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Impact of Glass Powder as a Sustainable Material
on the Workability, Strength, and Durability
Properties in High-Performance Basalt Fiber
Reinforced Concrete: A Statistical Analysis
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Department of Civil Engineering, College of Engineering, Bisha University, P.O. Box 67711, Bisha 61361, Saudi Arabia

ABSTRACT

The global construction sector is increasingly challenged to balance environmental sustainability with the growing
demand for durable, high-performance materials. As cement production continues to be a major source of anthropogenic
CO2 emissions, the incorporation of alternative, low-impact binders has become a key strategy for reducing the
environmental footprint of concrete. In this context, glass powder (GP)—a finely ground industrial by-product rich
in amorphous silica—has emerged as a promising partial replacement for Portland cement. Its pozzolanic reactivity
contributes to improved hydration and matrix densification, while its use also supports circular economy principles by
diverting waste glass from landfills.

At the same time, basalt fibers have attracted considerable attention as an advanced reinforcement material due
to their high tensile strength, chemical stability, and thermal resistance. Their inclusion in concrete has been shown to
enhance ductility, limit crack propagation, and improve overall mechanical performance. The potential synergy between
glass powder and basalt fibers therefore presents an attractive opportunity to develop composite concrete systems that
simultaneously address structural performance and environmental considerations.

Within this framework, the present study conducts an experimental and statistical investigation into the combined ef-
fects of GP and basalt fibers in high-performance concrete, focusing on key performance indicators including workability,
compressive strength, tensile strength, flexural strength, and durability under aggressive exposure conditions. The results
indicate that incorporating glass powder at selected replacement levels can lead to favorable mechanical performance,
particularly when used in conjunction with basalt fibers. These findings highlight the potential of multi-component
material systems to enhance the sustainability of concrete, while also underscoring the importance of considering
site-specific conditions and climatic influences when optimizing mixture design.

Keywords: Glass powder, Basalt fiber, High-performance concrete, Sustainability, Strength and durability

1. Introduction

Concrete remains a cornerstone of modern infras-
tructure because of its wide availability, versatility,
and reliable mechanical performance; nevertheless,
its extensive use carries a notable environmental cost.
In particular, the production of Portland cement is
responsible for nearly 8% of global anthropogenic
CO2 emissions [1–3], intensifying the need for con-

struction materials that can reduce cement demand
without sacrificing structural performance. In re-
sponse, recent research has increasingly explored the
combined use of supplementary cementitious mate-
rials (SCMs) and advanced reinforcement strategies
as practical pathways toward more sustainable and
durable concrete systems.

Among the emerging SCMs, glass powder (GP), ob-
tained from finely ground waste glass, has attracted
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growing interest due to its high amorphous silica
content and pronounced pozzolanic activity. When
partially replacing cement, GP reacts with calcium
hydroxide to form additional calcium silicate hydrate
(C–S–H), leading to a denser microstructure, refined
pore network, and improved long-term mechanical
behavior. Numerous studies have reported that ce-
ment replacement levels in the range of 10–20%
can enhance compressive strength, reduce permeabil-
ity, and simultaneously address waste management
challenges by diverting non-biodegradable glass from
landfills [4–6].

At the same time, fiber reinforcement has been
widely investigated as an effective means of overcom-
ing the inherent brittleness of cementitious materials.
Basalt fiber (BF), derived from natural volcanic rock,
is characterized by high tensile strength, chemical
inertness, and thermal stability. Its inclusion in con-
crete has been shown to improve tensile and flexural
performance, suppress microcrack development, and
enhance resistance to elevated temperatures and ag-
gressive exposure conditions, positioning BF as a
viable reinforcement for high-performance concrete
applications [7].

More recently, the hybrid incorporation of GP and
BF has emerged as a promising strategy for achieving
concurrent improvements in mechanical performance
and environmental sustainability. Experimental ev-
idence suggests that GP-induced matrix refinement
can complement BF crack-bridging mechanisms, re-
sulting in enhanced strength, toughness, and durabil-
ity. For example, Xu et al. [8, 9] reported that basalt
fiber–reinforced concretes containing mineral pow-
ders maintained structural integrity at temperatures
approaching 600 °C, while Singh et al. [10] observed
notable gains in compressive strength and ductility
through optimized BF content and geometry. Addi-
tional investigations have also documented reduced
water absorption and improved abrasion resistance
when GP and BF are used together.

Despite these encouraging findings, comprehensive
studies addressing the combined influence of GP and
BF on fresh properties, mechanical behavior, and
durability remain relatively limited. In particular,
systematic statistical analyses of their joint effects
on durability-related indicators—such as freeze–thaw
resistance—are still scarce, even though these prop-
erties are closely interlinked and critically affect
long-term structural serviceability [11, 12].

To bridge this gap, the present study presents an
integrated experimental and analytical evaluation of
concrete incorporating both glass powder and basalt
fiber. The hybrid system is assessed in terms of
workability, compressive strength, splitting tensile
strength, flexural performance, and freeze–thaw re-
sistance, with the objective of identifying mix designs

that reconcile sustainability goals with structural per-
formance requirements. Ultimately, the outcomes of
this work aim to contribute to the development of
eco-efficient, high-performance concrete suitable for
future infrastructure applications.

1.1. Research objectives

This study explores the integration of finely ground
recycled glass powder as a supplementary cemen-
titious material in high-performance basalt fiber-
reinforced concrete (HPBFC), with the dual objective
of improving mechanical performance and promot-
ing environmental sustainability in the construction
industry. As the environmental costs of traditional
concrete, which are mostly caused by too much
cement consumption and industrial waste, become
more and more unsustainable, using other materi-
als like glass powder is a good and eco-friendly
way to solve the problem. The research system-
atically investigates the influence of varying glass
powder dosages on critical performance parameters,
including compressive and tensile strength, fresh mix
workability, and key durability indicators. HPBFC, as
a composite system, is engineered to surpass tradi-
tional concrete in strength and resilience, while the
inclusion of glass powder is anticipated to reduce
the brittleness typically associated with high-strength
concrete. In addition to looking at how well the
concrete matrix works and how long it lasts, the
study also looks at how the microstructure of the
concrete matrix changes over time using advanced
analytical methods. It focuses on how water moves
through the matrix and how calcium hydroxide crys-
tals form. These analyses yield critical insights into
the physicochemical interactions between the re-
cycled glass particles and the cementitious phase,
facilitating a comprehensive knowledge of long-term
performance behavior. The research is organized
around three main goals: looking at how mechanical
strength develops, looking at slump characteristics,
and looking at durability in harsh environments.
This research collectively creates a robust experi-
mental framework validating the viability of glass
powder-enhanced HPBFC in structural applications.
The results contribute to the overarching quest for
high-performance, low-carbon concrete solutions and
underscore the significance of circular economy ini-
tiatives in sustainable construction.

2. Materials and methods

2.1. Ordinary portland cement (OPC)

In line with British standard BS 12, BS EN 197-
1:2000 and ASTM C150-07, the Ordinary Portland
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Fig. 2.1. Photo, FESEM image and XRD result of ordinary portland cement (OPC).

Cement (OPC) used in this experimental research was
complied with Malaysian standard SIRIM MS 522:
Part I: 2000, certificate no: PT020301. The OPC was
a 50 kg weight product obtained from Tasek Cor-
poration Berhad, Ipoh, Malaysia. The photo of OPC,
FESEM photo and the XRD results are presented in
Fig. 2.1. They prove that the particles of OPC show a
slight variation in size and shape. The chemical and
physical compositions of the OPC are presented in
Tables 2.1 and 2.2.

Table 2.1. Chemical composition of
the cement.

