise 
buildings, bridge decks, and precast components, 
where high mechanical performance is required. 
Its suitability for aggressive environments should 
be confirmed through durability and long-term 
performance testing.
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