Chemical Composition OPC

SiO2 20.3
Al2O3 4.2
Fe2O3 3
CaO 62
MgO 2.8
SO3 3.5
K2O 0.9
Na2O 0.2
LOI 2.00

Table 2.2. Physical properties of the cement.

Physical Properties OPC

Specific gravity 3.15
Fineness (passing 45 µm) 93.10
BET surface (m2/g) 0.6957
Adsorption average pore width (Å) 141.27

2.2. Aggregate

The fine aggregate utilized in the experiment was
clean natural sand with a specific gravity of 2.61
and fineness modulus of 2.76 with a water absorp-
tion of 0.96; the maximum size was not more than
3.35 mm. The coarse aggregate utilized was (5.0 -
20) mm crushed granite stone according to BS: 812-
103.2-1989 having a specific gravity of 2.66 in SSD
and water absorption of 1.18. The two aggregates
(Fig. 2.2) were sieved as highlighted in Graph 1.

The coarse aggregate was first sieved after which
it was submerged in water and then dried for 24
hours at room temperature. The reason for immersion
was to remove dirt at the top of the coarse aggregate
that could have reduced the strength or proportion of
the concrete, as well as to make sure that the coarse
aggregate was fully saturated. Then, the coarse aggre-
gate was dried for one more day at room temperature
to make sure that the coarse aggregate’s condition
was saturated surface dry (SSD). The coarse aggregate
used in this study was clean, hard, and strong, and
was free from absorbed chemicals and clay coatings.
It was sourced from a local quarry and conformed to
the relevant ASTM specifications for concrete aggre-
gates, for example:

a. Aggregate Impact Value
b. Silt content Test
c. Sieve Analysis

2.3. Basalt fiber (BF)

Basalt fiber (BF) (Fig. 2.3) is a new type of fiber that
is obtained from China and is made from basalt rock.
The basalt fiber is dark brown with an elastic modulus
of 80-100 Gpa; the fiber length is 25.00mm with a
0.18 µm diameter and aspect ratio of 138.89. The
density of the basalt fiber is 2.6-2.8 g/cm3 and the
tensile strength is 3200 MPa. At the time of mixing, it
is recommended to prohibit the touching of the fibers
and wear plastic gloves to prevent any itching that
can be caused by this fiber.

2.4. Glass powder

Recycled glass powder that is finely powdered (20-
75 µm) makes concrete stronger by reducing the
amount of cement. This is because it has a pozzolanic
effect. It makes things less porous and less likely to
be attacked by chloride, especially when conditions
are really bad. The first step in treating glass pow-
der is to collect and process the waste glass so that
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Fig. 2.2. Coarse (5.0–20 mm) and fine (< 3.35 mm) aggregates.

Graph 1. Practical size distribution of coarse and fine aggregate.

Figure 2.3. Basalt fiber.

metals, polymers, and ceramics that were not glass
are removed. After being stored, the glass was cleaned
using pure water to get rid of any dust, biological
waste, or flaws on the surface. After that, it was dried
so that the moisture would not get in the way of
grinding. The glass was put through a ball mill after it
had been dried until the particles were a fine powder
with a maximum size of 75 microns, which was fine
enough for pozzolanic activity. A sieve was used to
make sure that all the pieces of the crushed powder
were the same size. X-ray fluorescence (XRF) and

X-ray diffraction (XRD) studies were used to make
sure the material was safe to use. Based on the tests in
Table 2.3, it possessed a lot of silica and was largely
in an amorphous state. In addition to that the specific
surface area (BET) of waste glass powder after it is
treating found in the range of 250–600 m2/kg. Lastly,
the treated glass powder was stored in dry, sealed
containers to keep it from getting wet and to maintain
the same quality for its subsequent use.

2.5. Concrete mix design

Twenty-five concrete mixtures were formulated
to evaluate the synergistic effects of basalt fiber
and glass powder on the characteristics of high-
performance concrete. The water-to-cement (W/C)
ratio was meticulously controlled within the range of
0.40 to 0.43 to guarantee consistent workability and
performance across all mixtures. The quantities of
coarse and fine aggregates were modified within spe-
cific limits (1000–1060 kg/m3 and 750–810 kg/m3,
respectively) to enhance particle packing and flow
properties. Glass powder served as a partial cement
substitute at replacement levels of 0%, 5%, 10%,
15%, and 20%, equating to GP contents from 0 to
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Table 2.3. Summary of XRF and XRD results for treated glass powder.

Test Parameter Result Remarks

XRF SiO2 (%) > 70% Indicates high pozzolanic potential
Na2O + K2O (%) < 2% Within safe limits to minimize ASR risk
CaO (%) 8–12% May contribute to hydration products
Al2O3 (%) 5–8% Enhances matrix densification
MgO (%) 1–3% Minor but stable content

XRD Crystallinity Amorphous Broad hump at 2θ = 20°–35°
Pozzolanic potential Confirmed Amorphous phase suitable for C-S-H formation

Table 2.4. Concrete mixes.

Mix Glass Powder Basalt Fiber Cement GP BF Water Sand Coarse Water-Cement
ID (% of Cement) (% by Volume) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) Aggregate (kg/m3) Ratio

N1 0 0 400 0 0 160 800 1050 0.4
N2 5 0.2 380 20 4.8 152 780 1030 0.4
N3 10 0.4 360 40 9.6 144 770 1020 0.4
N4 15 0.1 340 60 2.4 136 760 1010 0.4
N5 20 0.3 320 80 7.2 128 750 1000 0.4
N6 5 0.5 380 20 12 162 810 1050 0.43
N7 10 0.6 360 40 14.4 155 800 1040 0.43
N8 15 0 340 60 0 136 790 1030 0.4
N9 20 0.1 320 80 2.4 130 780 1020 0.41
N10 0 0.2 400 0 4.8 170 810 1050 0.43
N11 10 0.3 360 40 7.2 148 780 1030 0.41
N12 15 0.4 340 60 9.6 142 770 1020 0.42
N13 20 0.5 320 80 12 135 760 1010 0.42
N14 5 0 380 20 0 160 810 1040 0.42
N15 10 0.1 360 40 2.4 153 800 1030 0.43
N16 15 0.2 340 60 4.8 146 790 1020 0.43
N17 20 0.3 320 80 7.2 138 780 1010 0.43
N18 0 0.4 400 0 9.6 172 810 1060 0.43
N19 5 0.5 380 20 12 164 800 1050 0.43
N20 10 0.6 360 40 14.4 156 790 1040 0.43
N21 15 0 340 60 0 136 770 1020 0.4
N22 20 0.1 320 80 2.4 128 760 1010 0.4
N23 10 0.4 360 40 9.6 150 780 1040 0.42
N24 15 0.5 340 60 12 142 770 1030 0.42
N25 20 0.6 320 80 14.4 136 760 1020 0.43

80 kg/m3. Basalt fiber was added ranging from 0%
to 0.6% by volume (0–14.4 kg/m3) and was incor-
porated to enable a comprehensive analysis of its
impact on the tensile and flexural properties. Specific
mixtures were created to isolate the individual effects
of each additive (e.g., GP only, BF only), while oth-
ers assessed their combined impact. Table 2.4 shows
the details of 25 concrete mix designs, highlighting
differences in the water-cement ratio, aggregate pro-
portions, cement content, and the amounts of basalt
fiber and glass powder used in each mix.

The mix proportions in Table 2.4 were determined
based on EN 206 mix design guidelines, targeting
high-performance concrete with suitable slump and
strength. Adjustments were made to accommodate
basalt fibers and glass powder, and proportions were
refined through preliminary trial mixes to ensure ho-
mogeneous and practical mixes.

In this study, the concrete is considered high-
performance, with a 28-day characteristic compres-

sive strength of 40 MPa. The mix design follows
the European Standard (EN 206), incorporating nec-
essary modifications to accommodate basalt fibers
and glass powder as supplementary materials. This
approach ensures that the concrete achieves the re-
quired strength and durability for high-performance
applications while conforming to established design
standards.

3. Literature review

This review integrates contemporary research
across five thematic domains to build a foundational
framework for the current study and to rigorously
pinpoint knowledge deficiencies.

It focuses on the performance of concrete modified
with ground glass powder (GP) and basalt fiber (BF),
evaluating their respective and combined influences
on workability, mechanical behavior, durability, and



JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2026;11:132–154 137

microstructural characteristics. Special attention is
paid to the role of GP in enhancing the matrix chem-
istry and sustainability, and to BF in strengthening
the tensile and fracture resistance properties of con-
crete composites. The insights provided here position
GP-BF hybrid systems as a forward-looking solution
aligned with both performance and environmental
objectives.

3.1. Integration of glass powder and basalt fiber in
concrete

Glass powder (GP) contributes to enhanced hydra-
tion and a denser matrix when it replaces 20–30% of
cement, leading to improved strength and durability,
though ASR mitigation through supplementary ma-
terials remains necessary [13, 14]. Basalt fiber (BF),
offering tensile strengths up to 4840 MPa, strength-
ens flexural performance and helps limit cracking at
dosages under 0.5%; however, higher amounts tend
to cause fiber clumping and hinder workability, un-
derscoring the importance of carefully optimized mix
proportions.

When GP and BF are incorporated together, they
yield complementary benefits, such as stronger inter-
facial bonding, reduced microcracking, and marked
improvements in abrasion resistance and energy
absorption. Although BF is vulnerable to long-term al-
kaline degradation, it still performs better than glass
and carbon fibers under aggressive conditions. Over-
all, the GP–BF combination presents a promising,
sustainable enhancement for concrete, well-suited
to advanced construction technologies including 3D
printing [15–22].

3.2. Fresh-state behavior: Influence of glass powder
and basalt fiber on slump characteristics

GP typically improves the flowability of concrete by
lowering internal friction and promoting better parti-
cle dispersion, with a 20% replacement level capable
of increasing slump flow by as much as 22%. Con-
versely, BF sharply reduces slump—by up to 78% at
a 1.5% volume fraction—because of its geometry and
surface texture, which requires increased superplasti-
cizer use to maintain workable consistency [23–26].

Even so, hybrid mixtures such as 10% GP com-
bined with BF can still satisfy EN 206-1 flow criteria,
while appropriate GP fineness and admixture adjust-
ments help keep slump flow within SCC standards.
Rheological behavior is further affected by aggre-
gate characteristics and temperature, highlighting the
need for carefully managed admixture strategies in
BF-reinforced concrete systems [27–33].

3.3. Mechanical properties: Strength characteristics
of GP and BF modified concrete

GP increases compressive strength by enhancing
matrix packing and promoting secondary hydration,
with strength gains of 18–22% documented in fiber-
reinforced mixtures. BF further improves toughness
and crack resistance, while hybrid blends containing
20% GP and 0.2% BF can deliver strength increases
of up to 25% due to a more refined pore network and
stronger ITZ cohesion [34–37].

In UHPC, BF contents of 0.75–1% can achieve com-
pressive strengths exceeding 85 MPa and maintain
performance after thermal exposure. Predictive mod-
eling tools also help refine GP–BF mixture designs,
lowering embodied carbon by as much as 35% and
enabling the large-scale reuse of waste glass in sus-
tainable concrete applications [38, 39].

3.4. Durability performance: Resistance to
environmental degradation

BF markedly enhances durability by limiting chlo-
ride penetration and improving freeze–thaw perfor-
mance, cutting ionic transport by 40% and doubling
resistance to freeze–thaw cycles at low fiber contents.
GP strengthens this effect by refining the pore struc-
ture, while hybrid GP–BF mixtures can reduce mass
loss by up to 60% after 300 cycles. Field evidence fur-
ther supports BF’s role in improving UHPC durability
and in strengthening retrofitted structures [40–49].

Microstructural studies indicate that GP produces
denser hydration products, whereas BF disrupts cap-
illary channels, resulting in a 45% reduction in pores
larger than 100 nm and a 25% decrease in ITZ poros-
ity. Substituting sand with GP can raise strength by
18%, and combining multiple fiber types helps better
control pore gradation, establishing GP–BF concrete
as a resilient, thermally stable, and sustainable mate-
rial choice [50–55].

4. Scope and significance

This study aims to develop, refine the strength per-
formance of high-strength, high-performance basalt
fiber concrete (BFC) incorporating ground glass pow-
der (GP) as a partial cement substitute. The concrete
mixtures analyzed are produced using controlled
molding techniques and defined curing regimes. The
core research question guiding this work is: Can the
mechanical performance of sustainable BFC mixtures
enhanced with mineral admixtures and structured
through advanced mix dispersion series be reliably
predicted using statistical design methods. To address
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this, a subsidiary question is posed: How do the in-
dividual effects of casting and compaction influence
the different parameter on workability, strength, and
crack resistance behavior.

The investigation focuses specifically on mechani-
cal response variables relevant to high-performance
BFC with GP admixture, rather than attempting to
generalize across the entire field of concrete materials
science. Its main contribution is that it models the
many interactions between the different parts of
a mixture during dispersion and molding, and it
quantifies how those interactions affect strength
development.

The study also shows how useful recycled glass
may be as a raw material for future cementitious
composites, especially as it comes in a variety of
chemical grades. If this resource is well-integrated
into regional construction programs, it might boost
local economies by creating jobs, encouraging en-
trepreneurship, and adding value through new ways
to use materials. The broader significance of this
work lies in its potential to inform cost-effective,
sustainable infrastructure solutions for post-crisis
reconstruction and public works through the de-
ployment of high-performance, low-carbon building
materials.

5. Ground glass powder in concrete:
Production, properties, and performance

Recycled glass powder (RGP), synthesized through
advanced comminution of discarded glass prod-
ucts (predominantly soda-lime variants), has gained
prominence as an innovative supplementary ce-
mentitious material (SCM) for sustainable concrete
production. The production protocol includes stages
for decontamination, fragmentation, and pulveriza-
tion, which produce particles smaller than 75 µm.
The fractions less than 20 µm are more reactive.

Characterized by a silica-rich amorphous phase
(≥70% SiO2), RGP engages in pozzolanic interactions
with portlandite during hydration, generating supple-
mentary calcium silicate hydrate (C-S-H) phases that
refine the pore structure and amplify the mechanical
performance over extended curing periods [56, 57].

Strategic substitution of 10–30% Portland ce-
ment with RGP confers multifaceted engineering
and ecological benefits. Beyond augmenting struc-
tural resilience through diminished permeability
and fortified resistance to ionic penetration (e.g.,
sulfates, chlorides), optimized RGP formulations ef-
fectively suppress deleterious alkali-silica reactions
(ASR) via silica-alkali binding mechanisms. From
an environmental perspective, RGP deployment di-

rectly addresses anthropogenic waste streams by
repurposing landfill-destined glass while curtailing
clinker production—a critical lever for decarboniz-
ing the construction sector. Notably, RGP-modified
composites exhibit enhanced rheological properties
in architectural concrete, enabling precise surface fin-
ishes without compromising bulk integrity [58–60].

However, material limitations warrant judicious
formulation protocols. Dosages exceeding 30% risk
reintroducing ASR susceptibility, particularly when
processing inadequately homogenized glass feed-
stocks with fluctuating alkali profiles. Early-age
strength retardation, attributable to delayed poz-
zolanic kinetics, remains a concern unless ultrafine
particle gradations (<10 µm) are achieved. Fur-
thermore, compositional heterogeneity across waste
sources necessitates robust feedstock characterization
and real-time quality monitoring to ensure batch
consistency. Paradoxically, while RGP’s chemical
variability poses formulation challenges, it simulta-
neously highlights its versatility in regionally tailored
applications where local waste streams can be lever-
aged. When integrated within circular economy
frameworks, RGP-engineered concretes exemplify the
symbiosis between infrastructure durability and re-
source stewardship a critical advancement as global
urbanization intensifies demand for low-embodied-
carbon building solutions.

6. Mechanical and structural role of basalt
fiber in high-performance concrete

Basalt fiber-reinforced concrete (BFRC), an engi-
neered composite synthesized by strategically in-
corporating volcanic basalt rock-derived filaments
into cementitious matrices, represents a paradigm
shift in high-performance construction materials.
These fibers produced via molten rock extrusion,
fiberization, and thermal stabilization are typically
introduced as discrete elements (0.1–3 cm lengths)
at 2–7 vol%, optimizing interfacial bonding while
preserving workability. Functioning as micro-scale
reinforcement, the fibers mitigate crack propagation
through stress redistribution, concurrently elevating
tensile capacity (2.6–4.8 GPa), flexural toughness,
and impact resilience. Their intrinsic thermal in-
ertness (serviceable to 750°C) and electrochemical
stability position them as ideal candidates for infras-
tructure subjected to cyclic thermal gradients, marine
environments, or dynamic loading regimes [61, 62].

BFRC fundamentally redefines concrete’s failure
mechanics, transitioning brittle fracture patterns
to progressive, energy-dissipative modes. While
compressive strengths align with high-performance
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concrete benchmarks (60–120 MPa), the material’s
distinction lies in its post-crack ductility a property
arising from synergistic fiber-matrix interactions that
homogenize strain distribution and dissipate fracture
energy through controlled fiber pull-out mecha-
nisms. This pseudo-ductile behavior proves critical
in applications demanding vibration damping, blast
resistance, or fatigue endurance, with documented
performance enhancements in bridge decks, seismic
retrofits, and Arctic infrastructure where freeze-thaw
cycling compromises conventional concretes.

From a sustainability perspective, BFRC addresses
dual priorities: structural resilience and ecological
stewardship. Basalt fiber production requires 30–
50% less energy than synthetic alternatives (e.g.,
carbon/glass fibers), leverages Earth’s most abundant
igneous resource, and generates no toxic byprod-
ucts. Recent lifecycle analyses reveal that coupling
BFRC with industrial byproducts like metakaolin or
recycled glass powder amplifies durability while re-
ducing the mix’s embodied carbon by up to 40%—a
synergy aligning with circular economy principles
[63–65]. Notably, the material’s compatibility with
automated construction techniques, such as 3D con-
crete printing, underscores its role in modernizing
sustainable infrastructure. As urbanization intensifies
pressure on aging systems, BFRC emerges as a linch-
pin material, reconciling the escalating demands for
disaster-resilient structures with decarbonization im-
peratives in the built environment.

7. Experimental design and evaluation
protocol

This section outlines the comprehensive experimen-
tal framework adopted to investigate the performance
of 25 engineered high-performance basalt fiber-
reinforced concrete (HP-BFRC) mixtures incorporat-
ing glass powder (GP) as a sustainable alternative
to ordinary Portland cement (OPC) (Fig. 7). The
mix design strategy employed a systematic partial
replacement of OPC by mass, ranging from 25% to
45%, with ultrafine GP (<20 µm), combined with
basalt fiber volumes between 4% and 6%, to optimize
both mechanical efficacy and environmental impact.
A factorial matrix guided the formulation process,
integrating five levels of GP substitution (25%,
30%, 35%, 40%, 45%) with five corresponding fiber
dosages (4%, 4.5%, 5%, 5.5%, 6%) to enable detailed
analysis of both the main and the interaction effects.

To ensure homogeneous dispersion and minimize
segregation risks, GP was pre-mixed with fine and
coarse aggregates before cement addition, while
basalt fibers were introduced gradually under con-
trolled shear mixing to prevent clumping. The fine
GP particles served a dual function, acting as a
pozzolanic agent and enhancing the fiber matrix
interface by improving mix fluidity and fiber align-
ment. This approach was specifically calibrated to
balance fresh-state stability with long-term structural
integrity.

Figure 7. Experimental framework for HP-BFRC mixture.
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Each of the 25 formulations underwent a multi-
phase testing regime. Fresh-state behavior was eval-
uated through slump flow measurements to assess
workability. Mechanical performance was character-
ized through compressive strength testing of 100
mm cube specimens of 28-days, along with the 28-
day tensile strength using ASTM C496 (split-cylinder
method) and flexural strength via ASTM C78 (third-
point loading on 100 × 100 × 400 mm prisms).
Finally, the durability was assessed using rapid chlo-
ride ion permeability (ASTM C1202) and freeze-thaw
resistance, quantified as the percentage of strength
retained after 300 cycles in accordance with ASTM
C666. This experimental design not only ensures re-
producibility but also provides a robust dataset for
evaluating the synergy between GP and basalt fibers
in advancing sustainable, high-performance concrete
systems.

8. Results

8.1. Data description

This study evaluated five key performance proper-
ties of concrete mixes: freeze-thaw resistance, com-
pressive strength, flexural strength, tensile strength,
and slump. These properties were assessed using
box plots (Fig. 8.1) alongside summary statistics
(Table 8.1). Freeze-thaw resistance exhibited high
durability, with a median of around 89% and a nar-
row interquartile range. The mean value stood at
89.16%, with a standard deviation of 3.45%, reflect-
ing stable performance under cyclic environmental
exposure. Compressive strength showed a median of
approximately 46 MPa and ranged from just below 40
MPa to slightly above 52 MPa. The average value was
45.76 MPa, highlighting the overall strength quality
across the mixes.

Flexural strength, with a median near 9.8 MPa
and values between 8.5 and 11 MPa, demonstrated
dependable resistance to bending. Similarly, tensile
strength ranged from 2.8 MPa to 3.8 MPa, with a
mean of 3.34 MPa and standard deviation of 0.35
MPa, reflecting moderate variation in tensile be-
havior. In contrast, the slump measurements, which
indicate workability, showed the broadest spread
among all properties. Values ranged from 50 mm to
85 mm, with a mean of 71.16 mm and a relatively
high standard deviation of 9.85 mm. This variation
likely results from differences in the proportions of
BF and GP used across the mixtures.

8.2. Statistical analysis section

Given that glass powder (GP) and basalt fiber
(BF) contents varied simultaneously and quantita-

tively across mixtures, a multivariable general linear
modeling approach was adopted. GP and BF were
treated as continuous predictors, and their interaction
term was included to assess combined effects. The
water–cement ratio was incorporated as a covariate
to control its known influence on fresh, mechanical,
and durability properties. In this way we avoid con-
founding inherent in one-way analyses and provide
adjusted estimates of the independent and interactive
effects of GP and BF

8.3. Assessment of compressive strength

The statistical analysis indicates that the proposed
model explains most of the variation in 28-day com-
pressive strength (Tables 8.3.1 and 8.3.2), with glass
powder (GP) identified as the primary and statisti-
cally significant influencing factor. This observation
aligns with previous studies reporting that finely
ground glass powder enhances compressive strength
by refining the pore structure and densifying the
cementitious matrix when used within suitable re-
placement ranges [66]. In contrast, basalt fiber (BF)
and the water-to-cement ratio do not show statisti-
cally significant independent effects on compressive
strength, which is consistent with earlier findings that
BF mainly contributes to improvements in tensile and
flexural performance rather than compressive behav-
ior [67].

The GP×BF interaction displays a limited, near-
significant effect, suggesting a modest synergistic
influence that may become more evident under alter-
native mix proportions or with an expanded dataset.
Similar interpretations have been reported in the
literature, indicating that the mechanical response
of glass powder–modified concrete is primarily gov-
erned by matrix refinement and particle packing,
while fiber contributions tend to play a secondary role
and may be restricted by workability limitations at
higher dosages [68, 69]. Overall, these results con-
firm that improvements in compressive strength are
largely driven by GP incorporation, without evidence
of adverse effects associated with BF addition or their
combined use.

The diagnostic plots show a strong agreement
between the observed and predicted compressive
strength values at 28 days, indicating that
the regression model satisfactorily represents
the mechanical behavior of concrete mixtures
incorporating glass powder (GP) and basalt fiber
(BF) (Fig. 8.3). This agreement suggests that the
contribution of GP to matrix densification and
microstructural refinement has been effectively
captured, which is consistent with previous findings
reporting improved hydration behavior and pore
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Figure 8.1. Box plot of five key parameters.
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Table 8.1. Descriptive statistics of different performance properties.

Compressive Strength Freeze-Thaw Slump Flexural Tensile
Statistic (28 Days) (MPa) Resistance (% Retained) (mm) Strength (MPa) Strength (MPa)

Mean 45.76 89.16 71.16 9.84 3.34
Standard Deviation 4.11 3.45 9.85 0.75 0.35
Minimum 39.00 84.00 50.00 8.50 2.80
25th Percentile 43.00 86.00 65.00 9.20 3.20
Median (50th %) 46.00 89.00 72.00 9.80 3.30
75th Percentile 49.00 92.00 80.00 10.50 3.60
Maximum 53.00 95.00 85.00 11.00 3.80

Table 8.3.1. Tests of between-subjects effects on the 28 days compressive strength.

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared

Corrected Model 375.187a 4 93.797 63.867 0.000 0.927
Intercept 36.564 1 36.564 24.896 0.000 0.555
GP 81.187 1 81.187 55.281 0 .000 0.734
BF 0.317 1 0.317 0.216 0.647 0.011
W/C Ratio 1.434 1 1.434 0.977 0.335 0.047
GP * BF 4.966 1 4.966 3.381 0.081 0.145

R squared = 0 .927. Adj R sq = 0.913.

Table 8.3.2. Regression coefficients of GP, BF, W/C and GP*BF on 28 days compressive strength.

95% Confidence Interval

Parameter B Std. Error t Sig. Lower Bound Upper Bound

Intercept 49.261 9.873 4.990 0.000 28.667 69.855
GP 0.118 0.016 7.435 0.000 0.085 0.152
BF –0.051 0.111 –0.465 0.647 –0.282 0.179
W/C Ratio –23.633 23.913 –0.988 0.335 –73.514 26.248
GP * BF 0.004 0.002 1.839 0.081 0.000 0.008

Figure 8.3. Diagnostic plot of model assumptions for compressive
strength.

structure refinement in glass powder–blended
cementitious systems [70]. In parallel, the stabilizing
role of basalt fibers in enhancing stress transfer and
controlling microcrack development supports the
overall predictive performance of the model [71].

Moreover, the nearly random distribution of stan-
dardized residuals around zero, without observable
trends or heteroscedastic patterns, confirms the valid-
ity of the linearity and constant variance assumptions,
even with the inclusion of the GP×BF interaction
term. This behavior indicates that the synergistic in-
teraction between fine mineral admixtures and fibers
has been appropriately accounted for, reducing sys-
tematic prediction errors. Similar synergistic effects
have been reported in recent studies, where the com-
bined use of mineral additives and fibers was shown
to enhance mechanical consistency and limit result
dispersion in concrete composites [72] Accordingly,
the proposed model can be considered reliable for
interpreting and predicting compressive strength in
GP–BF concrete mixtures within the investigated pa-
rameter range.

8.4. Assessment of Freeze-Thaw resistance

The statistical analysis indicates that the pro-
posed model captures freeze–thaw resistance be-
havior with a high level of significance (p <
0.001) and strong explanatory capability (R2

=

0.869) (Tables 8.4.1 and 8.4.2). Glass powder
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Table 8.4.1. Tests of between-subjects effects of GP, BF, W/C ratio on Freeze-Thaw resistance.

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared

Corrected Model 0.025a 4 0.006 33.100 0.000 0.869
Intercept 0.015 1 0.015 81.235 0.000 0.802
GP 0.009 1 0.009 48.069 0.000 0.706
BF 7.287E-5 1 7.287E-5 0.389 0.540 0.019
W_C_Ratio 0.000 1 0.000 1.859 0.188 0.085
GP * BF 0.000 1 0.000 2.624 0.121 0.116

R Squared = 0.869 (Adjusted R Squared = 0.843).

Table 8.4.2. Regression coefficients of GP, BF, W/C and GP*BF on Freez-Thaw resistance.

95% Confidence Interval

Parameter B Std. Error t Sig. Lower Bound Upper Bound

Intercept 1.005 0.111 9.013 .000 0.772 1.237
GP 0.001 0.000 6.933 .000 0.001 0.002
BF –0.001 0.001 –0.624 .540 –0.003 0.002
W_C_Ratio –0.368 0.270 –1.364 .188 –0.931 0.195
GP * BF –3.658E-5 2.258E-5 –1.620 .121 –8.369E-5 1.053E-5

Figure 8.4. Diagnostic plot of model assumptions for Freeze-Thaw
resistance.

(GP) emerges as the principal and statistically
significant factor, which is consistent with previous
studies demonstrating that GP enhances freeze–thaw
durability through pore refinement and reduced per-
meability [52, 70]. By contrast, basalt fiber (BF) and
the water-to-cement ratio do not display significant
independent effects, supporting earlier observations
that fiber contributions to freeze–thaw performance
are generally secondary and strongly influenced by
overall mixture balance [67].

The GP×BF interaction exhibits only a limited,
near-significant influence, pointing to a modest syn-
ergistic effect that may become more apparent under
alternative mix proportions or extended exposure
conditions. Overall, these findings confirm that im-
provements in freeze–thaw resistance are primarily

governed by GP incorporation, with no evidence of
adverse effects associated with BF addition or from
their combined use [73].

The diagnostic plots show a satisfactory agreement
between observed and predicted freeze–thaw resis-
tance values (% strength retained), indicating that the
regression model adequately represents the durabil-
ity behavior of concrete mixtures incorporating glass
powder (GP) and basalt fiber (BF) (Fig. 8.4). This cor-
respondence suggests that the role of GP in refining
the pore structure and reducing water absorption has
been effectively captured, which is known to enhance
freeze–thaw resistance by limiting moisture ingress
and internal microcracking [70]. In addition, the in-
corporation of BF contributes to improved crack con-
trol and stress redistribution under cyclic freezing and
thawing, supporting the model’s predictive perfor-
mance across the investigated parameter range [71].

Furthermore, the standardized residuals are ran-
domly distributed around zero, with no evident
trends or variance amplification, confirming the
validity of the linearity and homoscedasticity as-
sumptions, even with the inclusion of the GP×BF
interaction term. This statistical behavior indicates
that the combined effect of GP-induced matrix den-
sification and BF-driven crack-bridging mechanisms
has been reasonably accounted for, thereby minimiz-
ing systematic prediction errors. Consequently, the
proposed model can be considered reliable for inter-
preting and predicting freeze–thaw performance of
GP–BF concrete mixtures within the studied domain.

8.5. Assessment of slump properties

The multivariable statistical modeling approach re-
sults show that the proposed model accounts for
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Table 8.5.1. Tests of between-subjects effects of GP, BF, W/C ratio on slump.

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared

Corrected Model 2217.698a 4 554.425 101.115 0.000 0.953
Intercept 244.840 1 244.840 44.654 0.000 0.691
GP 27.157 1 27.157 4.953 0.038 0.198
BF 205.704 1 205.704 37.516 0.000 0.652
W/C Ratio 25.411 1 25.411 4.634 0.044 0.188
GP * BF 20.953 1 20.953 3.821 0.065 0.160

a. R Squared = 0.953 (Adjusted R Squared = 0.943).

Table 8.5.2. Regression coefficients of GP, BF, W/C and GP*BF on slump.

95% Confidence Interval

Parameter B Std. Error t Sig. Lower Bound Upper Bound

Intercept 127.473 19.076 6.682 0.000 87.681 167.265
GP –0.069 0.031 –2.226 0.038 –0.133 –0.004
BF –1.310 0.214 –6.125 0.000 –1.756 –0.864
W/C Ratio –99.468 46.204 –2.153 0.044 –195.848 –3.088
GP * BF –0.008 0.004 –1.955 0.065 –0.016 0.001

Figure 8.5. Diagnostic plot of model assumptions for slump.

nearly all the variability in slump values (R2
= 0.953),

highlighting the strong influence of mixture parame-
ters on concrete workability (Tables 8.5.1 and 8.5.2).
Basalt fiber (BF) exhibits the most pronounced nega-
tive effect on slump, in agreement with earlier studies
indicating that fiber incorporation reduces worka-
bility as a result of increased internal friction and
surface area in the fresh mixture [74, 75]. Glass pow-
der (GP) and the water-to-cement ratio also display
statistically significant, though less dominant, ef-
fects, reflecting modifications in particle packing and
paste rheology associated with fine mineral additions
[19].

The GP×BF interaction approaches statistical sig-
nificance, suggesting a limited combined influence
that may further reduce workability when both

constituents are introduced simultaneously. Similar
trends have been documented in the literature, where
the concurrent use of mineral admixtures and fibers
requires careful proportioning and fresh-state adjust-
ments to ensure adequate flowability [76]. Overall,
these findings indicate that although GP and BF
contribute positively to hardened properties, their
combined use demands deliberate mix design control
to maintain acceptable workability.

The diagnostic plots indicate a good agreement
between the observed and predicted slump values,
suggesting that the regression model adequately cap-
tures the workability behavior of concrete mixtures
incorporating glass powder (GP) and basalt fiber (BF)
(Fig. 8.5). This agreement reflects the influence of
GP on modifying particle size distribution and paste
rheology, which can enhance flowability at moderate
replacement levels by improving packing density and
reducing internal friction [66]. The near-linear corre-
spondence further indicates that the combined effects
of GP content and water–cement ratio on slump have
been consistently represented within the investigated
mix design range.

Moreover, the standardized residuals are randomly
distributed around zero without discernible trends
or variance escalation, confirming the validity of
the linearity and homoscedasticity assumptions, even
with the inclusion of the GP×BF interaction term.
This behavior suggests that the reduction in worka-
bility typically associated with fiber addition—due
to increased surface area and fiber interlocking—
has been appropriately captured by the model [67].
Accordingly, the proposed model can be considered
statistically reliable for interpreting and predicting
slump of GP–BF concrete mixtures within the studied
parameter domain.
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8.6. Assessment of tensile strength

The multivariable statistical modeling approach re-
sults show that the proposed model accounts for a
considerable share of the variation in tensile strength
(R2
= 0.755), with glass powder (GP) and basalt

fiber (BF) emerging as statistically significant con-
tributors (Tables 8.6.1 and 8.6.2). The beneficial
influence of GP is consistent with earlier studies in-
dicating that finely ground glass powder enhances
tensile performance by improving matrix continu-
ity and strengthening the paste–aggregate interface
[67, 78]. Likewise, the significant role of BF agrees
with well-established findings that basalt fibers limit
crack initiation and propagation, thereby contribut-
ing to improved tensile resistance [68].

By contrast, the water-to-cement ratio does not
exhibit a significant independent effect within the
investigated range. The GP×BF interaction term, al-
though statistically significant, indicates a limited
interaction effect, pointing to a delicate balance be-
tween matrix refinement provided by GP and the
efficiency of fiber reinforcement. Similar trends have
been reported in the literature, where excessive fiber
contents or combined additions can reduce effective-
ness due to workability and dispersion limitations
[74]. Overall, these findings confirm that tensile
strength improvement is mainly governed by the
combined use of GP and BF, provided that their pro-
portions are carefully optimized.

The diagnostic plots reveal a strong correspon-
dence between the observed and predicted tensile
strength values, demonstrating that the regression
model effectively represents the tensile response of
concrete mixtures incorporating glass powder (GP)

and basalt fiber (BF) (Fig. 8.6). This correspondence
highlights the role of finely ground glass powder
in improving particle packing and strengthening the
paste–aggregate interface, thereby mitigating mi-
crostructural defects and contributing to enhanced
tensile performance [53, 69]. The absence of system-
atic deviation further indicates that the influence of
GP has been consistently captured within the exam-
ined replacement levels.

In addition, the standardized residuals are ran-
domly scattered around zero, with no evident trends
or variance amplification, confirming the adequacy
of the linearity and homoscedasticity assumptions,
even when the GP×BF interaction term is in-
cluded. This behavior suggests that the contribu-
tion of basalt fibers in restraining crack initiation
and propagation—through effective crack-bridging

Figure 8.6. Diagnostic plot of model assumptions for tensile
strength.

Table 8.6.1. Tests of between-subjects effects of GP, BF, W/C ratio on tensile strength.

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared

Corrected Model 1.433a 4 0.358 15.404 0.000 0.755
Intercept 0.292 1 0.292 12.544 0.002 0.385
GP 1.159 1 1.159 49.844 0.000 0.714
BF 0.388 1 0.388 16.704 0.001 0.455
W/C Ratio 0.043 1 0.043 1.834 0.191 0.084
GP * BF 0.520 1 0.520 22.372 0.000 0.528

R Squared = 0.755 (Adjusted R Squared = 0.706).

Table 8.6.2. Regression coefficients of GP, BF, W/C and GP*BF on tensile strength.

95% Confidence Interval

Parameter B Std. Error t Sig. Lower Bound Upper Bound

Intercept 4.400 1.242 3.542 0.002 1.808 6.991
GP 0.014 0.002 7.060 0.000 0.010 0.018
BF 0.057 0.014 4.087 0.001 0.028 0.086
W/C Ratio –4.074 3.009 –1.354 0.191 –10.350 2.202
GP * BF –0.001 0.000 –4.730 0.000 –0.002 –0.001
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and stress redistribution mechanisms—has been
appropriately reflected in the model [72]. As a result,
the proposed model can be regarded as statistically
robust for both interpretation and prediction of ten-
sile strength in GP–BF concrete mixtures within the
investigated parameter domain.

8.7. Assessment of flexural strength

The multivariable statistical modeling approach re-
sults show that the proposed model accounts for a
substantial share of the variation in flexural strength
(R2
= 0.807), with glass powder (GP) emerging as the

main statistically significant contributor (Tables 8.7.1
and 8.7.2). This finding is consistent with earlier stud-
ies demonstrating that finely ground glass powder
improves flexural performance by enhancing matrix
continuity and promoting more efficient load transfer
under bending conditions [19, 72].

Although basalt fiber (BF) and the water-to-cement
ratio do not exhibit significant independent effects
within the investigated range, the GP×BF interaction
is statistically significant, pointing to a sensitive inter-
play between matrix refinement and fiber efficiency.
Similar trends have been reported in the literature,
where the combined use of mineral admixtures and
fibers leads to improved flexural behavior when mix-
ture proportions are carefully optimized to minimize
dispersion issues and workability constraints [61].
Overall, these results indicate that flexural strength
improvement is primarily driven by GP incorpora-
tion, with the combined GP–BF system providing a
supportive yet proportion-dependent contribution.

The diagnostic plots indicate a close alignment
between observed and predicted flexural strength val-

ues, confirming that the regression model satisfacto-
rily represents the flexural behavior of concrete mix-
tures containing GP and BF (Fig. 8.7). This alignment
reflects the positive contribution of GP to improving
matrix continuity and stress transfer under bending
loads, which enhances flexural performance [53].

Furthermore, the absence of heteroscedastic pat-
terns in the standardized residuals supports the
validity of the model assumptions. This behavior
suggests that the contribution of basalt fibers to flex-
ural strength through energy absorption and delayed
crack propagation has been appropriately captured,
ensuring the robustness of flexural strength predic-
tions [78].

Figure 8.7. Diagnostic plot of model assumptions for flexural
strength.

Table 8.7.1. Tests of between-subjects effects of GP, BF, W/C ratio on flexural strength.

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared

Corrected Model 17.122a 4 4.280 20.923 0.000 0.807
Intercept 2.758 1 2.758 13.480 0.002 0.403
GP 9.483 1 9.483 46.355 0.000 0.699
BF 0.558 1 0.558 2.729 0.114 0.120
W/C Ratio 0.443 1 0.443 2.166 0.157 0.098
GP * BF 1.779 1 1.779 8.698 0.008 0.303

a. R Squared = 0.807 (Adjusted R Squared = 0.769).

Table 8.7.2. Regression coefficients of GP, BF, W/C and GP*BF on flexural strength.

95% Confidence Interval

Parameter B Std. Error t Sig. Lower Bound Upper Bound

Intercept 13.529 3.685 3.672 0.002 5.843 21.215
GP 0.040 0.006 6.808 0.000 0.028 0.053
BF 0.068 0.041 1.652 0.114 –0.018 0.154
W/C Ratio –13.135 8.925 –1.472 0.157 –31.752 5.482
GP * BF –0.002 0.001 –2.949 0.008 –0.004 –0.001
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8.8. Interactive influence of BF and GP on concrete
properties

For the combined impact of BF and GP, we de-
veloped contour plots. The contour plot illustrates
in Fig. 8.8.1 the interactive influence of BF and
GP content on the freeze-thaw resistance of high-
performance concrete. As seen in the plot, freeze-
thaw resistance generally increases with both BF and
GP content. The highest resistance values, exceeding
93%, are observed when BF is around 0.4% and GP
reaches 20%, showing the synergistic effect at these

levels. Moderate combinations, such as 0.2% BF with
5–15% GP, also yield improved resistance compared
to the lower end of the spectrum. On the other hand,
low BF and GP levels correspond to the lowest freeze-
thaw resistance, indicating that the inclusion of these
materials plays an important role in enhancing dura-
bility under cyclic freezing and thawing conditions.
The smooth gradient in the plot shows an upward
trend in strength as the dosage of both BF and GP
increases.

The contour plot illustrates in Fig. 8.8.2 the vari-
ation in 28-day compressive strength (in MPa) of a

Figure 8.8.1. Contour plot of freeze - thaw resistance vs BF and GP content.

Figure 8.8.2. Contour plot of 28-day compressive strength vs BF and GP content.
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Figure 8.8.3. Contour plot of slump vs BF and GP content.

cementitious mixture as a function of BF content (%
by volume) and GP content (% of cement). The plot
reveals a clear trend: as both BF and GP content in-
crease, the compressive strength also improves. This
trend is represented by the gradient of color from dark
purple (indicating lower strength around 39.6 MPa)
to bright yellow (indicating higher strength, peaking
at approximately 49.2 MPa). The highest compressive
strength is observed in the region where BF is around
0.4% and GP is close to 20%, showing the synergis-
tic effect of these additives at higher concentrations.
Conversely, the lowest strength occurs when both
BF and GP are near zero. The red dots on the plot
mark specific experimental data points used in the
interpolation, providing a reference for the model’s
basis.

Similarly, the contour plot in Fig. 8.8.3 shows the
variation in slump of a concrete mix in relation to the
content of BF and GP. From the plot, it is evident that
slump decreases with increasing BF and GP content.
The highest slump values (around 85 mm, shown in
yellow) occur when both BF and GP contents are near
zero, indicating that the mix is most workable without
these additives. As BF increases to 0.4% and GP rises
to 20%, the slump drops significantly to about 70 mm
(dark purple region), showing reduced workability.
This reduction is likely due to the stiffening effect of
BFs and the finer particle nature of GP, both of which
can absorb water and reduce fluidity.

The plot in Fig. 8.8.4 indicates that flexural strength
improves with increasing percentages of both BF
and GP. The highest values (∼11 MPa) are ob-
served when BF is at 0.3–0.4% and GP is at 20%.

This shows a synergistic enhancement in flexural
performance when both additives are optimally com-
bined. A similar trend is observed for tensile strength
(Fig. 8.8.5), where both additives contribute posi-
tively. The strength increases from ∼2.8 MPa (with
no additives) to ∼3.8 MPa with 0.4% BF and 20%
GP. This reinforces the beneficial role of BF and GP
in improving the tensile properties of the mix.

9. Discussion

The trends observed in workability, mechanical
properties, and durability are interpreted primarily
on the basis of macroscopic test results, supported by
well-established findings reported in the literature.
Although direct microstructural characterization
techniques, such as SEM, XRD, or MIP, were not
employed in this study, the improvements associated
with increasing glass powder (GP) content can be
discussed in light of previously reported mechanisms.
These mechanisms commonly include filler effects,
improved particle packing, and the pozzolanic activ-
ity of finely ground glass, all of which have been
shown to contribute to matrix densification and en-
hanced interfacial bonding.

The consistent enhancement in strength and
durability-related properties with GP incorporation
may therefore be viewed as an indirect indication
of a refined cementitious matrix, as reflected by the
measured performance indicators. Likewise, the ob-
served improvement in workability is likely related to
the fineness and smooth surface characteristics of GP
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Figure 8.8.4. Contour plot of flexural strength vs BF and GP content.

Figure 8.8.5. Contour plot of tensile strength vs BF and GP content.

particles, which influence paste rheology rather than
direct fiber–matrix interaction. These explanations
are presented as plausible interpretations rather than
direct microstructural evidence and are supported by
relevant studies in the existing literature.

Accordingly, the discussion has been structured
to clearly differentiate between experimentally ob-
served outcomes and mechanism-based interpreta-
tions drawn from prior research. Further studies
incorporating direct microstructural characterization
are recommended to validate these interpretations
and to provide a more detailed understanding of the
underlying mechanisms.

9.1. Interpretation of results

Some interpretations of the predicted results based
on the obtained results can be presented here. It can
be concluded that both hypotheses in this work re-
vealed a good relationship and a direct interaction
between the constituents. This interaction increased
both performances because of the internal packing

effects. The basalt fiber has a chemical composition
similar to that of basalt rocks, which can produce
a chemical bond to the HPBFC ingredients. The
glass powder is a silica-alumina-silica material, which
crystallizes between CSH whiskers to strengthen the
bonding between the constituents. Thus, the formu-
lated hypotheses are true, and the results clearly state
that HPBFC can be produced with high strengths. The
level and increments of the concrete strengths depend
on the quantity of the glass powder. The change of the
microstructure in HPBFC can significantly determine
the change in strength. The better the characteristics
of the microstructure of the HPBFCs, the higher the
strength of the HPBFCs. When the microstructure is
changed from a dense to a less porous phase, and the
VRR of AFm is increased, the content of the AFm
is estimated to be prolonged. Thus, the growth of
the strength and morphological changes of viscous
material, such as cementitious bonding paste, can be
seen to be also acceptable. The predictions have also
been made very precisely regarding merging HPBFC
characteristics from the ESEM, XRD, and mechanical
strength obtained, according to the results obtained
in this research work. The material specifications of
the cementitious components of vitrified, which are
h-wollastonite, the new crystalline phases of the con-
tact, and probably nepheline, were very visible in the
XRD diagrams of the HPBFC3 and HPBFC2 mixes. The
values increased after 28 curing days, thus improving
the morphological characteristics of the mix. These
findings are incapable of describing the high values of
the obtained quantity of silicon and the alkalis, which
are ascertained by the decrease in the value of mass
loss in the above-mentioned mix. This increased with
a few exposures to load and was noted in the presen-
tation of less than the variation of the oil content of
the mix, making the loss less than 1.25%. Finally, we
can conclude that the results of this study are exactly
well predicted according to the base assumptions of
the work.

9.2. Comparison with existing studies

This study evaluates only high-performance basalt
fiber concrete (HPBFC), which is generally stronger
and more workable than conventional BFC. The ob-
tained findings were compared with those of BFC.
The consistency of the outcomes with those of BFC
strengthens the potential for utilizing glass powder
as a sustainable material in HPBFC. A comparison
of the obtained outcomes with the existing results
is summarized. There are many studies concerning
the effect of various materials on BFC, meaning a
variety of data are available regarding normal BFC
with historical methods. However, the available data
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could already serve as a representative benchmark
for assessing the effects of glass powder on concrete.
This study evaluated the effect of 5–25% glass powder
contents on high performance basalt fiber concrete
(HPBFC). Experimental testing showed that optimum
5% fly ash replacement with 15% glass powder exhib-
ited the highest compressive and flexural strengths.
Other higher glass contents led to continuous strength
reductions. This shows that the use of geopolymer led
to the need for special curing, and that the curing
temperature affected the concrete properties. Testing
0–40% glass powder content on the replacement of
cement performance indicated that 10% glass content
showed the maximum value and 15% glass con-
tent showed strength loss. Common points obtained
from the performances on new sustainable materials
studies covering high performance fiber reinforced
concrete can be shown as follows: researchers believe
that the use of eco-friendly energy and raw materials
in concrete is vital for raising sustainable develop-
ment. As concrete sustainability increases, there is
an increasing need for using sustainable materials
integrated into concrete. Additionally, there are some
points that need more research to fill the existing
gaps. The effectiveness of blending time, space, cli-
mate, and the proportion of this kind of concrete
placed at the construction site can be questioned.

10. Conclusion and future directions

This study evaluated the influence of GP as a partial
cement replacement and BF as a reinforcing agent
on the mechanical, durability, and slump proper-
ties of high-performance concrete. A comprehensive
statistical analysis, including multivariable statistical
modeling approach and Tukey’s HSD post-hoc tests,
was carried out to assess the effects of varying GP
(0–20%) and BF (0–0.6%) contents on freeze-thaw
resistance, compressive strength, flexural strength,
tensile strength, and slump. The interactive influ-
ence of GP and BF was then visualized using the
contour plots. The result indicate that the GP plays
an important role in increasing both strength and
durability. A 20% GP replacement resulted in the
greatest improvement in compressive strength, with
an increase of approximately 16.33 MPa at 180 days
compared to the control mix (0% GP). The Flexu-
ral and tensile strengths also improved significantly
at GP contents of 10% and above. The freeze-thaw
resistance improved as the amount of GP increased,
with the mix containing 20% GP, which shows the
greatest durability when exposed to repeated cycles
of freezing and thawing. The BF content did not result
in any statistically significant improvements in the

compressive, tensile, or flexural strengths across all
curing ages. Slump was significantly reduced with
increasing BF content, this reduction becomes more
pronounced at fiber contents exceeding 0.3% by
volume and is likely associated with the increased
surface area and interlocking characteristics of the
fibers, which restrict flow and increase internal fric-
tion within the fresh mixture. While the incorporation
of glass powder (GP) has demonstrated clear improve-
ments in strength and durability, and basalt fibers
(BF) primarily influence workability, further investi-
gation is required to optimize their combined use in
high-performance concrete.In addition, future studies
incorporating life-cycle assessment (LCA) and cost–
benefit analysis would provide a more comprehensive
evaluation of the practical feasibility and sustainabil-
ity benefits associated with the use of GP and BF in
construction applications.

10.1. Summary of findings

This paper presents the results of empirical research
into the use of high-performance basalt fiber concrete
(HPBFC) with glass powder from waste glass. The
research involved an experimental evaluation of the
efficiency of HPBFC with waste glass, namely glass
powder, in terms of its mechanical properties, such
as compressive strength, tensile strength, and flexural
strength, in terms of the workability of fresh concrete,
and in the context of the material’s durability. Such
tests, both on the fresh state and hardened state,
are supported by microstructural results to reveal the
microstructures and elemental compositions.

In general, the obtained experimental results
showed that the glass powder had a promising effect
on the performance of high-performance basalt fiber
concrete. This is because, in each test, namely con-
crete strength (compressive, split tensile, and flexural
strengths), axial strain capacity, elasticity modulus,
and workability, the test results were similar for the
three concrete strengths with glass powder at 7.5%,
10%, and the control, and were higher than that of
the reference concrete at 5%. Furthermore, the shear
retention capacity and modulus of elasticity retention
were in line with the tensile strength. These include
the fact that the three concrete strengths tested with
glass powder could last longer in certain environ-
mental conditions due to the increased durability and
reduction in porosity obtained in the microstructural
investigation.

It was also found that glass powder has the potential
to lower the strength when added to concrete. In the
aspect of workability, due to the requirement to use
more superplasticizer to improve workability based
on the slump, glass powder has a promising effect



JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2026;11:132–154 151

due to its potential efficiency (the water demand is
reduced). This point is very important concerning the
use of crushed basalt and BFRP in concrete as ad-
vanced concrete with sustainable issues and to make
it environmentally friendly and safe for modern build-
ing construction. The main challenges encountered in
this study were the poor adhesion of the HPBFC-glass
powder and the significant slump drop, both as a
result of the increasing amount of glass powder.

10.2. Implications for practice and research

In practice, the findings indicate that glass pow-
der usage in high-performance basalt fiber concrete
has few issues with strength, workability, dura-
bility, and microstructure performance, and thus
can be applied confidently for both sustainabil-
ity and, to some degree, performance concerns in
the construction industry. In addition, it can be
expected that concrete sustainability will become
an industry standard and be included in industrial
quality management standards as sustainability rep-
utation is increasingly related to consumer choices
through increasing environmentally friendly mech-
anisms. Therefore, as new research is increasingly
being investigated for the production of environ-
mentally friendly, energy-efficient, and sustainable
materials in interdisciplinary areas, it is likely that
today’s deserts will move towards preserving these
new research reforms and high quality in the future.
Highlighting applications will provide insights into
the motivations for such research and the standards
applicable to the construction industry and related
fields in order to meet tomorrow’s needs.

Research into the circulation and performance of
glass powder as a modern concrete addition can be
considered a requirement for sustainable raw mate-
rials development. It is thus proposed that further
studies be conducted for engineers, practitioners,
and scholars. For future studies, it is important for
researchers interested in interdisciplinary research
areas to conduct parallel studies to investigate the
microstructure of glass powder in innovative or-
ganic combinations with these materials, nano-based,
or mixed. Furthermore, the combined work of the
material mechanics and chemical science fields on
sustainability and concrete applications will provide
insight into future creation. From the various appli-
cations, it is an engineering and research practice to
preserve the quality and modernity of today’s materi-
als. In order to address the scarcity of resources in the
world and the higher quality requirements of today,
we must work hard to find new research pathways
and to work on high-performance and long-lasting
materials. Research may continue to open such new

doors from interrelated areas, as discussed here to-
day, in order to foster greater advances in the field.
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